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[bookmark: _Toc195887794]Executive Summary 
This report presents the results of a novel vibration suppression technology for subsea dynamic cables through the application of purely passive bi-stable nonlinear sinks (B-NES), which effectively dissipate vibration energy in a broadband way (i.e., across broad spectra of frequencies, which are typical of dynamic ocean environments). Utilizing a lumped mass system model through the open-source MoorDyn library, we achieved accurate simulations of the B-NESs’ dynamic behaviors by directly mapping their physical properties to simulation parameters.
Section 1 reviews the dynamic excitation forces impacting subsea cables exposed to ocean currents and waves. To predict the wave and current-induced loads, the Morison equation, a semi-empirical approach, is employed. Additionally, vortex-induced vibrations present another significant excitation force on dynamic subsea cables when subjected to water flow. This section also outlines the technology for suppressing vortex-induced vibrations (VIV) in subsea cables. It demonstrates the potential for VIV amplitude reduction using various suppression devices based on previous studies. The devices discussed are passive and operate through fluid-structure interaction. While these devices are generally effective, they also pose certain risks.
Section 2 shows the fully validated VIV modeling capabilities that have been integrated into the open-source time-domain mooring modeling software MoorDyn. This new capability allows for more accurate simulations of sub-sea power cable dynamics in offshore renewable energy projects. The implemented model is based on well validated theory, which improves the time-domain fatigue life modeling of dynamic cables, allowing for more refined design and ultimately improving the cost of deployment of dynamic cables. The time-domain VIV model framework we implemented in the open-source MoorDyn code fit nicely with the existing structure, though the implementation was not without challenges. Utilizing the originally published validation data, we were able to verify the performance of our implementation was satisfactory to be used in further simulations. 
Section 3 introduces the way of modeling the subsea dynamic cable within the open-source MoorDyn code and the parameters of the dynamic cable considered in the numerical simulation. A multi-harmonic excitation is applied to the dynamic cable by providing prescribed motions to the platform. In addition, simulation results of the B-NES produced from MoorDyn are compared with the B-NES analytical results to prove the nonlinear force-deflection characteristics achieved within MoorDyn are aligned with the analytical results. Furthermore, the method of attaching the B-NES to the cable within MoorDyn is presented in this section. 
Section 4 demonstrates an extensive parametric study and optimization, which is executed on a high-performance computing (HPC) system at University of Illinois, the B-NES parameters are refined for optimal performance. The optimization process employed a multi-objective framework to produce a Pareto front, balancing competing objectives. Signal processing techniques, including wavelet transforms, verified the efficacy of optimized B-NESs to rapidly absorb and locally dissipate vibration energy, and to induce scattering of vibration energy to higher frequencies. Additionally, this section presents the preliminary results of the effectiveness of the proposed device in mitigating VIV effects. Initial results show excellent performance of the NES even without optimization, underscoring its potential for practical applications.
In summary, the broadband B-NES demonstrates superior effectiveness, robustness and adaptability, making it an excellent candidate for enhancing the structural robustness of subsea cables subject to non-stationary excitations. The B-NES’s capacity to provide broad and efficient vibration mitigation renders it a promising retrofit solution, improving the performance and operational safety of existing dynamic power cable infrastructure in offshore wind farms and other marine applications.

[bookmark: _Toc195887795]Background and Introduction
According to Lloyd Warwick, an international insurance company, approximately 83% of all offshore-wind-related financial losses stem from power cable issues [1]. The dynamic power cables in offshore wind farms are at an increased risk of failure because they are fully exposed to fluid-induced forces from platform motions, tidal currents and waves causing the cables to oscillate, leading to fatigue and abrasion. The cost for locating and replacing a section of damaged subsea cable can vary from $USD 0.94-2.4M [2]. Reducing cable vibrations is critical to mitigating cable failure risks and increasing the resiliency of offshore wind transmission.
The objective of this project is to establish and validate a new concept of nonlinear energy sinks (NESs) [3] to effectively and robustly mitigate vortex-induced vibration of subsea power cables subject to various ocean flow conditions. The proposed NES is a purely passive device (i.e., no need for any sort of active control), composed of two masses and a post-buckled bar. It is attached to the power cable similarly to a tuned mass damper (TMD) on an overhead power line; however, due to its nonlinear design it can effectively absorb energy over a broad frequency range, so it is a broadband VIV mitigator, in contrast to the TMD which is a narrowband device. This means that the NES can effectively mitigate both stationary and non-stationary loads (in contrast to the TMD which is effective only close to a single frequency input), which are typical in underwater environments. Perhaps even more important, the nonlinearity of the NES renders it passively adaptive to the applied environmental loads, meaning that its operation is passively tuned depending on the frequency and energy contents of the excitation, and so, if designed appropriately, its operation is robust even in presence of time-varying loads [3], even with biofouling growth.
To investigate the feasibility of applying NES to subsea power cables and robustly mitigate vortex-induced vibration, the project team upgraded the open-source mooring dynamics model MoorDyn by implementing a time-domain vortex-induced vibration (VIV) model and designed a reduced-order model of the NES that can be integrated into a subsea power cable in MoorDyn. The report introduces the excitation forces on subsea slender structures and existing subsea cable vibration suppression technology. It also demonstrates the theory of implementing the VIV model into MoorDyn, the design of the NES, and the results of the performance of NESs on vibration suppression of subsea cable. 

[bookmark: _Toc195887796]Dynamic Forces on Slender Structure
Subsea cables for floating offshore wind turbines experience various environmental dynamic forces that can cause vibrations and instability. The primary forces are wave and current induced loads and vortex-induced vibration forces. The magnitude and frequency of these forces depend on factors such as water depth, current/wave characteristics, and cable properties. Understanding these forces is crucial for designing effective vibration suppression systems like the proposed technology of this project. 
[bookmark: _Toc172723040][bookmark: _Toc195887797]Wave and current induced loads
When ocean waves and currents interact with slender offshore structures such as piles, risers, or pipelines, the forces they induce are typically calculated by breaking the structure into smaller sections. The total hydrodynamic force is then obtained by summing the local forces acting on each of these segments. These local forces can be resolved into three main components:
· Normal force (perpendicular to the structure),
· Tangential force (parallel to the structure’s surface),
· Lift force (perpendicular to both the normal and tangential directions, often due to vortex shedding).
To predict these hydrodynamic forces effectively, the Morison equation is frequently employed. It’s a semi-empirical formulation that is widely accepted in offshore and coastal engineering. The equation is applicable under the assumption that the wavelength is at least five times greater than the diameter (or characteristic cross-sectional dimension) of the structural member [4], ensuring that diffraction effects are negligible.
To apply the Morison equation [5], engineers use linear or nonlinear wave theories (like Airy or Stokes 5th order theory) to estimate water particle velocities and accelerations across the depth of interest. Current profiles are also required and are typically modeled using:
· Power-law distributions for tidal currents, and
· Linear profiles for wind-induced surface currents.
These inputs allow for a time-varying and depth-dependent calculation of environmental loads on the structure.
Key to the Morison formulation are certain dimensionless force coefficients that account for the interaction between fluid flow and the structural geometry. These include:
· Drag Coefficient (CD): Represents the resistance due to flow around the member. It is a function of flow separation and vortex shedding, and it varies with Reynolds number and the Keulegan–Carpenter number.
· Added Mass Coefficient (CA): Accounts for the inertia of the water that must be "carried along" as the structure accelerates. This is not the mass of the structure itself, but rather the effective mass of displaced water that adds to the system’s inertia.
· Lift Coefficient (CL): Represents forces perpendicular to the flow direction, primarily due to unsteady vortex shedding and asymmetric flow patterns around the structure.
The mass coefficient (CM) is derived from the added mass coefficient and accounts for both the structural and fluid inertia in motion equations.
When both waves and currents are present, the velocity vectors from each are added vectorially to compute the total flow field around the structure. More advanced formulations consider interaction effects between wave and current fields for better accuracy, though in practice, simplified superposition is often used. The total force per unit length on each segment of the member is then calculated by combining the inertia (acceleration-dependent) term and the drag (velocity-dependent) term using the Morison formulation. These force contributions are integrated along the length of the structure to obtain the overall hydrodynamic loading.
It’s important to note that the Morison equation assumes that the structure is slender relative to the wavelength, and it does not consider wave diffraction or radiation effects, which become significant for larger structures. In dynamic structural analysis, especially in time-domain simulations, relative velocity and relative acceleration terms are introduced to account for the motion of the structure itself. This ensures that hydrodynamic forces are accurately represented even when the structure is moving in response to the environmental loads.
[bookmark: _Toc172723046][bookmark: _Toc195887798]Vortex-induced vibrations (VIV)
Vortex-induced vibrations on slender offshore structures occur when water flow past the slender cylindrical structure, vortices are alternately shed from each side of the structure, creating an oscillating wake [6]. The shedding of these vortices creates alternating low-pressure regions behind the structure, resulting in oscillating lift forces perpendicular to the flow direction [7]. When the vortex shedding frequency approaches the natural frequency of the structure, a lock-in phenomenon occurs where the vortex shedding frequency locks onto the structural frequency [8]. This leads to resonant vibrations with amplified amplitudes. The VIV motions, if not mitigated, can lead to cyclic bending stresses in the structure, potentially causing fatigue damage over time and compromising its integrity.
For rounded hydrodynamically smooth stationary members, the vortex shedding phenomenon is strongly dependent on Reynolds number for the flow, which is defined as:
	
	(1)


where:
u = (mean) incoming flow velocity (m/s)
D = member diameter (m)
ν = fluid kinematic viscosity (m2/s)
Vortex shedding begins to occur when Re exceeds approximately 40. As Re increases, the characteristics of the vortex pattern change significantly. Different flow regimes, classified by ranges of Reynolds number, influence not only the formation of vortices but also their frequency and intensity [9]. These transitions are summarized in Table 1. 
[bookmark: _Toc166531271][bookmark: _Toc195887845]Table 1. Flow regime of vortex shedding
	Reynolds number
	Flow regime

	5 < Re < 40
	Shear layers behind the cylinder roll up into vortices and remain stable. 

	40 < Re < 200
	Laminar vortex street and remain two-dimensional. 

	200 < Re < 300
	Wake transition to turbulence. 

	300 < Re < 3 × 105
	Subcritical regime, boundary layer remains laminar.

	3 × 105 < Re < 3.5 × 105
	Critical flow regime, boundary layer becomes turbulent at the separation point at one side of the cylinder.

	3.5 × 105 < Re < 1.5 × 106
	Supercritical regime, boundary layer transition to turbulence.

	1.5 × 106 < Re < 4.5 × 106
	Upper transitional regime, boundary layer at one side of the cylinder is completely turbulent. 

	Re > 4.5 × 106
	Transcritical regime, boundary layer is turbulent everywhere. 






To predict how often vortices are shed, we use another dimensionless parameter: the Strouhal number (St). This relates the vortex shedding frequency to flow velocity and member diameter:
	
	(2)


where:
fs = vortex shedding frequency (Hz)
D = member diameter (m)
u = fluid velocity normal to the member axis (m/s)

For a smooth cylinder in the subcritical flow regime, St is typically around 0.2. However, as the flow becomes more turbulent—entering critical and supercritical regimes—St increases, often approaching 0.45 [4]. Given a known St value, engineers can estimate the frequency of vortex shedding for a given cylinder and flow condition. 
A critical condition arises when the vortex shedding frequency (fs) approaches the natural frequency (fn) of the structure. When these frequencies align, a resonance condition may occur, dramatically amplifying the vibration response. This is known as the lock-in region. During lock-in, the vortex shedding frequency tends to synchronize with the structure’s natural frequency. Vibrations occur at or near this eigenfrequency regardless of slight changes in flow speed. In addition, the response can become self-sustaining and periodic, often leading to fatigue damage or failure if not mitigated. The lock-in phenomenon can occur in both in-line direction (parallel to the flow), and cross-flow direction (perpendicular to the flow), where oscillations are typically stronger.
For flexible members, such as long, tensioned risers or cables, that can support multiple vibration modes, the response to VIV becomes more complex. Multiple frequencies and mode shapes may be excited simultaneously. Furthermore, the lock-in behavior becomes broader and less distinct, making prediction and mitigation more challenging. Additionally, structural damping, current profile variation, and interference effects with neighboring structures further influence the response.

[bookmark: _Toc195887799]Existing Subsea Cable Vibration Suppression Technology
The existing technology for suppressing vibrations in subsea cables is the use of hydrodynamic passive devices [10], such as helical strakes, streamlined fairings, and ribbons/hair/fringes. These devices are mounted externally on the umbilical cable to change the hydrodynamics and reduce vortex induced forces [10] in a passive way. The following subsections are the introduction of existing technology. 
0. [bookmark: _Toc195887800]Helical Strakes
Helical strakes are an effective method for reducing vortex-induced vibrations (VIV) in submarine cables and other subsea tubular structures. The helical strakes consist of protruding fins that spiral around the cable or tubular structure (see Figure 1). These fins disrupt the correlation of vortex shedding along the span of the cable, resulting in lower lift and drag forces. The strakes change the flow dynamics around the cable, effectively dispersing the vortices that cause oscillating forces on its surface. By breaking up the coherent vortex formation, helical strakes significantly reduce the peak amplitude of vibrations.
[image: A black and yellow object with a blue sky

AI-generated content may be incorrect.]
[image: Tri-Strakes® Stinger - CRP Subsea]
[bookmark: _Ref195203266][bookmark: _Toc195887823]Figure 1: Helical strakes for suppressing vortex-induced vibration in subsea cables. [11] [12]

Helical strakes can be optimized for specific applications by adjusting the strake geometry such as fin height, width, and pitch length [13]. In 2004, Allen et al. [14] investigated that for subsea cylinder structures, triple-start helical strakes with a height of 25% of cylinder diameter (0.25D) and a pitch of 12D-18D were substantially more effective for VIV suppression in marine environment. However, the efficiency of strakes decreased and the drag load is increased when the surface is rough. In the latest research, three configurations of helical strakes models (continuous, serrated, and inverted) as presented in Figure 2 have been proposed and investigated by Assi et al. [15]. They reported that the most efficient serrated strake reduced the peak amplitude of VIV response by 95% producing 54% less drag than a bare subsea cable.  A study [16] on flexible risers showed that specific configuration of helical strakes can be effective in suppressing vortex-induced vibrations, however, the same configuration was not the most effective one in terms of reducing hydrodynamic forces on the flexible risers. In short, compared to a rigid cylinder, the effectiveness of helical strakes in terms of suppressing vortex-induced vibrations and reducing hydrodynamic forces on a flexible cylinder is less. 
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[bookmark: _Ref195191673][bookmark: _Toc195887824]Figure 2: Different configurations of helical strakes around subsea cylinder [15].
0. [bookmark: _Toc195887801]Fairing
Fairing has a streamline shape which can effectively disperse the generation of the vortices by streamlining the flow of currents around the cable (see Figure 3). This streamlining effect can reduce the formation of the vortices that induce the vibration of the cable [17]. Additionally, fairing is designed to rotate freely around the cable and self-orient with the tail pointing downstream as they encounter oncoming flow. Fairing tail geometry can be customized to achieve maximum performance for specific environmental conditions. 
Allen et al. [18] reported that the optimal section of the fairing in 1.5 times the diameter of the cable due to the lowest drag and the in-line (IL) and cross-flow (CF) displacement compared to the other models. The results showed that the IL and CF displacements were reduced about 95%-100%. However, galloping oscillation has been observed in the practical applications of the fairing devices when the incoming velocity was relatively high [17]. The galloping oscillation is a source of hydrodynamic loads that could cause failure to the cable due to the high oscillation force.  
[image: Th 0707offtrell1]
[bookmark: _Ref195192017][bookmark: _Toc195887825]Figure 3: Trelleborg’s Riserfin fairing. [19]
0. [bookmark: _Toc195887802]Ribbons
Another approach that can suppress vortex-induced vibration is attaching ribbons to the surface of the cylinder to disrupt the formation of vortex streets. Kwon et al. [20] proposed using three ribbons attached 120 degrees apart to reduce the drag force. They reported that the ribbon’s length played a crucial factor on reducing the drag and VIV phenomenon. Figure 4 shows that the formation of the vortex streets behind the cylinder is suppressed attached with the optimized ribbons’ length. While ribbons can suppress vortex-induced vibration effectively, study [21] shows that the performance of ribbons may vary depending on the flow conditions and the ribbons coverage percentage. Niedzwecki and Fang [21] demonstrated that ribbons performed effectively in the subcritical flow regime where the Re number was between 7 × 103 and 23 × 103. They also indicated that the inclusion of the 100% covered ribbons can significantly reduce the VIV cross flow displacement under uniform current flows. Nevertheless, when the coverage of the ribbons was less than 80% of the length of the cylinder, the ribbons became less effective. Furthermore, the study also reported that the ribbons have very little effect under combined wave and current conditions. These findings posted a question on the efficiency of partial suppression coverage and combined wave and current conditions for some offshore applications. 
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[bookmark: _Ref195192181][bookmark: _Toc195887826]Figure 4: (Upper panel) Angle of attack on cylinder; (Lower panel) Flow visualization behind the cylinder under the Reynolds number around 2  104. [20]
0. [bookmark: _Toc195887803]Splitter Plate
Splitter plate is a suppression device for VIV response that has similar working principle as fairing and ribbons. The main working principle is to disrupt the generation of vortex shedding behind the cylinder to consequently reduce the vibration induce by the vortex streets. Splitter plate also help stabilizes the wake behind the cylinder which is crucial in mitigating the strength and coherence of vortices [22]. Stappenbelt [22] reported that the effectiveness of splitter plates in suppressing VIV depends on their length relative to the cylinder diameter. Longer splitter plates (with length-to-diameter ratios of 2.8 or greater) are generally more effective in mitigating vibrations. Huera-Huarte [23] conducted a water channel test to investigate the performance of the splitter test in terms of the coverage on the flexible cylinder. The configurations of the splitter plates used for the experiments are shown in Figure 5. The experimental results have shown that splitter plates can reduce VIV amplitudes of flexible cylinders up to 90% when covering less than half of the structure’s length [23]. 
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[bookmark: _Ref195192284][bookmark: _Toc195887827][bookmark: _Toc172330087]Figure 5: Detail of the three configurations of cylinder used for the experiments and a 3-D view of one of the splitter plates. Arrow indicated flow direction. [23]
0. [bookmark: _Toc195887804]Comparison of Benchmarked VIV Suppression Device
The characteristics and performance of different passive suppression devices such as the helical strake, fairing, splitter plate, and ribbon are introduced. Through the study, it is found that the principle of the VIV suppression devices is to prevent the formation of the vortex shedding in the downstream position of the cylinder. In this regard, the amplitude of the VIV response is significantly reduced. The use of the optimal design of the VIV suppression devices can achieve a maximum reduction of 95% - 100% in the VIV response, which decrease the fatigue damage in the subsea cylinder structure. Whereas, in some special conditions for some devices, such as high incoming flow velocity under extreme wave and current conditions while using fairing, galloping oscillation will potentially occur which could cause failure to the cable due to the high oscillation force. Table 2 shows the comparison of each device in terms of mitigation potential, flow condition, and risk. 
[bookmark: _Ref195192838][bookmark: _Toc195887846]Table 2. Comparison of VIV suppression device.
	Device
	Mitigation potential
	Risk

	Helical Strakes
	· Reduce the peak amplitude of VIV response by 95%.
· Reduce drag by 54%.
	· Effectiveness on a flexible cylinder is less.

	Fairing
	· IL and CF displacements were reduced about 95%-100%.
	· Galloping oscillation occurs when the incoming velocity is relatively high.

	Ribbons
	· CF displacement was reduced about 90% with full coverage under uniform current flow. 
	· Partial coverage increases the amplitude of CF displacement.
· Very little effect under combined wave and current conditions. 

	Splitter plates
	· Reduce VIV amplitudes of flexible cylinders up to 90% when covering less than 50% of the structure’s length.
	· Induce galloping oscillation for shorter splitter plate ratios.
· Splitter’s flexibility can adversely modulate drag and lift forces on the cylinder.



In short, the existing vibration suppression devices for subsea cable involve certain risks in their application due to the high variation of flow regime in the subsea environment which can cause unpredictable oscillation frequencies. Therefore, the objective of this project is to develop a novel approach to robustly suppress subsea cable vibrations by using retrofittable passive Nonlinear Energy Sink (NES), a broadband passive device that is capable of absorbing and dissipating energy adaptatively over an entire frequency range.


[bookmark: _Toc195887805]MoorDyn and VIV Model Description
This section summarizes the results recently submitted to the journal Marine Structures [34]. It shows the fully validated VIV modeling capabilities that have been integrated into the open-source time-domain mooring modeling software MoorDyn. This new capability allows for more accurate simulations of sub-sea power cable dynamics in offshore renewable energy projects. The implemented model is based on well validated theory, and while it has been implemented in mooring codes, none of them have been open-source and available to researchers. This new capability improves the time-domain fatigue life modeling of dynamic cables, allowing for more refined design and ultimately improving the cost of deployment of dynamic cables. 
[bookmark: _Toc195887806]MoorDyn Theory 
MoorDyn is based on a lumped-mass discretization of a mooring line’s dynamics and adds point-mass and rigid-body objects to enable simulation of a wide variety of mooring and cabling arrangements. There are four core objects in MoorDyn that can be used to construct a mooring system: lines, points, rods, and bodies. Bodies and rods are a feature of MoorDyn V2, which added rigid body dynamics and the ability to simulate shared mooring lines [24]. Points, rods, and bodies can all be coupled to an external code or be free to move according to the forces acting on them, whereas lines are strictly controlled by the points or rods they are attached to. Additionally, rods and points can be attached to a body, allowing for the six degree of freedom (DOF) mooring forces on a platform’s center to be returned by MoorDyn. 
Mooring lines and dynamic cables in MoorDyn are both treated as line objects and are simulated using a lumped-mass formulation. MoorDyn discretizes this line object into N segments with N + 1 nodes. These nodes are point masses connected by spring-dampers. The line objects contain internal stiffness and damping components as well as environmental interactions such as drag and bottom contact. MoorDyn solves the system equation of motion for the state derivative (acceleration) and integrates with a user-specified time integration scheme to solve for the line state. MoorDyn has a variety of time integration schemes, both implicit and explicit. The most used are Runge-Kutta 2 or 4.
[bookmark: _Toc195887807]VIV Model Theory
The implementation of VIV capabilities into MoorDyn is based on the model presented by Thorsen [9], with adaptations to fit MoorDyn’s formulation. Thorsen presents a time-domain model that when coupled with a lumped-mass code accurately models the motion of a catenary riser in both a steady current and an oscillating current [25], [26]. This model of the cross-flow VIV force on a cylinder is presented in its full form as a point force that is a function of the transverse relative fluid velocity and a synchronization model. This force is then added to a full hydrodynamic model based on Morison’s equation [7]. Because MoorDyn uses Morison’s equation for hydrodynamic node force calculations for line objects, we only needed to add the lift force. 
The cross-flow lift force on a segment depends on how the water moves past it sideways (in the transverse direction), and how the segment itself moves in response, which given by 
. The factors that are included in this force are:
· Fluid density (): Heavier fluids exert more force.
· Cable diameter (d): Larger diameters catch more flow and produce larger forces.
· Transverse relative velocity (): This is the speed difference between the fluid and the segment in the direction perpendicular to the cable’s axis. The faster the relative motion, the stronger the lift force.
· Lift coefficient (): This dimensionless number captures how efficiently vortices generate lift on the segment, and it depends on flow conditions like the Reynolds number.
· Phase angle (): This determines the timing of the lift force relative to the segment's motion—important because it can amplify or reduce vibration depending on alignment.
· Cable orientation (): A unit vector along the cable that helps define the direction of the force using a mathematical operation called a cross product.
The cross product  gives a direction that is perpendicular to both the cable’s axis and the transverse flow velocity. This means the lift force isn’t just acting randomly, it follows a specific orientation that reflects the geometry and motion of the system, which allows for complex situations to be simulated, including heave-induced VIV. 
The lift force is proportional to the magnitude of the transverse velocity, which indicates it adds energy to the system from the fluid flow around the cable. Calculating the dimensionless lift coefficient, , requires consideration of the Reynolds number of the simulation setup as well as the desired maximum excitation amplitude (when matching experimental data). The phase of the lift force, , is given by a synchronization model, which is a function of the phase difference between the lift force and node velocity in the cross-flow direction. 
[bookmark: _Toc195887808]Model Implementation 
The implementation of the synchronization model inside the VIV force requires a few changes to be made to MoorDyn’s structure. Because the synchronization model contains the lift force frequency as a function of the lift force phase, MoorDyn requires an additional state variable. This is integrated in time along with the other states using the available time integration schemes in MoorDyn to find the lift force phase at the next time step. The initial lift force phases are set as distinct increasing values on the range 0–2π to avoid initial transients due to all nodes experiencing the same magnitude of force. While Thorsen et al. [27] suggests using random initial values, we found that distinct increasing values were sufficient and provided better model consistency without sacrificing performance or accuracy. The synchronization model also requires the instantaneous line acceleration. Because MoorDyn is structured to accommodate explicit integration schemes, we approximated the instantaneous line acceleration by using the acceleration value computed during the previous time integration step. 
There is a rolling RMS approximation used in the synchronization model that requires the cross-flow velocity and acceleration RMS values from the previous time step. These values are stored every time step, where they are referenced and reassigned in the next time step. They initialize as zero to avoid transients at startup. Because of the variety of time integration schemes in MoorDyn with different sub-time steps, these values are only updated once per MoorDyn internal time step rather than once per sub-time step. 
One other consideration in the implementation of Thorsen’s model was MoorDyn’s initialization period. MoorDyn uses a dynamic relaxation approach for the initialization of the system before the simulation begins. This allows the objects to “fall” into their steady state, free of external forcing except for constant currents. Steady state is determined by the convergence of the fairlead tensions, which presents an issue when considering the effects of VIV from flow over a line. Because the VIV model causes oscillations in the cable in the presence of a steady current, it is disabled during the initialization of the system. This means that the first couple time steps of the simulation will see chaotic behavior in the cross-flow direction due to the spread of the initial lift phases. Once the synchronization model achieves lock-in, this behavior will dissipate, and MoorDyn will begin to accurately simulate the effects of cross-flow VIV excitation. These changes are shown in Figure 6, emphasized in blue, in relation to the existing MoorDyn structure for line objects.
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[bookmark: _Ref195091373][bookmark: _Toc195887828]Figure 6: VIV Model Implementation flowchart. The new features are emphasized in blue.

[bookmark: _Toc195887809]Model Validation 
Verifying the performance of VIV modeling in MoorDyn with a constant uniform current presents a simple case with predictable motion. A uniform current will lead to VIV lock-in at a single dominant frequency and have relatively consistent behavior over time compared to a more chaotic case such as heave-induced motion. We simulated the catenary riser subject to a 0.2 m/s uniform current in-line with the cable, with the fairlead downstream of the anchor. Seabed contact was modeled as stiff springs with no damping. The simulation was run for 60 s, and the outputs were post-processed to produce the cross-flow strain signal along the riser as a function of time.
Figure 7 and Figure 8 show this signal along the riser over time as heat maps of Thorsen’s results and the MoorDyn results. MoorDyn accurately predicts the behavior of traveling waves, which are seen qualitatively as diagonal lines of positive or negative strain. MoorDyn also accurately predicts the region of maximum cross-flow strain, matching Thorsen’s model with a band of higher strain magnitudes around 15 m from the anchor. The results from MoorDyn show the 8th mode is excited. Thorsen’s implementation shows the 7th mode excited. They note that experimentally the 6th mode was excited and theorize that the mismatch is due to approximations made with the added mass coefficient [26]. As our primary focus with this work is to correctly predict the lock-in frequency and amplitude from cross-flow excitation using MoorDyn, this modal discrepancy does not impact our verification of the model. We also validated using the heave-induced VIV results presented by Thorsen et al. [26] and saw correct behavior of our model. This indicated that we had successfully implemented the model into MoorDyn.
[image: A colorful pattern with numbers and a number

AI-generated content may be incorrect.]
[bookmark: _Ref195091780][bookmark: _Toc195887829]Figure 7: Time-varying cross-flow strain along the riser from Thorsen et al. [26] for steady flow.
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[bookmark: _Ref195091786][bookmark: _Toc195887830]Figure 8: Time varying cross-flow strain along the riser from MoorDyn for steady flow.
[bookmark: _Toc195887810]Example Case: 15 MW Spar
The turbine and spar model was based on the design used in the verification study of the quasi-static mooring model MoorPy [28]. The cable was based on the reference cable for a 200 m water depth from [29]. The cable had a capacity of 66 kV and was in a lazy-wave configuration. The buoyancy section of the lazy-wave is supported by six buoyancy modules. Based on the findings of  [30], we did not simulate VIV excitation on the buoyancy modules. They showed that buoyancy modules do not have well-defined vortex shedding and thus have minimal VIV excitation compared to a bare pipe. 
This entire system, excluding wind forcing and turbine structural deflection, can be modeled in MoorDyn. We set up the model using a body object for the combined floating wind turbine structure, including the tower, nacelle, and floating platform. By locating the body at the structure center of mass and giving the body the structure’s total mass and moment of inertia, we were able to accurately replicate the kinematics in MoorDyn. To account for the buoyancy and hydrodynamic properties of the floating platform, we attached a zero-mass rod of the same dimensions as the spar to the body. This MoorDyn representation is shown in Figure 9. 
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[bookmark: _Ref195193962][bookmark: _Toc195887831]Figure 9: MoorDyn representation of the floating offshore wind turbine, including the dynamic power cable and buoyancy modules at the start of the simulation (the mooring lines are shown truncated at the touchdown point for illustrative purposes).

We simulated this system for 600 s exposed to a JONSWAP wave spectrum with a peak period of 12 s, a significant wave height of 8 m, and a sheared current of 1 m/s that tapered to 0 m/s in the top 10 m of the water column. We simulated the system with and without VIV modeling on the cable. There were no differences in platform dynamics when accounting for VIV. 
Unlike the bigger picture platform motions, MoorDyn predicts non-negligible cross-flow strain values, high-frequency tension oscillations, and broadband excitation in the cable. For our analysis of VIV response, we focused on the time range from 200 to 220 s, as that was the region with some of the largest platform motions. The frequency response of the cable to the combined heave- and current-induced VIV provides useful insights into the impact of the buoyancy modules and the platform motions on the VIV excitation. Figure 10 shows the PSD of the lift force along the arc length of the cable, including buoyancy modules. It is clear that the dominant forcing occurs at the fairlead, which is where there are maximum relative flow velocities over the cable due to the combination of platform motion and current. This combination creates a broadband excitation in the cable. The top of the buoyancy section, where the cable is parallel to the flow direction, is near an arc length of 150 m. This is clearly seen in Figure 10 as the area of no VIV forcing. There is also a smaller but prominent forcing below the buoyancy section that is purely due to the current. This results in a narrow band of excited frequencies that corresponds to flow-induced VIV. 
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[bookmark: _Toc195887832]Figure 10: Power Spectral Density of the lift force along the cable arc length.
Figure 11 shows the cross-flow strain for the entire cable including buoyancy modules. The location of the buoyancy modules is clearly seen where they disrupt the traveling wave propagation. Strain values are on the order of 8×10^-4, with the largest values occurring in the top sagging section and the sections between the buoyancy modules. Even though there is minimal VIV forcing occurring in the regions of the cable where it is parallel to the flow, there is clear strain due to the traveling wave motion. The dominant traveling wave direction is down the cable, while there are also smaller waves traveling up the cable. These are indicative of platform-induced VIV as seen in [26]. Where these traveling waves intersect, standing waves develop. In the middle buoyancy section of the cable, there are high magnitudes of strain as competing VIV frequencies from currents and platform motions interact. The bottom buoyancy module shows the traveling waves from VIV are disrupted by the buoyancy modules. While there is VIV forcing above the module, the traveling wave pattern does not start until the cable is bare again. Below the buoyancy modules, the VIV forcing is purely driven by the sheared current, with a lower lock-in frequency due to the slower current speed. This demonstrates the lazy-wave configuration’s ability to reduce platform motion propagation down the cable, as well as the ability of the buoyancy modules to shield the bottom of the cable from platform-induced VIV traveling waves.
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[bookmark: _Toc195887833]Figure 11: Time-varying cross-flow strain along the cable.


[bookmark: _Toc195887811]Implementation of Subsea Cable and Nonlinear Energy Sink (NES) in MoorDyn
This section summarizes the results recently submitted to the journal Ocean Engineering [35] and is being considered to be published. We first introduce the numerical modeling approach for subsea power cable within MoorDyn, and demonstrate the results of analytical approach versus the numerical modeling of bistable nonlinear energy sink (B-NES) within MoorDyn.
[bookmark: _Toc195887812]Modeling of Subsea Power Cable
In this work we used the lumped mass mooring model MoorDyn for the simulation of the subsea dynamic power cable and the bistable nonlinear energy sink (B-NES) device. MoorDyn is an open-source time domain mooring dynamics library integrated into numerous floating renewable energy simulators, including the National Renewable Energy Laboratory’s (NREL) floating wind turbine simulation tool OpenFAST [31]. MoorDyn has the capability to model rigid body dynamics, shared mooring lines, line failures, and dynamic power cables. MoorDyn has four core objects that can be used to construct a mooring system or dynamic power cable: lines, points, rods, and bodies.
Dynamic cables can be modeled in MoorDyn as line objects with a non-zero bending stiffness term. Zero-length rods are used as six degree of freedom points to attach the cable to other objects such as other cables and bodies so that bending moments due to cable motion are properly accounted for. This method of cable modeling in MoorDyn is frequently used by users and was verified in the original cable implementation study [32]. Without adding rotational degrees of freedom to MoorDyn's line nodes, a bending moment is implemented by applying transverse forces on the nodes, perpendicular to the axial stiffness forces. Points, rods, and bodies can all move freely or be coupled to an external program that drives their motions. During runtime the equations of motions of these objects are all integrated to advance a timestep using different user specified integrators, such as Runge-Kutta 2 or 4.
Using the open-source MoorDyn library, we implemented a dynamic cable simulation to model a vertical cable running from a platform to the seabed. For this simulation, we introduced multi-harmonic excitation by applying prescribed motions to the platform. Following [32], we implemented a subsea power cable model and selected the following cable parameters as an example to showcase the implementation of the B-NES devices. The cable had a diameter of 0.076 meters and a mass density in air of 4.73 kg/m. The axial stiffness (EA) is set to 9 MN and the bending stiffness (EI) of the cable is set to 11.71 kN-m². The added mass coefficients, normal to the cable (Can) is equal to 1.0, and describe the influence of the surrounding water on the cable’s inertia. The hydrodynamic drag coefficients, both normal (Cdn) and tangential (Cdt), are 1.2 and 0.008, respectively. This comprehensive setup allows us to simulate the dynamic behavior of the cable, including the effects of axial and bending stiffness, internal damping, seabed contact, and hydrodynamic drag, ensuring that the cable’s response to multi-harmonic excitation is accurately modelled.
[bookmark: _Toc195887813]Analytical and Numerical Implementation of B-NES
Before integrating the B-NES into a subsea dynamic power cable in MoorDyn, the analytical modelling of the B-NES is carried out to characterize the dynamic responses of the B-NES. The B-NES reduced-order-model (ROM) was created in the form of a nonlinear single-degree-of-freedom (SDOF) system. The system consists of two inclined spring-damper pairs connecting a mass to the subsea cable through a rod, see Figure 12(a), which allows for adjustments of the initial angle of inclination . In this configuration, the geometric nonlinearity enhances vibration mitigation by introducing bi-stability into the dynamics. When a disturbance is applied to the cable, the mass M of the B-NES vibrates perpendicular to the cable. The relative motion of the mass is , and the nonlinear vibration of the B-NES has a governing equation that involves the stiffness force exerted by the inclined springs, , and  the dissipative force generated by the inclined viscous dampers [33]. Detail calculation can be found in our recent publication [35]
Depending on the angle of inclination, we can achieve different stiffness nonlinearity in the B-NES, as shown in Figure 12(b) where the nonlinear stiffness force  is plotted as function of the B-NES deflection; note that above a certain critical threshold of the initial angle of inclination we achieve bi-stability, i.e., two non-trivial stable equilibrium positions, with the trivial equilibrium in between being unstable [33]. The oscillations of the mass between the two stable equilibria generate strong stiffness nonlinearity (bi-stability), which, as shown below, is the source of the drastically enhanced vibration mitigation performance of the B-NES compared to the linear TMD.
(b)
(c)
(a)

[bookmark: _Ref195104619][bookmark: _Toc195887834]Figure 12: (a) Schematic representation of the B-NES (x(t) is the relative displacement of the B-NES mass with respect to the point of attachment on the cable), (b) nonlinear stiffness curves of the B-NES as function of the initial angle of inclination , and (c) of subsea power cable with the locations of the four attached B-NESs indicated.
We incorporated the numerical model of the B-NES within MoorDyn and compared it to the previous analytical derivation in order to validate the modelling approach. The bi-stability is manipulated by varying the ratio of the natural lengths of the springs relative to the rod length: The smaller this ratio is, the greater the angle of inclination becomes, thus enhancing the bi-stable feature as evidenced in the corresponding force-deflection stiffness characteristic of the B-NES. 
Figure 13 demonstrates the results of analytical versus numerical results of the nonlinear force-deflection characteristics of the B-NES device for different initial angles of inclination . More specifically, in Figure 13(a) we consider the nonlinear stiffness of the B-NES with zero angle of inclination where we have a realization of pure cubic stiffness nonlinearity as a result of the transverse motion of the B-NES mass with respect to the tangential direction of the subsea cable segment to which the device is being attached. In Figure 13(b) and Figure 13(c) we increase the initial angle of inclination by adjusting the length of the attaching rod to a resulting angle of inclination equal to 2deg and 10deg, respectively. As expected, the results differ in the regime where the inclined cords are slack. Because they do not exert any force on the cable, the bi-stable behavior yields a sudden transition (“jump”) between the two non-trivial stable equilibrium positions. This also shows the difference between our numerical modeling – which is based on the inclined cords-in-tension within MoorDyn, and the analytical model (15) – which is based on linear springs. We note, however, that the “jumps” that we achieve in the Moordyn model adds extra strong nonlinearity in the dynamics of the B-NES and emphases even more its bi-stability behavior; as such, the resulting non-smooth effects in the dynamics of the B-NES play an even more beneficial role for vibration mitigation.
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[bookmark: _Ref195109289][bookmark: _Toc195887835]Figure 13: Comparison of numerical (implementing a cord-in tension in MoorDyn) and analytical (implementing inclined springs) nonlinear stiffness force-deflection characteristics of the B-NES for, (a)  initial angle of inclination resulting in cubic stiffness, (b) , and (c) ; note that only in (c) there is bi-stability with two stable and an unstable (trivial) equilibrium, whereas in (a,b) only a stable trivial equilibrium exists.


[bookmark: _Toc195887814][bookmark: _Toc374366974][bookmark: _Toc374366904][bookmark: _Toc365022901][bookmark: _Toc365022703][bookmark: _Toc362268783][bookmark: _Toc362266911][bookmark: _Toc362265384][bookmark: _Toc185596343]Data-driven Optimization of the B-NES 
This section also summarizes the results recently submitted to the journal Ocean Engineering and is being considered to be published. An advanced data-driven methodology is developed to optimize the operational performance of the NES for dynamic stabilization of the subsea power cable. This discourse elucidates an exhaustive optimization strategy, from computational configurations to the rigorous assessment of performance indices, all underpinned by advanced High Performance Computing (HPC) resources.
[bookmark: _Toc195887815]High Performance Computing (HPC)
At the core of our computational strategy is the utilization of the Hardware-Accelerated Learning (or HAL) cluster, an HPC cluster at the University of Illinois Urbana-Champaign, which is thoroughly engineered to facilitate the demanding computational tasks that are inherent to the present research task. Contrary to conventional parallel computations performed on standard desktop configurations, our approach leverages 96 CPUs, thereby substantially diminishing the computational latency for scenarios characterized by high mechanical stiffness of the B-NES. This computational efficiency is decisive given the extensive parameter space and the large volume of simulations—exceeding 10,000 discrete evaluations—necessary to thoroughly canvass and optimize the potential configurations of the B-NES.
[bookmark: _Toc195887816]Optimization Framework
The optimization methodology adopted in this work encompasses a detailed parametric study, systematically varying critical properties of the B-NES—such as stiffness, damping characteristics, and mass—to detect configurations that deliver optimal vibration suppression efficacy. In our optimization framework, we explore both isolated and multiple B-NES configurations attached at different positions along the subsea cable, particularly focusing on zones of the cable identified as high risk for structural failure.
In our simulations, we consider multi-harmonic pulse (transient) excitations imposed by platform motion, thereby enabling early interception of vibrational energy by the B-NES positioned near the excitation source, with the aim of mitigating cable vibration amplitudes before the vibration disturbance can propagate further down along the cable. Further, we deploy additional B-NESs at antinodes of cable modes where oscillation amplitudes are expected to peak, thereby impacting not only the local but also the global dynamics of the cable, as observed in extensive simulation trials.
To optimize the performance of the B-NESs, we adjust the axial stiffness parameters corresponding to the stiffnesses of the cords-in-tension of various B-NES configurations implemented along the cable's length. With these adjustments, proportional damping in the cords-in-tension is modulated in accordance with stiffness variations to maintain model fidelity. Throughout these simulations, the additional mass effect to the cable (due to augmentation of the cable by the B-NESs) is rigorously accounted for by equating the total masses of the baseline cable configuration (i.e., the cable with no B-NES attached) and the cable with NESs attached.
[bookmark: _Toc195887817]Performance Metrics for Optimization
A comprehensive suite of simulations facilitates the implementation of B-NES design, optimizing device performance across varying excitation frequencies and amplitudes. Concurrently, we define three quantitative performance metrics to rigorously evaluate device efficacy: 
· The Δ (Delta) measure, reflecting kinetic energy changes in the subsea cable induced by the B-NESs; 
· The Γ (Gamma) measure, assessing the corresponding potential energy changes in the cable; and 
· The settling time t*, quantifying the rate at which the B-NESs dissipates the vibrational energy of the subsea cable
These metrics are derived from detailed mathematical formulations and empirical observations, enable the precise assessment of the performance of the B-NESs on cable dynamics subject to varying operational conditions. Detail calculations of the metrics can be found in our recent publication [35]. 
The settling time  is a measure that quantifies how fast the B-NESs manage to dissipate the vibrational energy of the subsea cable. Referring to Figure 14, this measure is defined as the time  when the measure decreases for the first time to the value , i.e., when the integral of the potential energy of the cable with B-NESs reaches 10% of the corresponding integral for the cable with no attached B-NESs for the first time. 
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[bookmark: _Ref195111680][bookmark: _Toc195887836]Figure 14: Defining the settling time t* from G(t).
[bookmark: _Toc195887818]Optimization Results
In the optimization, we utilize logarithmic scaling for the parameter variation, which is more effective than linear scaling when exploring parameter ranges that are orders of magnitude apart. In the optimization procedure, four B-NESs were strategically placed along the length of the subsea cable to provide vibration mitigation at critical points; these devices are categorized into three types: Fairlead, Intermediate-Antinode, and Anchoring (see Figure 12(c)). The Fairlead B-NES 1, positioned closest to the platform, is followed by the Intermediate-Antinode B-NESs 2 and 3, with the Anchoring B-NES 4 located at the end of the cable. This arrangement ensures that the B-NESs are positioned at vital locations along the cable, offering enhanced protection to key points. 
The platform is programmed to move in a more complex way that combines several different vibration frequencies all at once. This is called multi-harmonic motion. For the first 0.5 seconds, the platform moves based on a combination of three sine waves, each with the same amplitude but different frequencies. Specifically:
· One wave oscillates at a base frequency of 2 Hz (2 cycles per second),
· The second wave vibrates twice as fast, at 4 Hz, and
· The third wave goes even faster at 8 Hz.
All three waves have an amplitude of 0.01 meters in a horizontal way. When these waves are added together, a more complex motion is obtained than just a single sine wave. The result is a layered vibration that’s much closer to the forces a structure might experience in real environments. This motion only lasts for a short time—from 0 to 0.5 seconds. After that, the platform completely stops moving. 
A total of 2,000 simulations were performed to optimize the three types of B-NESs attached to the subsea cable. The optimization considered the variations in the axial stiffnesses , of the inclined cords-in-tension of the three B-NES types (because these are key parameters) in the range . Proportional damping was considered in the cords-in-tension, so the coefficients of the inclined viscous dampers were taken always proportional to the respective axial stiffnesses of the cords in the range . The remaining B-NES parameters (angle of inclination, natural lengths of the cords, and mass) were kept fixed, as listed in Table 3.
[bookmark: _Ref195190066][bookmark: _Toc195887847]Table 3. Optimal parameters for the three types of B-NESs
	B-NES type
	 
(N)
	
(Pa-s)
	φ0
(deg)
	Natural length of cord-in-tension (m)
	Mass
(kg)

	1. Fairlead
	5.384×108
	1.038×103
	3.562
	0.5
	4

	2. Intermediate-Antinode
	7.293×109
	3.819×104
	3.562
	0.5
	3

	3. Intermediate-Antinode
	1.067×109
	1.460×103
	3.562
	0.5
	4

	4. Anchoring
	1.067×109
	1.460×103
	3.562
	0.5
	4


Figure 15 depicts the variations in the three performance measures in terms of the variations in the three axial stiffnesses for all 2,000 realizations (simulation runs). The aim of the optimization of the dynamics of the cable was to (i) maximize the potential energy reduction measure , (ii) minimize the kinetic energy measure , and (iii) minimize the settling time . By doing so, we sought the optimal combination of the three B-NES types that mitigates the vibrations of the cable in the least possible time.
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[bookmark: _Toc195887837]Figure 15: Optimization of the axial stiffnesses of the cords-in-tension of the three B-NES types: (a) measure Γ, (b) measure Δ, and (c) settling time .
In Figure 16, we systematically identify an optimal configuration, manifesting as a Pareto front, through a multi-dimensional visualization of performance metrics across distinct parameter planes, This Pareto front features the most optimal parameter sets, tailored to specific operational requirements. In the scenario examined, we extract the parameters of the B-NESs as shown in the first two columns of Table 3, corresponding to optimized performance with respect to the metrics (with optimal values),
Γ  and .
By employing the proposed optimization framework, we evaluate the efficacy of the B-NES devices across various simulation environments, facilitating the generation of a comprehensive 3D parameter space representation, as shown in Figure 16(c). This spatial visualization aids in the strategic selection of the B-NES configurations by integrating all performance metrics into a single plot. Subsequently, we refine our selection process to isolate the optimal solution, ensuring it aligns with the complex dynamics of subsea cable systems. This approach not only enhances our understanding of the B-NESs' operational effectiveness but also provides a robust framework for deploying these devices in real-world scenarios, optimizing their performance to meet the stringent demands of dynamic subsea environments.
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[bookmark: _Toc195887838]Figure 16: Multi-dimensional representation of the performance metrics for the 2,000 simulation runs (data points) of the optimization; the optimal case is denoted by the red dot.
The optimal configuration of the B-NESs was rigorously tested to highlight and understand the dynamic interactions that govern the optimal vibration suppression of the tested subsea power cable. In Figure 17 and Figure 18, we depict the significant reduction in the cable vibrations enabled by the B-NESs. For comparison, we show also the corresponding responses of the “unprotected” cable, which incorporate the masses of the four B-NESs so that no mass-added effects distort the results. There is global mitigation of vibrations in the cable. The nonlinear beneficial effects of the B-NESs are not restricted to their points of attachment but extend to the entire cable. 
The beneficial vibration suppression of the subsea cable vibrations by the B-NESs relies on two effects: (i) nonlinear targeted energy transfer (absorption) of broadband energy from the cable to the B-NES, where this energy is localized and dissipated, and (ii) rapid nonlinear “scattering” of vibration energy of the cable to higher frequencies within the cable itself. Indeed, such low-to-high energy transfer within the subsea cable yields an immediate attenuation of the cable vibrations (because the oscillation amplitudes decrease with increasing frequency); moreover, higher-frequency vibrations can be more effectively dissipated by the inherent dissipative capacity of the cable itself, compared to lower-frequency ones. We note that the bi-stability feature of the NESs promotes and enhances drastically vibration energy scattering from low to high frequencies within the subsea cable.
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[bookmark: _Ref195114177][bookmark: _Toc195887839]Figure 17: Transient displacement (in m) at node 5 (at a depth 20.2996 m; see Fig. 2c) of the subsea cable for the cases with and without optimized B-NESs attached; note the high-frequency and low-amplitude vibrations as time increases, caused by nonlinear scattering of cable vibrations at high frequencies by the B-NESs.
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[bookmark: _Ref195114191][bookmark: _Toc195887840]Figure 18: Transient displacements (in m) at different locations along the subsea cable, with optimized attached B-NESs and with no B-NESs attached to showcase the global effects of the B-NESs over the entire length of the cable dynamics.

[bookmark: _Toc195887819]Wavelet Transform Analysis
We now demonstrate the nonlinear energy scattering in the cable dynamics in the frequency domain, that is induced by the B-NESs. This is achieved by postprocessing the transient responses of Figure 17 using numerical wavelet transform (WT) analysis. The WT is a powerful tool for time-frequency analysis and is particularly advantageous when dealing with transient, non-stationary signals such as those in our study. Unlike the conventional Fourier transform, which assumes that the signal is stationary and provides an averaged frequency representation, the WT is applicable to non-stationary signals (such as the nonlinear transient responses considered herein). As such, the WT enables localized frequency analysis, offering temporal resolution that captures the evolution of the main frequency components of the signal over time. This adaptability is crucial for dynamic analysis that seeks to track the transient evolutions of the frequency components of a measured signal.
In Figure 19 we depict the contour plots of the modulus  of the WT of the transient nonlinear responses of Figure 17. These results reveal the mitigation effect of the B-NESs on the cable vibrations and explain the governing nonlinear dynamics that cause it. We note the much shorter duration of both dominant lower-frequency harmonics of the cable dynamics (introduced by the multi-frequency excitation) when the optimized B-NESs are attached (Figure 19(b)) compared to the unprotected cable (Figure 19(a))—this demonstrates the efficacy of the B-NESs to mitigate multi-harmonic vibrations of the cable. Figure 19(b) also shows the nonlinear scattering of the vibration energy of the cable from low to high frequencies, underscores the B-NESs’ capacity on achieving broadband vibration suppression of the cable. 
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[bookmark: _Ref195169995][bookmark: _Toc195887841]Figure 19: Contour plots of the magnitude  of the WT of the cable responses of Figure 14 for the case (a) without and (b) with (optimized) B-NESs, where more heavily (lightly) shaded regions in the contour plots correspond to stronger (weaker) harmonics. Note the low-to-high-frequency vibration energy scattering in (b) due to the action of the B-NESs.

[bookmark: _Toc195887820]B-NES Performance under VIV excitation
This section shows the preliminary test of incorporating VIV force modeling and B-NES attached on a cable in MoorDyn to investigate the performance of B-NES under the influence of VIV excitation. A submerged cable was subjected to a non-stationary sheared fluid as shown in Figure 20, providing a comprehensive model for the variability of ocean waves or currents and introducing the cross-flow VIVs to the structure (cable).
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[bookmark: _Ref195194967][bookmark: _Toc195887842]Figure 20: Velocity contour of non-stationary shear flow.

In this preliminary demonstration, three B-NESs were selected from the previous optimization results and attached to the cable. The time-domain simulation results in Figure 21 show that the NESs were able to effectively reduce the VIV amplitude. The frequency-time domain analysis (wavelet plots) in Figure 22  show that the NESs scatter the remaining energy from low-to-high frequencies, which explains the mechanism of vibration mitigation. The preliminary results highlight the effectiveness of the Nonlinear Energy Sink (NES) in mitigating vortex-induced vibrations (VIVs), even without optimization. These findings underscore the remarkable adaptability of the device to varying excitation conditions, which are characteristic of dynamic marine environments. This adaptability demonstrates the NES's potential to operate effectively across a wide range of real-world scenarios, making it a robust solution for subsea cable vibration challenges.
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[bookmark: _Ref195195360][bookmark: _Toc195887843]Figure 21: Transient deflection at the middle point of the cable. 
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[bookmark: _Ref195195369][bookmark: _Toc195887844]Figure 22: Wavelet plots of the responses in the middle that highlight the intense low-to-high frequency energy scattering by the NESs.
This work represents a significant milestone as it introduces the first implementation of VIV modeling that delivers a time-domain solution in conjunction with a passive vibration mitigation device. This novel approach enables researchers to analyze the dynamic interplay between environmental loads and the NES, offering insights into its performance under realistic marine conditions. The success of this integration not only validates the device's design but also lays the foundation for exploring a wide range of passive vibration mitigation solutions. The promising results and steady progress of this project create a unique opportunity to expand the scope of research. For the first time, it becomes feasible to model and simulate different passive vibration devices across a variety of scenarios and dynamic marine environments. This capability will allow researchers to design and optimize multiple device configurations while simulating realistic conditions, fostering a deeper understanding of their performance and limitations.
Future steps in this research include conducting an in-depth parametric study to refine the NES design further. The goal is to optimize its performance, develop a robust theoretical model, and establish guidelines for its physical implementation. This will pave the way for experimental validation of the device in controlled and field settings. By bridging the gap between simulation and experimentation, this work aims to deliver a practical, cost-effective, and scalable solution for mitigating VIVs in subsea infrastructure, marking a transformative advancement in vibration mitigation technology.

 
[bookmark: _Toc195887821]Conclusion
In the subsea environment, subsea dynamic cables encounter force excitations induced by waves and currents. The loads applied to the dynamic subsea cable can be estimated using the Morison equation, which includes the normal force, tangential force, and lift force acting on a slender cable. In certain flow regimes where oscillating wakes are induced at the downstream of the cable, the cable's vibrations are excited—this is known as vortex-induced vibrations (VIV). When the vortex shedding frequency approaches the natural frequency of the structure, a lock-in phenomenon occurs, causing the vortex shedding frequency to synchronize with the structural frequency. This type of resonant vibration amplifies the cable's vibration amplitude and can potentially cause fatigue damage over time. Therefore, mitigating the oscillations of the dynamic subsea cable is crucial to avoid fatigue damage.
The project team successfully implemented the cross-flow VIV force model presented by Thorsen et al. [26] into the open-source mooring modeling code MoorDyn. The cross-flow model is based on Morison’s equation with an added oscillating lift force term to account for vortex shedding. This formulation lends itself well to MoorDyn’s lumped-mass structure, which already uses Morison’s equation for hydrodynamic modeling. To the project team’s knowledge, the Thorsen model has not been implemented into any open-source mooring modeling code, and thus its addition into MoorDyn will provide an open-source tool to researchers looking to simulate the effect of VIV on subsea power cables. Ultimately this will allow for more optimized cable designs and given that about 20% of the costs   of an offshore wind power plant is in the electrical infrastructure, optimized designs will reduce material costs and lead to improved LCOE for the device.
The project team investigated the stabilization of dynamic subsea power cables typically used in offshore wind farms by means of bi-stable nonlinear energy sinks (B-NESs). These are strongly nonlinear passive nonlinear absorbers with capacity for mitigation of broadband vibrations. The B-NES configuration is relatively simple, as it relies on an oscillating mass that is connected to the subsea cable by means of inclined spring-damper pairs. Our optimization framework demonstrated that the B-NESs can adapt to the non-stationary and broadband vibrational inputs that are typical in subsea environments, a capability that outperformed traditional (linear) Tuned Mass Dampers (TMDs). Indeed, unlike TMDs, which are limited by their narrowband resonance properties and require precise tuning, the B-NES demonstrated its unique capacity for dynamically adjusting its resonance to frequency shifts, providing effective, broad-spectrum energy absorption and mitigation without the risk of amplifying oscillations outside a narrow frequency range.
In synopsis, this study has established the B-NES as a promising passive mitigating device, which, although of relatively simple configuration, is capable of efficiently and robustly addressing the challenges of vibration mitigation of subsea cable dynamics. This, in turn, has the potential to significantly prolong the operational life of cables by reducing the vibration-induced stresses that lead to fatigue and wear. Hence, our findings indicate that B-NESs offer a feasible and impactful retrofit option for enhancing the resilience and stability of existing subsea power infrastructure in offshore wind farms.
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