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ABSTRACT 

Real-time hybrid simulation (RTHS) divides a structural system into an analytical and 

experimental substructure. The former is based on a well-established analytical model while the 

latter consists of a physical model in the laboratory, for which there is not a well-established 

analytical model. This paper extends real-time hybrid simulation to monopile-type Offshore Wind 

Turbines (OWTs) to enable the investigation of their behavior considering the response of pile 

foundations under operational and more severe conditions. The embedded foundation and 

surrounding soil of the OWT are modeled physically in a soil box in the laboratory while the 

remaining parts of the system and loading are modeled analytically. The program OpenFAST, 

developed by the National Renewable Energy Laboratory (NREL), is linked to the RTHS 

coordinator to determine the hydrodynamic and aerodynamic loads acting on the OWT, along with 

modeling the dynamics of the electric power generation equipment and associated controller for 

the OWT. The RTHS framework along with its initial implementation and validation are described 

in this paper. RTHSs of a 5 MW OWT subjected to operational and more severe conditions are 

performed to experimentally validate the framework. The framework offers a realistic approach to 

investigate the behavior OWT structures supported on monopiles. This approach accounts for the 

coupled response of the OWT structure with its foundation, while experimentally capturing the 

nonlinearities of the soil-foundation interaction in real-time. 

KEYWORDS 

Renewable energy, offshore wind turbines, real-time hybrid simulation, offshore wind turbine 

foundations, soil-foundation-structure interaction, aerodynamic loading, hydrodynamic loading. 

 

1. INTRODUCTION 

Real-time hybrid simulation (RTHS) is a testing technique where the system is divided into 

analytical and experimental substructures [1, 2]. The former uses well-established computation 
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models to create a numerical model of a portion of the system. The remaining components of the 

system, for which there is no existing well-established computational model, is modeled physically 

in the laboratory. The two substructures are kinematically coupled and equilibrium is maintained 

at their common degrees of freedom (DOFs). 

RTHS has historically been used to investigate the dynamic response of onshore structures 

to wind and earthquake loading. The prior RTHS studies included 40-story tall steel braced-frame 

buildings with viscous-damped outrigger systems [3-5], a 2-story reinforced concrete structure 

with moment resisting frames [6], 3-story steel building with moment resisting frames and braced 

frames with nonlinear viscous dampers [7- 9], 3-story steel building with moment resisting frames 

and braced frames with elastomeric dampers [10, 11], 3-story steel braced frame building with 

magnetorheological dampers [12, 13], and 3-story steel moment resisting frame building with floor 

isolation systems [14]. Currently, there is a considerable interest to increase the production of 

electricity from OWTs, with U.S federal mandates stipulating an increase of production to 30 GW 

by 2030 and 110 GW by 2050 [15, 16]. The size of the components of an OWT precludes testing 

a complete system in the laboratory and research on OWTs has been primarily limited to 

investigating the behavior of individual components [17-20]. Knowledge is limited on the behavior 

of the complete system including its foundation support system when subjected to operational and 

more severe loading conditions such as storms. The RTHS concept is extended in this paper to 

investigate the piled foundation behavior of monopile OWTs. RTHS will enable a complete OWT 

structure and its foundation system to be studied under various loading conditions, where the OWT 

and the associated externally applied aerodynamic and hydrodynamic loads are modeled 

analytically while the pile foundation is modeled experimentally inside a soil box as shown in 

Figure 1. For a given time step i, an integration algorithm determines the displacement and 
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velocities of the system, the experimental restoring forces are measured, the analytical substructure 

restoring forces computed, and the hydrodynamic and aero-elastic forces are obtained, enabling 

the explicit integration algorithm to complete the integration for the time step by solving for the 

acceleration. The coupling between the OWT model and the pile foundation is enforced at the 

mudline level. 

 
Figure 1: Generalized schematic of the real-time hybrid simulation concept for offshore wind 

turbines. 

 

The short and long-term behavior of the pile foundation can be captured in a more realistic 

manner using the RTHS approach compared to subjecting the pile foundation to a predefined 

cyclic load or displacement (e.g., Frick and Achmus [21], Cox et al. [22], and Su et al. [23]). 

Furthermore, the soil profile corresponding to different geographical locations can be replicated in 

the soil box, and thus the behavior of the OWT supported on pile foundation under operational or 

more severe conditions corresponding to specific soil profiles can be captured in a RTHS.  

Hybrid testing in ocean structures was initially proposed for deep water mooring systems 

by Buchner et al. [24]. The experimental substructure included the mooring segment near the water 

surface to avoid constructing deep and expensive basin tanks when testing such systems. The 
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implementation of RTHS to study floating offshore and onshore wind turbines (FOWTs) has been 

the subject of several recent studies published in the literature. Chabaud et al. [25] and Sun et al. 

[26] proposed a RTHS framework to study FOWTs where the floating device was envisioned to 

be modeled physically in the laboratory and the wind turbine including the blades, rotor, and tower 

are modeled analytically. Sadraddin and Shao [27] proposed using a geographically distributed 

RTHS framework to test FOWTs where the RTHS components are distributed among multiple 

laboratories, such as placing the turbine in a wind tunnel while the floating device is placed in a 

wave basin facility. The measured response quantities needed to perform the RTHS such as load 

cell readings are transferred to the simulation coordinator via a high-speed network. The above 

three FOWTs studies are conceptual in nature and the authors did not perform any experiments to 

prove the concept. Song et al. [28] proposed a RTHS framework for fixed-bottom OWTs where 

the blade-rotor assembly and aerodynamic loads are modeled analytically while the tower are 

envisioned to be modeled physically. However, like the other above-mentioned studies, this study 

is analytical in nature and the proposed framework has not yet been validated experimentally. 

Several RTHS studies of FOWTs involving experimental work appear in the literature. 

Chabaud et al. [29], Thys et al. [30], Kanner et al. [31], Vilsen et al. [32], and Vittori et al. [33] 

performed RTHS of floating OWTs where the floating device in addition to the OWT tower were 

modeled experimentally at a reduced scale and placed in a wave basin, while the remaining OWT 

components including the blades and rotor along with the aerodynamic loads were modeled 

analytically. Bayati et al. [34] and Belloli et al. [35] performed RTHS testing of FOWTs where 

the blades, rotor, and tower were modeled physically at reduced scale in a wind tunnel, and the 

floating platform including the hydrodynamic loads were modeled analytically.  
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The RTHS of fixed-bottom OWTs is limited, and no RTHS have considered the Soil-

Foundation-Structure Interaction (SFSI) effects. This paper addresses this knowledge gap , for it 

is the first experimental study that expands RTHS to fixed-bottom OWTs that includes the SFSI. 

The study uses OpenFAST to model the aerodynamic and hydrodynamic loading for the RTHS, 

where all OpenFAST modeling capabilities are preserved when integrating it into the RTHS 

framework presented in this paper. OpenFAST is an open-source software that is regularly 

maintained by the National Research Energy Laboratory (NREL), and has been experimentally 

and analytically validated by several researchers (Jonkman and Musial [36]; Bergua et al. [37]; 

Popko et al. [38]; Shaler et al. [39]).  

It is important for the analytical substructure of a RTHS to accurately represent the part of 

the system that is modeled analytically. Although OpenFAST has the ability to model the SFSI 

effects, it uses models consisting of simplified linear springs located at the mudline. This approach 

is inappropriate to model the nonlinear SFSI coupled behavior of OWTs because linear springs are 

unable to capture the hysteric damping and nonlinear deformations that develop in the soil [40]. In 

addition, the formulation implemented in Sub-Dyn (a module in OpenFAST) to capture the 

dynamics of the submerged portion of an OWT is incompatible with the architecture for 

performing a RTHS. The formulation used by Sub-Dyn consist of a state space model based on 

the Craig-Bampton substructuring method [41] that is valid only for linear systems [42]. The 

current work developed a simulation coordinator to replace Sub-Dyn, and is interfaced to the pile 

foundation in the laboratory and to the aerodynamic and hydrodynamic modules in OpenFAST.  

This paper presents the details of the RTHS framework, including aspects of the simulation 

coordinator, the interface of the simulation coordinator with OpenFAST, and the integration of the 

equations of motion. The implementation is demonstrated by performing a series of RTHS of a 5 
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MW OWT supported on a monopile subjected to operational and more severe conditions. In the 

RTHS, the pile foundation is modeled experimentally and the remaining parts of the structure are 

modelled analytically. A list of the main parameters and their values that appear throughout the 

paper are summarized in Table A.1 of Appendix A. 

2. PROTOTYPE OFFSHORE WIND TURBINE DESCRIPTION 

The 5 MW reference OWT model used in this study was developed by NREL [43].  The OWT has 

three glass-fiber blades with a rotor radius of 63m and hub height of 90m, and the blades are pre-

bent to increase clearance and alleviate the risk of striking the tower. The tower is composed of a 

tapered circular steel section starting from a diameter of 6m and thickness of 0.027m at the base 

to a diameter of 3.87m and thickness of 0.019m at the top of the tower, where the base of the 

nacelle is located. The tower is connected to a 66m long circular steel monopile having a diameter 

of 6m and a wall thickness of 0.06m [44]. The monopile is divided into three segments: 10m above 

the water level, 20m submerged in the water, and 36m embedded in the soil below the mudline. 

The location where the tower of the OWT is connected to the monopile is called the transition 

piece. 

The OWT drivetrain includes a multi-stage gearbox with a ratio of 97:1 and a rated rotor 

and generator speeds of 12 rpm and 1174 rpm, respectively. The cut-in and cut-off wind speeds of 

the OWT are 3 m/sec and 25m/sec, respectively. Additional details of the OWT are found in [43, 

44]. The 1st natural frequency of the OWT with foundation compliance included in models 

developed by Jonkman et al. [43,44] is reported to be about 0.25Hz and the highest frequency 

equal to about 3.0Hz. 
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3. REAL-TIME HYBRID SIMULATION CONFIGURATION 

Figure 2 shows the configuration of an OWT installed on a monopile driven below the seabed. 

OpenFAST is used in the RTHS to model components above the transition piece and their 

dynamics that include the blades, tower, electric power generator, gearbox, rotor, drivetrain, 

nacelle, along with the externally applied aerodynamic and hydrodynamic loads as depicted in 

Figure 2. The model for the RTHS is shown in Figure 2(b)) and consists of four substructures: (1) 

tower-blades substructure; (2) transition substructure; (3) analytical substructure; and (4) 

experimental substructure. The tower-blades substructure models the tower and blades above the 

transition piece and is created using OpenFAST. The details of OpenFAST are presented later. 

The transition substructure models the transition piece. A transition node is defined at the 

intersection between the tower-blades and transition substructure that is shared among these two 

substructures. In addition, an interface node is defined at the intersection of the transition and 

analytical substructures, and is shared among these two substructures. The analytical substructure 

models the monopile below the transition piece and consists of several nodes (labeled analytical 

substructure nodes in Figure 2(b)). The experimental substructure, which models the monopile 

below the mudline, has a single node called the experimental substructure node that is located at 

the intersection with the analytical substructure. The transition substructure spans between the 

transition and interface nodes while the analytical substructure spans between the interface and the 

experimental substructure nodes (see Figure 2(b)). The vector of displacements (𝒅), velocities (𝒗), 

and accelerations (𝒂) at the transition node, (𝒅𝑇, 𝒗𝑻, 𝒂𝑻), interface node (𝒅𝑰, 𝒗𝑰, 𝒂𝑰), monopile 

analytical substructure nodes (𝒅𝑨, 𝒗𝑨, 𝒂𝑨), and the experimental substructure node (𝒅𝑬, 𝒗𝑬, 𝒂𝑬) 

are identified in Figure 2. 
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Figure 2: Real-time hybrid simulation configuration: (a) offshore wind turbine structure; (b) 

model hybrid simulation configuration. 

 

The equations of motion of the OWT are given in Equation (1). Equation (1) represents 

dynamic equilibrium of the structure expressed at the DOF of the transition node, interface node, 

analytical substructure nodes, and experimental node. The equations of motion are shown 

partitioned with respect to the DOF of these nodes, and discussed later. OpenFAST provides the 

motions of the transition node (𝒅𝑻, 𝒗𝑻, 𝒂𝑻) associated with the dynamic response of all of the 

OWT components above the transition node that includes the effects of aerodynamic forces acting 

on the blades and tower, dynamics of the electric power generator, gearbox, rotor, drivetrain, 

nacelle and the associated control system for these components. OpenFAST also provides the 

hydrodynamic loads acting over the height of the OWT (i.e., the transition substructure and 

analytical substructure) that is submerged beneath the still water surface. 𝑭𝑻𝑯, 𝑭𝑰𝑯, 𝑭𝑨𝑯, and 𝑭𝑬𝑯 

in Equation (1) are the vector of hydrodynamic forces that act at the transition node, interface node, 

analytical substructure nodes, and the experimental substructure node, respectively. 𝑭𝑻𝑾, 𝑭𝑰𝑾, 

𝑭𝑨𝑾, and 𝑭𝑬𝑾 in Equation (1) are vectors of gravity loads based on the self-weight of the structure 

acting on the transition node, interface node, analytical substructure nodes, and the experimental 
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substructure node, respectively. 𝑭𝑻𝑨 in Equation (1) is the vector of forces at the transition node 

that are in dynamic equilibrium with the aerodynamic loads acting on the tower and blades of the 

OWT, along with the forces associated with the dynamics of the electric power generator, gearbox, 

rotor, drivetrain, nacelle and the associated control system for these components. The mass matrix 

M, inherent damping matrix C, stiffness matrix K, along with the remaining submatrices that 

appear in Equation (1) are discussed later.  

  [

𝒎𝑻 𝟎 𝟎 𝟎

𝟎
𝟎 𝑴
𝟎

]{

𝒂𝑻

𝒂𝑰

𝒂𝑨

𝒂𝑬

} + [

𝒄𝑻 𝟎 𝟎 𝟎

𝟎
𝟎 𝑪
𝟎

]{

𝒗𝑻

𝒗𝑰

𝒗𝑨

𝒗𝑬

} + [

𝒌𝑻𝑻 𝒌𝑻𝑰 𝟎 𝟎

𝒌𝑰𝑻

𝟎 𝑲
𝟎

]{

𝒅𝑻

𝒅𝑰

𝒅𝑨

𝒅𝑬

} = {

𝑭𝑻𝑯 + 𝑭𝑻𝑾 + 𝑭𝑻𝑨

𝑭𝑰𝑯 + 𝑭𝑰𝑾

𝑭𝑨𝑯 + 𝑭𝑨𝑾

𝑭𝑬𝑯 + 𝑭𝑬𝑾

} (1) 

            Mass                                     Damping                                 Stiffness                              Applied loads 

 

4. MODELING OF HYDRODYNAMIC, AEROELASTIC, AND OWT POWER 

GENERATION EQUIPMENT LOADS 
The hydrodynamic, aeroelastic, and OWT power generation equipment load effects were modeled 

using OpenFAST. OpenFAST is an open-source tool developed by NREL to model onshore and 

offshore wind turbines subjected to operational and non-operational environmental conditions. 

This paper uses OpenFAST version 3.1.0. The OWT components are modeled using several 

modules of OpenFAST that are shown in Figure 3. The environmental conditions that account for 

aerodynamic, ice, and hydrodynamic loadings are computed in the Inflow-Wind, Ice-Dyn, and 

Hydro-Dyn modules, respectively. The external aeroelastic and hydrodynamic loads acting on the 

OWT are computed in Aero-Dyn and Hydro-Dyn, respectively, while the OWT dynamics are 

computed in Elasto-Dyn/Beam-Dyn and Servo-Dyn. OpenFAST users can create a high-fidelity 

model of the OWT blades using the Beam-Dyn module. The drivetrain, nacelle, and tower 

dynamics are modeled in Elasto-Dyn. The dynamics created from the power generation equipment 

and OWT controllers is modeled in Servo-Dyn. The Ice-Dyn module was not used in the RTHS. 

The RTHS coordinator and the interface with the OpenFAST modules, including the outputs of 

Elasto-Dyn, Aero-Dyn, and Hydro-Dyn is discussed in Section 9 and shown in Figures 7 and 8. 
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Figure 3: Schematic of OpenFAST modules and RTHS coordinator. 

The structural dynamics of the OWT tower and blades are computed by the OpenFAST 

module called Elasto-Dyn. Each blade is discretized into 17 elements and the models of the blades 

and tower are based on 6th order polynomial mode shapes and member properties recommended 

by Jonkman et al. [43]. Actuator lines are used to approximate the three-dimensional flow of the 

fluid around the tower and blades [45]. This approximation results in two-dimensional distributed 

loads that are integrated into three-dimensional loads. Aero-Dyn, an OpenFAST module linked to 

Elasto-Dyn, computes the aerodynamic loads based on Blade Element Momentum Theory 

(BEMT) after receiving the nodal displacements and velocities of the blade and the freestream 

velocity of the fluid from OpenFAST [45]. The relationship between the angle of attack of the 

blade, uplift and drag forces, and the pitching moment are defined in OpenFAST input file based 

on the blade geometry and therefore used directly to estimate nodal forces. The Beddoes-Leishman 

unsteady aerodynamics model [46] is applied to the BEMT solution to account for flow hysteresis 

[45]. The losses near the blade’s tip and root are accounted for when obtaining the aerodynamic 
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forces acting along the blade. Further details regarding the tower-blades substructure modeling in 

OpenFAST can be found in [45, 47]. All modes of vibration of the blades are assigned a modal 

damping ratio of 0.47% by OpenFAST. The tower modes of vibration are assigned a higher modal 

damping ratio of 1% as suggested by Jonkman et al. [43]. Additional details regarding the 

description of the 5MW-OWT model are given in [43]. 

The hydrodynamic loads acting on the monopile are calculated using the Hydro-Dyn 

module in OpenFAST [48]. The monopile hydrodynamic loads can be modeled in this module 

using either the potential-flow or strip theory. In this study the monopile hydrodynamic loads were 

modeled using strip-theory because the diameter of the monopile is small relative to the 

wavelength [45]. Strip-theory uses Morison’s equation [49], where the monopile flexibility is 

considered when applying Morison’s equation and therefore the hydrodynamic forces depend on 

the relative acceleration and velocity between the fluid and the submerged structure [45]. 

Morison’s equation consists of viscous drag (𝐹𝐷), fluid inertia (𝐹𝑀𝐼), and added hydrodynamic 

mass (𝐹𝐴𝑀) forces per unit length acting on a submerged member [48, 50]: 

𝐹𝑀 = 𝐹𝐷  +  𝐹𝑀𝐼  +  𝐹𝐴𝑀 =
1

2
𝜌𝐶𝑑𝐷𝑣𝑟|𝑣𝑟| + 𝐶𝑀

𝜋

4
𝜌𝐷2𝑎𝑓 − (𝐶𝑀 − 1)

𝜋

4
𝜌𝐷2𝑎𝑠 (2) 

where ρ is the water density, 𝐶𝑑 is the drag coefficient, 𝐷 is the member’s diameter, 𝑣𝑟 is the 

relative velocity between the fluid particle velocity 𝑣𝑓 and structural velocity 𝑣𝑠, 𝐶𝑀 is the inertia 

coefficient, 𝑎𝑠 is the structural acceleration, and 𝑎𝑓 is the fluid particle acceleration. Morison’s 

equation is appropriate when the member diameter-to-wave length ratio 
𝐷

𝜆
< 0.05 (Bai and Bai 

[51]). For the 20m water depth, which is considered an intermediate depth, and with a wavelength 

𝜆 ~121m and wave period of T = 10 sec. used in this study, 
𝐷

𝜆
= 0.03 at the water surface where 

the maximum fluid velocity and acceleration exist. 
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Wave elevations are generated by Hydro-Dyn with the assumption that the wave is regular 

and possesses no stretching (i.e., wave kinematics are computed between the seabed and mean sea 

water level). The hydrodynamic coefficients for Cd and CM are given in [44], where values of Cd 

= 1.0 and CM = 2 are used in this paper, and no marine growth is assumed. 

Elasto-Dyn models the dynamics of the nacelle, rotor, and drivetrain and is coupled to 

Aero-Dyn and Servo-Dyn, where the latter models the power generation equipment and the 

associated control system. The drivetrain between the hub and the electric generator is modeled as 

an axially rigid torsional spring acting in parallel with a dashpot. The stiffness and dashpot 

constants are 867MN.m/rad and 6.2MN.m/(rad/sec), respectively, representing the equivalent 

stiffness and damping of the gearbox and speed shafts. The electric generator efficiency is taken 

as 94.4% with an inertia of 534tons.m2 about the high-speed shaft. The relative motion between 

the nacelle and the yaw actuator was accounted for in the OpenFAST model by including a linear 

rotational spring and dashpot with constants of 9GN.m/rad and 19MN.m/(rad/sec), respectively. 

Hub translation and rotational inertia are 56tons and 115tons.m2, respectively. The nacelle 

translational and rotational masses are 240tons and 2,607tons.m2, respectively. The 5MW-OWT 

included generator-torque and blade-pitch logical controllers within the Servo-Dyn module in 

OpenFAST. These controllers regulate power generation and the generator speed. The generator-

torque controller in OpenFAST included several control regions. The first region is before the 

minimum generator speed of 670 rpm at which the generator’s torque is zero. The last region is 

after the rated generator speed of 1173.7 rpm, where the controller aims at maintaining constant 

generator power. The blade-pitch controller aims at regulating the generator speed in this last 

region. The blade-pitch rate limit is set to 8 degree/sec according to Jonkman et al. [43]. The OWT 
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electric generator is modeled in OpenFAST using the Thevenin Equivalent Circuit. As noted 

previously, additional details regarding the description of the 5MW-OWT model are given in [43]. 

The OpenFAST calculations and the RTHS integration of the equations of motion are 

performed at full-scale. 

5. TRANSITION AND ANALYTICAL SUBSTRUCTURES  

The monopile segment above the water (namely, the transition substructure) is 10m long and 

modeled using a single 3D element. The analytical substructure of the RTHS is comprised of the 

segment of the monopile below the transition substructure and is submerged beneath the mean 

water surface (only the analytical substructure is submerged in this study). The submerged 20m 

long monopile is modeled with 8 equal length 3D linear beam-column elements. A consistent mass 

formulation of the elements of the analytical substructure is used and adapted from Damiani et al. 

[42]. The transition substructure uses a lumped mass formation to simplify the coupling of the 

equations of motion shown in Equation (1). The stiffness properties of the elements of the 

transition and analytical substructures are based on Damiani et al. [42]. 

6. EXPERIMENTAL SUBSTRUCTURE  

The experimental substructure for the RTHS consists of an available 1/120 scale circular aluminum 

pile embedded in dry loose sand placed in the soil box shown in Figure 4. Due to the availability 

of existing test specimens for the experimental substructure, it was assumed that the pile for the 

full-scale structure was also aluminum material. A schematic of the test setup for the experimental 

substructure is shown in Figure 4(c). The pile represents the portion of the monopile that is 

embedded into the seafloor below the mudline. The pile has a 0.05m diameter, 2mm thickness, 

and an embedment length of 0.6m. This embedment length was selected to accommodate the soil 

box dimensions and is longer than that corresponding to the 1/120 scale factor. The lateral 
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resistance of the foundation is primarily in the direction of the hydrodynamic and aerodynamic 

loading loads. In the RTHS, only the lateral DOF is incorporated into the experimental 

substructure. Three of the remaining DOFs of the experimental substructure node have their 

restoring forces computed numerically, while two DOF (axial and twist) are restrained. In future 

studies, actuators will be used to impose motions to all six DOF and provide a complete set of 

experimental restoring forces. This task will require accounting for actuator kinematics and 

coupling effects which is beyond the scope of the current study.  

As shown in Figure 4(c), one actuator is used in the current study to impose the target 

lateral displacement onto the pile during a RTHS. The actuator is an electric actuator manufactured 

by UltraMotion (model A1 Series) with a force capacity of 0.45kN and a stroke limit of 0.08m. 

The actuator is anchored to a reaction frame consisting of a W10x39 steel column. A 2.2 kN load 

cell manufactured by ARTECH (model 20210-500) is inserted between the clevis and the actuator 

to measure the restoring force 𝑅𝑖
𝑒 developed by the experimental substructure at time step i caused 

by the lateral displacement 𝑑𝑖
𝐸 imposed by the actuator. 𝑅𝑖

𝑒 is used by the simulation coordinator 

to integrate the equations of motion at time step i, and will be discussed later. The instrumentation 

included the load cell in addition to an LVDT to measure the pile position and strain gages placed 

along the pile. The instrumentation was connected to a data acquisition system (DAQ). The LVDT 

had a 200-mm stroke and was manufactured by Duncan Electronics. 

The sand in the soil box has a density of 1630kg/m3 and internal friction angle of 35 

degrees. The RTHS in this paper used a scale factor of where  𝛼 = 120, where the target 

displacement for the pile from the full-scale simulation is scaled down by a factor of 1/ 𝛼, to match 

the small-scale pile. This scaling law is based on structural model testing involving dynamic 

loading effects, where the basic quantities of mass, length, and time describe the dynamics problem 
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with the acceleration of gravity preserved in the reduced and full-scale models [52]. In 

geotechnical testing, the measured restoring force is scaled up by a factor of 𝑁𝛼2, where N = model 

mean stress-to-prototype mean stress ratio [53]. In the RTHS a value of N=1 was used. It is 

important to emphasize that the purpose of this paper is to present a RTHS framework that captures 

the short- and long-term behavior of the OWT pile foundation using RTHS, and it is not intended 

to critique the behavior of a specific small-scale pile foundation. The scaling law and the geometry 

of the pile used in this paper may need further refinement to enforce similitude and this additional 

work is outside the scope of the current study. The time axis is not scaled when performing the 

RTHS in this paper because of the following reasons: 1) the time scale factor is 1/√𝛼 =

1/10.95 and OpenFAST is unable to perform the state determination of the OWT at 10.95 times 

faster than real-time; 2) the soil box is filled with dry sand and the rate of loading does not 

significantly affect its behavior during a RTHS [54-56]; 3) the small integration time step needed 

to run the simulation in real-time when scaling the time axis is smaller than what can be 

accommodated by the clock sampling rate of the actuator’s controller, which is 1/1024 sec. It is 

envisioned that adoptees of the RTHS framework presented herein will use larger scale pile 

specimens, whereby the compressed time axis in the simulations is compatible with OpenFAST 

and the actuator’s controller clock speed. 

Figure 4: Experimental substructure for real-time hybrid simulation: a) pile-actuator interface; b) 

pile shown embedded in soil box; and, (c) schematic of test setup and instrumentation. 
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7.  RTHS INTEGRATED CONTROL ARCHITECTURE 

The RTHS integrated control architecture is depicted in Figure 5. It includes a simulations 

computer, xPC target computer, data acquisition (labeled DAQ), and SCRAMNet. SCRAMNet 

provides communication between the computers at a speed of 90ns to enable data sharing. xPC 

refers to a real-time Speedgoat system with a real-time operating system. The xPC target computer 

operates using the xPC Target real-time operating system developed by Mathworks [57]. It enables 

one to compile Simulink models [57] with a C-compiler to execute real time simulations. The xPC, 

which runs at a clock speed of 400Hz, operates a serial controller to control the actuator position 

and logs the actuator load cell readings used by the RTHS coordinator for the integration process 

(the RTHS coordinator is discussed in Section 8) and the pile’s position for actuator compensation 

to minimize actuator delay and amplitude errors. The simulation computer is a Dell workstation 

equipped with the Windows operating system that hosts the tower-blades substructure in 

OpenFAST and the RTHS coordinator where the remaining substructure models reside. The Dell 

computer was equipped with an Intel i-9 processor and 32 gigabytes of random-access memory. 

The data acquisition system (labeled DAQ in Figure 5) records the load cell reading, the LVDT 

position sensor that measures the position of the pile during the RTHS, and strain gauges that are 

placed on the pile embedded in the soil. A 180 Watt power supply manufactured by UltraMotion 

(model P/N: PS-1X0A) was used to provide electric power to the actuator. 

The RTHS coordinator integrates the equations of motion and sends the target actuator 

command from the simulation computer over SCRAMNet to the xPC. The xPC has a programmed 

closed loop PID control, where it issues the command displacement to the actuator and receives 

the feedback of the measured extension or contraction of the actuator. The actuator position is 

measured by the actuator’s internal transducer and communicated to the xPC via a direct I/O 
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connection. The xPC sends the restoring force of the pile (measured using the load cell) to the 

simulation computer over SCRAMNet. The xPC and simulation computer are synchronized 

(discussed later) and exchange data every 1/1024sec. The data acquisition system scans at the rate 

of 4096Hz and records the data at a rate of 1024Hz. A copy of the DAQ recorded data is transferred 

to the xPC and then over SCRAMNet back to the simulation computer. 

A communication delay exists and is associated with the xPC’s clock speed of 400Hz for 

issuing commands to the actuator and recording feedback data from the DAQ. Consequently, the 

communication delay between the simulation computer issuing an actuator command 

displacement is 1/400sec. while receiving the feedback signal of the load cell reading and 

measured actuator displacement is an additional 1/400sec., resulting in a total communication 

delay of 5msec for each time step of a RTHS. The RTHS integrated control architecture enables 

adaptive compensation for actuator control to account for delay. It was determined that a 5msec 

delay had minimal effect on a RTHS, and therefore actuator delay compensation was not used for 

the RTHS. Further discussion about this is presented later in this section of the paper and in Section 

16 Assessment of RTHS Results. 

 
 

Figure 5: Integrated Control Architecture for RTHS. 
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The dynamic behavior of the transfer system was investigated over a range of frequencies. 

The transfer system of the test setup consisted of the components shown in Figure 5 and included 

the simulation computer, SCRAMNet, xPC, actuator controller, electric actuator, power supply, 

load cell, DAQ, LVDT feedback displacement transducer, W10x39 steel reaction column, and the 

experimental substructure. To assess the system dynamics using an analytical transfer function 

requires the linearization of the experimental substructure due to the nonlinear behavior of the 

force-deformation response of the pile embedded in the soil box. An analytical transfer function 

can only be obtained for linear and time invariant systems. Therefore, to assess the system 

dynamics of the RTHS setup the procedure recommended by Carrion and Spencer [58] was used 

to obtain the frequency response function (FRF) from the actuator command displacement to the 

measured displacement of the actuator obtained by the LVDT and fed back to the simulation 

coordinator. The excitation input consisted of band-limited white noise with a frequency range of 

0 to 35Hz and an amplitude of 1.5mm, which was generated by the RTHS simulation coordinator 

residing on the simulation computer. The RMS value was based on the cyclic displacement 

amplitude developed in Test 1 of the RTHS (the RTHS results are to be presented in Section 15 

Hybrid Simulation Results). Data was recorded at a rate of 400Hz over a 165sec. duration. The 

FRF was calculated using 66000 Fast Fourier Transform (FFT) points with a Hanning windowing 

with 50% overlap and 35 averages. The FRF of the system appears in Figure 6, where it is plotted 

up to 35Hz. The FRF has a magnitude near a unit value up to about 4.5 Hz, where an increase 

occurs due to a presence of a natural frequency in the transfer system in the range of 12 to 15Hz 

associated with resonance of the pile embedded in the soil box. This range of natural frequency is 

caused by the nonlinear behavior of the soil. The roll-off frequency is at 35 Hz (i.e., where a drop 

of 3 dB in magnitude occurs relative to the magnitude at 0Hz). The magnitude of the FRF is shown 
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plotted in Figure 6 over the frequency range of 0 to 3Hz, which is the range of frequencies 

associated with the OWT natural frequencies and the expected frequency range of response of the 

experimental substructure during a RTHS. The frequency decomposition of the experimental 

substructure motions during a RTHS are discussed later in Section 14 RTHS Coordinator 

Assessment and Section 15 Hybrid Simulation Results. Within the frequency range of 0 to 3Hz the 

FRF has a magnitude in the range of 0.993 to 1.063 with an average value of 1.020. The phase plot 

of the FRF was used to establish the time delay in the transfer system as a function of frequency, 

and is shown in Figure 6. It was determined that the time lag delay over the frequency range of 0 

to 3Hz has an average of 5.4msec. A majority of the time lag delay of 5.4msec is due to the 5msec 

communication delay discussed previously. The results for the magnitude imply that no significant 

dynamics exist in the system over the frequency range of associated with the natural frequencies 

of the OWT.  

Figure 6:  Transfer system frequency response function from actuator command 

displacement to measured displacement.  

 

8. REAL-TIME HYBRID SIMULATION COORDINATOR 

The simulation coordinator oversees the integration of the equations of motion. To integrate the 

equations of motion, it is necessary to partition the equations of motion as shown in Equation (1). 

This produces a force boundary condition at the interface node between the transition and 
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analytical substructures. The force 𝑭𝑖
𝐼 associated with this boundary condition is based on dynamic 

equilibrium at the end of the transition substructure element connected to the interface node, as 

described below in Section 9.1. The subset of the equations of motion associated with the DOFs 

of the interface node and the nodes of the analytical and experimental substructures correspond to 

the submatrices in the lower right partition of Equation (1) are integrated by including 𝑭𝑖
𝐼. 

Interfacing with the OpenFAST model above the transition node required establishing equilibrium 

and compatibility at the transition node, where OpenFAST provides the simulation coordinator a 

vector of trial set of displacements (𝒅𝑻), velocities (𝒗𝑻), and accelerations (𝒂𝑻) at the transition 

node associated with the aerodynamic effects acting on the blades and the tower and the dynamics 

of the electric power generator, gearbox, rotor, drivetrain, nacelle and the associated control system 

for these components. The equations of motion are related to the matrix elements in the upper part 

of the partitioned matrix and the loads applied to the transition node in Equation (1) are then solved 

in an iterative manner with a predictor-corrector method to satisfy equilibrium and compatibility 

at the transition node. The predictor-corrector procedure in OpenFAST [45] involves the following 

three steps for each iteration for a given time step [59]: (1) predict the state of the tower above the 

transition piece at the end of the current time step; (2) pass this information to the monopile 

substructure and calculate the predicted response of this substructure at the end of the current time 

step; (3) correct the calculated state of the tower above the transition piece at the end of the current 

time step. Steps (2) and (3) can be specified by the user to be repeated to improve the solution to 

the equations of motion at the end of the given time step. This is the iteration process described 

later. In Step (1) the estimate of the state (displacements, velocities, accelerations, and restoring 

forces) at the end of the current time step is based on extrapolating the state at the beginning of the 

current step using the forward finite difference. In Step (2), the Craig-Bampton method [41] is 
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used to integrate the equations of motion to obtain the response of the monopile substructure below 

the transition piece. In Step (3), the state of the tower above the transition piece is the corrected 

using the Adams-Bashforth-Moulton (ABM) method [60,61] to integrate the equations of motion 

associated with the OWT tower model above the transition node. In any subsequent iterations for 

the current time step the ABM results from Step (3) are used in Step (2). 

The Adams-Bashforth-Moulton (ABM) method to integrate the equations of motions 

associated with the OWT tower model above and at the transition node is performed by Elasto-

Dyn. This integration method is conditionally stable, where a numerical instability may occur if 

the integration time step is too large [59]. The stability of the Elasto-Dyn numerical integration 

process is heavily influenced by the modal characteristics of the transition substructure. For the 

selected transition substructure properties with a length of 10m it was found that an integration 

time step of ∆t = 3/1024 sec. was adequate. If the length of the transition substructure is reduced 

from 10m to 3.3m the maximum stable integration time step is reduced from 3/1024 sec. to 1/1024 

sec. (see [59] for further details on the effect of transition substructure stiffness on OpenFAST 

numerical instabilities). 

As noted above, OpenFAST calculates the hydrodynamic loads acting on the analytical 

substructure using Morison’s equation. Integration of the subset of equations of motion is 

performed in an explicit manner where the structural velocities are known at the beginning of the 

time step. Hence, the hydrodynamic loading can be readily determined without iterating within the 

time step. The inertia related hydrodynamic loading was considered by placing the hydrodynamic 

mass on the left-hand side of the equations of motion in the mass matrix M associated with the 

degrees of freedom of the analytical substructure and the interface node, see Equation (1), where 

it is treated as added mass. 
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9. INTEGRATION OF THE EQUATIONS OF MOTION 

The equations of motion for a RTHS are expressed using restoring forces of the analytical and 

experimental substructures and can be written in the following general form: 

𝑴𝒂𝑖 + 𝑪𝒗𝑖 + 𝑹𝒂(𝒅𝑖
𝐴, 𝒗𝑖

𝐴) + 𝑹𝑖
𝑒 = 𝑭𝑖 (3) 

where M and 𝑪 are the analytically modeled mass and damping matrices of the system, 

respectively; 𝑹𝒂(𝒅𝑖
𝐴, 𝒗𝑖

𝐴) and 𝑹𝑖
𝑒

 are the analytically determined and experimentally measured 

restoring force vectors, respectively, at time step i, and 𝒅𝑖  , 𝒗𝑖, 𝒂𝑖, and 𝑭𝑖 are the displacement, 

velocity, acceleration, and the excitation force vectors, respectively, at time step i. The M and 𝑪 

need to be formulated considering that the inertia and damping effects of the experimental 

substructure are taken into account through 𝑹𝒆. In addition, as implied in Equation (3), 𝑹𝒂 may be 

a function of displacement and velocity (e.g., supplemental dampers that exist in the analytical 

substructure), where any velocity-dependent forces 𝑹𝒂 are excluded in the viscous damping forces 

affiliated with 𝑪. Note that the added mass is included in M, whereas the viscous drag and inertia 

of the fluid are included in 𝑭𝑖. 

The equations of motion are integrated using the dissipative unconditionally stable explicit 

model-based Modified KR-α (MKR-α) algorithm [62]. It is a parametrically dissipative integration 

algorithm with controlled numerical damping that assigns minimal damping to the lower modes 

of vibration [62]. The simulation coordinate performs the integration of the equations of motion 

associated with the DOF at the interface, substructure, and experimental nodes. The analytical, 

experimental, and transition substructures are connected to the simulation coordinator, as shown 

in Figure 7, and the simulation coordinator communicates with OpenFAST through the modules 

Elasto-Dyn and Hydro-Dyn. The integration of the equations of motion involves the use of the 

restoring forces from the analytical substructure, 𝑹𝑖
𝒂, experimental substructure, 𝑹𝑖

𝒆, 
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hydrodynamic loads, 𝑭𝑖,𝑗
𝐻 , constant self-weight nodal forces, 𝑭𝑊, and the interface nodal forces, 

𝑭𝑖,𝑗
𝐼 , of the transition substructure, respectively, where the latter is associated with the motions 

𝒅𝑖
𝑇, 𝒗𝑖

𝑇 , 𝒂𝑖
𝑇   and nodal force 𝑭𝑖,𝑗

𝑻𝑨 at the transition node. 𝒅𝑖
𝑇, 𝒗𝑖

𝑇 , 𝒂𝑖
𝑇 and nodal force 𝑭𝑖,𝑗

𝑻𝑨 are 

determined in an iterative manner, where the iteration occurs over a specified number of iterations 

that is controlled by OpenFAST and set by the user to jmax. 

 

Figure 7: Real-time hybrid simulation configuration: interconnectivity of the simulation 

configuration with the analytical, substructure, and transition substructures and OpenFAST. 

 

The displacement and velocity relations used in the MKR-α algorithm are: 

𝒅𝑖 = [𝒅𝑖
𝑰 𝒅𝑖

𝑨 𝒅𝑖
𝑬]

𝑇
= 𝒅𝑖−1 + ∆𝑡𝒗𝑖−1 + (

1

2
+ 𝛾)∆𝑡𝒗̂𝑖−1 , 𝒗𝑖 = [𝒗𝑖

𝑰 𝒗𝑖
𝑨 𝒗𝑖

𝑬]
𝑇

= 𝒗𝑖−1 + 𝒗̂𝑖−1 (4a, b) 

where: 

𝒗̂𝑖 = 𝑨 [𝑭𝑖−𝛼𝑓
− 𝑭𝐼𝐷𝑖−𝛼𝑓

− 𝑹𝑖−𝛼𝑓
− 𝑭̂𝐼𝑖−1

] ,   𝑭𝑖−𝛼𝑓
= (1 − 𝛼𝑓)(𝑭𝑖) + 𝛼𝑓(𝑭𝑖−1),  

 𝑭𝐼𝐷𝑖−𝛼𝑓
= 𝑪𝑎[𝒗𝑖−1 + (1 − 𝛼𝑓)𝒗̂𝑖−1],     𝑹𝑖−𝛼𝑓

= (1 − 𝛼𝑓)(𝑹𝑖
𝑎 + 𝑹𝑖

𝑒) + 𝛼𝑓(𝑹𝑖−1
𝑎 +𝑹𝑖−1

𝑒 ),   𝑭̂𝐼𝑖−1
= 𝑩𝒗̂𝑖−1(5a, b, c, d, e) 
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In Equation (4) the displacement vectors 𝒅𝑖
𝐼 , 𝒅𝑖

𝐴, 𝒅𝑖
𝐸 and velocity vectors 𝒗𝑖

𝐼 , 𝒗𝑖
𝐴, 𝒗𝑖

𝐸 were previously 

defined. The accelerations used in the MKR-α algorithm are obtained by satisfying dynamic 

equilibrium, whereby: 

𝒂𝑖 = [𝒂𝑖
𝐼 𝒂𝑖

𝐴 𝒂𝑖
𝑬]

𝑇
= 𝑫𝒗̂𝑖 (6) 

where the accelerations vectors 𝒂𝑖
𝐼 , 𝒂𝑖

𝐴, 𝒂𝑖
𝑬 were also defined previously. 

In Equation (5) 𝑭𝑖−𝛼𝑓
, 𝑭𝐼𝐷𝑖−𝛼𝑓

 and 𝑹𝑖−𝛼𝑓
 are the weighted external load, weighted damping 

force, and weighted restoring force vectors, respectively, where 𝑭𝑖 and 𝑭𝑖−1 in Equation (5) are 

the loads applied to the system at time steps i and i – 1:  

𝑭𝑖 = 𝑭𝑖
𝐻

+ 𝑭𝑊
+  𝑭𝑖

𝐼
,     𝑭𝑖−1 = 𝑭𝑖−1

𝐻
+ 𝑭𝑊

+  𝑭𝑖−1
𝐼

(7a, b) 

In Equation (7), 𝑭𝑖
𝐻and 𝑭𝑖−1

𝐻  are the hydrodynamic nodal forces at time steps i and i – 1, 

respectively, 𝑭𝑊 is the constant self-weight nodal forces, and 𝑭𝑖
𝐼and 𝑭𝑖−1

𝐼 the interface nodal forces 

at time steps i and i – 1, respectively. 

The matrices A, B, and D are defined by: 

𝑨 = ∆𝑡𝜶𝟏[𝑴 − 𝑴𝜶𝟑]
−1, 𝑩 =

1

∆𝑡
𝑴𝜶𝟑 𝜶𝟏

−1, 𝑫 =
1

∆𝑡
 𝜶𝟏

−1 (8a, b, c)
  

 

 𝜶𝟏,  𝜶𝟐,  𝜶𝟑 are model-based integration parameters that are dependent on the model 

characteristics of the system and are calculated as: 

 𝜶𝟏 = [𝑴 + 𝛾∆𝑡𝑪̃ + 𝛽∆𝑡2𝑲]
−1

𝑴,  𝜶𝟐 = (
1

2
+ 𝛾)  𝜶𝟏, 

 𝜶𝟑 = [𝑴 + 𝛾∆𝑡𝑪̃ + 𝛽∆𝑡2𝑲]
−1

[𝛼𝑚𝑴 + 𝛼𝑓𝛾∆𝑡𝑪̃ + 𝛼𝑓𝛽∆𝑡2𝑲)] (9a, b, c) 

where: 

𝑪 = 𝑪𝑎 + 𝑪𝑒 ,       𝑪̃ = 𝑪 + 𝑪𝑣 , 𝑲 = 𝑲𝑎 + 𝑲𝒆,       𝑴 = 𝑴𝑎 + 𝑴𝒆 (10a, b, c, d)  

The matrices 𝑴 and 𝑲   above are the mass and stiffness matrices of the combined 

analytical and experimental substructures. The interface node is considered to be part of the 

analytical substructure in M and K. The mass matrix 𝑴 includes the mass associated with the self-
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weight of the monopile and, as noted above, the added hydrodynamic mass lumped at the 

translational degrees of freedom. The lumped added hydrodynamic mass is based a value of 

 0.25(𝐶𝑀 − 1)𝜋𝐿𝐷2𝛾𝑤/𝑔, where 𝐶𝑀 is is the inertia coefficient (a value of 2.0 was used), 𝐿 is the 

tributary length of the node associated with nodes of adjacent elements, 𝐷 is the diameter of the 

monopile (equal to 6m), 𝛾𝑤 is the water unit weight (equal to 9.81kN/m3), and 𝑔 is the gravitational 

constant (9.81m/sec2). The damping 𝑪̃, stiffness 𝑲, and mass M matrices in Equation (9) are the 

sum of the contributions from the analytical (i.e., 𝑪𝑎, 𝑲𝑎, and 𝑴𝑎) and experimental, (i.e.,  𝑪𝑒, 

𝑲𝑒, and 𝑴𝑒) substructures, in addition to the hydrodynamic damping associated with viscous drag, 

 𝑪𝑣, as shown in Equation (10b). These matrices are associated with the DOF at the interface, 

substructure, and experimental nodes, where: 

𝑴 = [
𝒎𝐼𝐼 𝒎𝐼𝐴 0
𝒎𝐴𝐼 𝒎𝐴𝐴 𝒎𝐴𝐸

0 𝒎𝐸𝐴 𝒎𝐸𝐸

] ,      𝑲𝑎 = [

𝒌𝐼𝐼 𝒌𝐼𝐴 0
𝒌𝐴𝐼 𝒌𝐴𝐴 𝒌𝐴𝐸

0 𝒌𝐸𝐴 𝒌𝐸𝐸
𝑎

] , 𝑲𝑒 = [
0 0 0
0 0 0
0 0 𝒌𝐸𝐸

𝑒
] (11) 

  𝑪𝑎 = [

𝒄𝐼𝐼 𝒄𝐼𝐴 0
𝒄𝐴𝐼 𝒄𝐴𝐴 𝒄𝐴𝐸

0 𝒄𝐸𝐴 𝒄𝐸𝐸
𝑎

] , 𝑪𝑒 = [
0 0 0
0 0 0
0 0 𝒄𝐸𝐸

𝑒
],     𝑪𝑣 = [

𝒄𝐼𝐼
𝑣 0 0

0 𝒄𝐴𝐴
𝑣 0

0 0 𝒄𝐸𝐸
𝑣

] (12) 

𝑪̃ is used only for the purposes of computing the integration parameters and therefore includes 𝑪𝑒 

and  𝑪𝑣. The submatrix 𝒄𝐸𝐸
𝑒  appearing in  𝑪𝑒 is described below while  𝑪𝑣 is discussed in Section 

10. 

The MKR-algorithm is a one parameter algorithm associated with the high frequency 

spectral radius 𝜌∞ [62]. 𝜌∞ can be assigned any value in the range [1, 0] where values of 𝜌∞ = 1 

and 0 produce zero and maximum numerical damping, respectively. In this study, a value of 𝜌∞ =

0.75 is used, which provides adequate high-frequency dissipation without affecting the lower-

frequency modes of interest. The MKR-algorithm has four model parameters m, f,  and  

which are related to the single free parameter 𝜌∞, 

𝛾 = 0.5 −  𝛼𝑚 +  𝛼𝑓 ,        𝛽 = 0.5(0.5 + 𝛾),       𝛼𝑚 =
2𝜌∞

3 + 𝜌∞
2 − 1

𝜌∞
3 + 𝜌∞

2 + 𝜌∞ + 1
,     𝛼𝑓 =

𝜌∞

𝜌∞ + 1
(13a, b, c, d) 
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OpenFAST assumes steady state loading conditions from the onset of an analysis, but 

assigns zero initial conditions (i.e., initial displacements velocities, and restoring forces) to the 

state of the structure. Under these conditions, an applied load at the start of an analysis is resisted 

by only the inertia forces of the system, causing an acceleration pulse. This is inappropriate for a 

RTHS because the sudden application of the loads and the ensuing acceleration pulse can lead to 

a significant displacement at the beginning of the simulation, which when applied to the 

experimental substructure can cause damage to the pile foundation and the surrounding soil. To 

alleviate this problem, Rayleigh mass and initial stiffness proportional damping with a 1% 

damping ratio for the first (0.25Hz) and last (3.0Hz) modes of the OWT is assigned to the analytical 

substructure. The Rayleigh damping is assigned based on the frequencies of the complete system 

(i.e., the OWT tower and the structure below the transition piece) and not the analytical 

substructure alone because the substructure will respond at the frequency of the complete system. 

Rayleigh damping is augmented with modal damping [40] assigned to all of the modes to suppress 

the response in the transient phase and alleviate unrealistic damage to the pile foundation and the 

soil, see Equation 14(a). This modal damping linearly diminishes over a duration of 𝑡𝑇𝑟 in 

proportion to the time-dependent variable 𝜉(𝑡), where only the Rayleigh mass and stiffness 

proportional damping remains when the time t exceeds 𝑡𝑇𝑟:  

𝑪𝑎 = {
𝜉(𝑡) (𝑴( ∑

2𝜔𝑛

𝑀𝑛

∅𝑛∅𝑛
𝑻

𝑁𝐷𝑂𝐹

𝑛=1

)𝑴) + 𝑎0𝑴 + 𝑎1𝑲
𝑎 , 𝑡 ≤ 𝑡𝑇𝑟

𝑎0𝑴 + 𝑎1𝑲
𝑎 ,                                                                          𝑡 > 𝑡𝑇𝑟

, (14a, b) 

where 𝜉(𝑡) =   𝜉(0)(1 − 𝑡𝑖/𝑡𝑇𝑟). The modal damping ratio 𝜉(𝑡) is initialized to 𝜉(0) = 0.2 to 

create a highly damped system capable of suppressing the transient response and is decreased 

linearly to zero over the time duration of 𝑡𝑇𝑟 = 120 sec. Numerical simulations in OpenFAST 

performed by the authors demonstrated that the steady state response is reached after 120 sec. 
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Upon reaching 𝑡 = 𝑡𝑇𝑟 only Rayleigh proportional damping remains. An attribute of modal 

damping is that it enables specific damping values to be assigned to all of the modes of vibration. 

Rayleigh proportional damping does not have this attribute, justifying the choice of using modal 

damping to suppress the transition vibrations. In accordance with Equation (14a), all the modes of 

vibration are assigned the same modal damping ratio 𝜉(𝑡), where in this equation  𝜔𝑛, 𝑀𝑛 and ∅𝑛, 

are the frequency, modal mass, and the mode shape for the 𝑛𝑡ℎ mode of vibration, and 𝑛 ∈

[1, NDOF], where NDOF is the total number of degrees of freedom and therefore modes of the 

system (consisting of the analytical and experimental substructures). The total stiffness of the 

substructure 𝑲 is used when determining the mode shapes that appear in Equation 14(a) to account 

for foundation compliance. 

The model integration parameters 𝜶𝟏, 𝜶𝟐,  𝜶𝟑 in Equations (9a, b, c) are divided into the 

two groups (∗)𝑂 and (∗)𝑈, where (∗)𝑂 are the parameters based on the damping during the 

transient phase defined by 𝑪𝑎 using Equation (14a) at 𝜉(0), while (∗)𝑈 is based on the damping 

during the steady state phase defined by 𝑪𝑎 using Equation (14b). These model integration 

parameters need to be calculated only once at the start of a RTHS. 

As noted previously, the pile in the soil box was controlled using only one actuator 

orientated in the horizontal direction as shown in Figure 4, while the flexibility of the pile 

foundation associated with the other degrees of freedom is analytically accounted for in the RTHS 

by using linear springs and dashpots. The stiffness of these springs is based on the geometry and 

soil profile of the 5MW-OWT model reported in Aasen et al. [63], where the stiffness matrix for 

the foundation node is uncoupled: 

𝒌𝐸𝐸
𝑒 =

[
 
 
 
 
𝑘𝑒𝑞

𝐹  (𝜔) 0 0 0

0 𝑘𝑦 0 0

0
0

0
0

𝑘Ѳ𝑥

0

0
𝑘Ѳ𝑦]

 
 
 
 

(15) 
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In Equation (15) 𝑘𝑦, 𝑘Ѳ𝑥 , and 𝑘Ѳ𝑦 are the analytical defined foundation stiffnesses where 𝑘𝑦= 

2.5E+6kN/m and 𝑘Ѳ𝑥 = 𝑘Ѳ𝑦=2.6E+8kN/rad. 𝑘𝑒𝑞
𝐹  (𝜔) represents the equivalent stiffness of the pile 

foundation (i.e., the experimental substructure) at full scale used to determine the model-based 

integration parameters. During the RTHS, however, 𝑘𝑒𝑞
𝐹  (𝜔) is discarded and the experimental 

measured restoring force that acts in the x-axis direction is used. Only translations and rotations 

about the two horizontal x- and y-axes are considered in 𝒌𝐸𝐸
𝑒  because the stiffness values associated 

with the vertical translational DOF along the longitudinal axis (z-axis) of the pile and torsional 

rotation are restrained. Linear dashpots are placed in parallel with the springs with dashpot 

coefficients equal to 𝒄𝐸𝐸
𝑒 = 𝑎0𝒌𝐸𝐸

𝑒 , where 𝑎0 is the same stiffness proportionality factor used in 

Equation (14). With the exception for the determination of the model-based integration parameters, 

the first element in 𝒄𝐸𝐸
𝑒  associated with the x-axis velocity is taken to be zero. This is because the 

measured restoring force of the experimental substructure during a RTHS includes both the 

displacement and velocity-dependent forces. For the determination of the model-based integration 

parameters, the equivalent pile damping coefficient, 𝑐𝑒𝑞
𝐹  (𝜔), is used to define the first element in 

𝒄𝐸𝐸
𝑒 . Both 𝑘𝑒𝑞

𝐹  (𝜔), 𝑐𝑒𝑞
𝐹  (𝜔) are discussed later in Section 10. 

9.1 RTHS RESPONSE DETERMINATION PROCEDURE 

The algorithm to conduct a RTHS is shown in flow chart form in Figure 8, where each of the steps 

of the algorithm are described below. The algorithm involves initializing the OWT accelerations 

of the system, followed by the OWT response determination of the RTHS. At the beginning of 

each time step, the transition substructure has a trial set of displacements 𝒅𝑖,𝑗
𝑇 , velocities 𝒗𝑖,𝑗

𝑇 , and 

accelerations 𝒂𝑖,𝑗
𝑇  imposed at the transition node from Elasto-Dyn associated with iteration j, while 

the simulation coordinator receives the applied hydrodynamic loads 𝑭𝑖,𝑗
𝐻  from Hydro-Dyn and 

computes the corresponding displacements, velocities, and accelerations of the analytical and 
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experimental substructure DOFs, as depicted in Figure 7. The resulting restoring forces 𝑭𝑖,𝑗
𝑻𝑨 at the 

transition node based on the motions of the transition and interface nodes that are in dynamic 

equilibrium with the hydrodynamic loads and self-weight loads applied to the transition node are 

passed back to Elasto-Dyn. Elasto-Dyn then updates the trial values for  𝒅𝑖,𝑗
𝑇 , 𝒗𝑖,𝑗

𝑇 , and 𝒂𝑖,𝑗
𝑇  and 

another iteration cycle is repeated, as depicted in Figure 7. This iteration process is repeated in 

order to establish compatibility and equilibrium at the transition node between the OWT tower 

above the transition node modeled by OpenFAST and the transition substructure below the 

transition node. It was found that the RTHS performed in this study required a maximum of three 

iterations to achieve convergence.  

Figure 8: Flow chart for real-time hybrid simulation. 

The response determination for a RTHS consists of the following eight steps:  

Step 1. Set initial conditions, 𝑖 = 0, where 𝑡𝑖 = 𝑖∆𝑡, 𝑗 = 1 , and 𝒅𝑖 = 𝒗𝑖 = 𝟎  
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Step 2 If i = 0 then from Step 1 𝒅𝑖 = 𝒗𝑖 = 𝟎, otherwise determine the displacement and velocity of 

the substructure for the current integration time step: 

𝒅𝑖 = [𝒅𝑖
𝐼  𝒅𝑖

𝐴  𝒅𝑖
𝐸]

𝑇
= 𝒅𝑖−1 + ∆𝑡𝒗𝑖−1 + (

1

2
+ 𝛾) ∆𝑡𝒗̂𝑖−1  (16) 

𝒗𝑖 = [𝒗𝑖
𝐼  𝒗𝑖

𝐴  𝒗𝑖
𝐸]

𝑇
= 𝒗𝑖−1 + 𝒗̂𝑖−1 (17) 

Send the result for 𝒅𝑖  and 𝒗𝑖 to Hydro-Dyn.  

Step 3 Input 𝒅𝑖,𝑗
𝑇 , 𝒗𝑖,𝑗

𝑇 , 𝒂𝑖,𝑗
𝑇  from Elasto-Dyn to the transition substructure. Compute the ensuing forces 

𝑭𝑖,𝑗
𝐼𝑇 , 𝑭𝑖,𝑗

𝐷𝑇, and 𝑭𝑖,𝑗
𝑅𝑇, where 

𝑭𝑖,𝑗
𝐼𝑇 = 𝒎𝑇𝒂𝑖,𝑗

𝑇 , 𝑭𝑖,𝑗
𝐷𝑇 = 𝒄𝑇𝒗𝑖,𝑗

𝑇 , 𝑭𝑖,𝑗
𝑅𝑇 = [𝒌𝑇𝑇 𝒌𝑇𝐼] (

𝒅𝑖,𝑗
𝑇

𝒅𝑖
𝐼 )  (18a, b, c) 

The vector 𝒅𝑖
𝐼 is the displacement of the interface node, and equal to zero for 𝑖 = 0 and 𝑗 ∈

(1, 𝑗𝑚𝑎𝑥) because the interface node is part of the analytical substructure that starts from an initially 

undeformed position with zero initial velocity. The matrices 𝒎𝑇, 𝒄𝑇, 𝒌𝑇𝑇 , and 𝒌𝑇𝐼 are submatrices of 

the mass  𝒎𝑇𝐼, damping  𝒄𝑇𝐼, and stiffness 𝒌𝑇𝐼 matrices of the beam-column element of the transition 

substructure connecting the transition and interface nodes, see Figure 2, where:  

𝒎𝑇𝐼 = [
𝒎𝑇 0
0 𝒎𝐼𝐼

] , 𝒄𝑇𝐼 = [
𝒄𝑇 0
0 𝒄𝐼𝐼

] , 𝒌𝑇𝐼 = [
𝒌𝑇𝑇 𝒌𝑇𝐼

𝒌𝐼𝑇 𝒌̅𝐼𝐼
] (19a, b, c) 

𝒎𝑇𝐼 is a lumped mass matrix, where half of the element’s mass is assigned to the nodal translations of 

each node. The lumped mass matrix formulation is used to decouple the transition and interface nodal 

inertia forces. Damping matrix 𝒄𝑇𝐼 is formulated based on the mass proportional component of Rayleigh 

damping, where 𝒄𝑻𝐼 = 𝑎1𝒎
𝑇𝐼. Only the mass proportional component is considered because a stiffness 

component would result in coupling terms that will create large unrealistic damping forces at the 

interface node due to any initial velocity at the transition node prescribed by Elasto-Dyn. The stiffness 

matrix of the beam-column element 𝒌𝑇𝐼 is identical to the existing formulation in [42]. The 

vectors 𝑭𝑖,𝑗
𝐼𝑇 , 𝑭𝑖,𝑗

𝐷𝑇 and 𝑭𝑖,𝑗
𝑅𝑇   in Equation (18) are the inertia, damping, and restoring force components at 

the transition node.  
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Step 4 Input 𝑭𝑖,𝑗
𝐻  and 𝑭𝑖,𝑗

𝑇𝐻 from Hydro-Dyn to the coordinator. Determine the internal force at the 

transition node and return a negative value to Elasto-Dyn that acts of the base of the tower (see Figure 

7): 

𝑭𝑖,𝑗
𝑇𝐴 = − (𝑭𝑖,𝑗

𝐼𝑇 + 𝑭𝑖,𝑗
𝐷𝑇 + 𝑭𝑖,𝑗

𝑅𝑇 − 𝑭𝑖,𝑗
𝑇𝐻 − 𝑭𝑇𝑊) (20) 

𝑭𝑖,𝑗
𝐻  is the applied hydrodynamic load acting on the analytical and experimental substructures and 𝑭𝑖,𝑗

𝑇𝐻 

is that applied to the transition node, all of which are determined by Hydro-Dyn. 𝑭𝑇𝑊 is the constant 

self-weight of the OWT above the transition point that is lumped at the transition node in the vertical 

direction. 

Step 5 If  𝑗 < 𝑗𝑚𝑎𝑥, set  𝑗 = 𝑗 + 1 and repeat Steps 2 through 5. Otherwise, proceed to Step 6. 

Step 6 Determine the force 𝑭𝑖,𝑗
𝐼  applied to the analytical substructure at the interface node and the 

effective load vector associated with the complete set of DOF of the analytical substructure: 

   𝑭𝑖,𝑗
𝐼 = 𝒌𝐼𝑇𝒅 𝑖,𝑗

𝑇  ,           𝑭𝑖
𝐸𝐹𝐹 = (

−𝑭𝑖,𝑗
𝐼

𝟎
) + 𝑭𝑖,𝑗

𝐻 (21a, b) 

The vector 𝑭𝑖,𝑗
𝐼  is the external force acting on the interface node due to the deformations between the 

transition node computed by Elasto-Dyn and that of the interface node.  

Step 7 If i = 0, then determine the initial acceleration of the analytical and experimental substructures 

at the interface node: 

𝒂𝑖=0,𝑗 = [𝒂𝑖=0,𝑗
𝑰  𝒂𝑖=0,𝑗

𝐴  𝒂𝑖=0,𝑗
𝑬 ]

𝑇
= 𝑴−1(𝑭𝑖=0,𝑗

𝐸𝐹𝐹 + 𝑭𝐴𝐸𝑇𝑊)  (22) 

𝒗̂𝑖=0,𝑗 = [𝒗̂𝑖=0,𝑗
𝑰  𝒗̂𝑖=0,𝑗

𝐴  𝒗̂𝑖=0,𝑗
𝐸 ]

𝑇
= ∆𝑡𝜶1𝑂

𝒂𝑖=0,𝑗 (23) 

where 𝑭𝐴𝐸𝑇𝑊 is the constant self-weight load vector of the monopile that is lumped at the vertical DOF 

of each node in the analytical and experimental substructures and the interface node of the transition 

substructure. 

Otherwise, if i ≠ 0 then determine the velocity-like vector associated with the substructure’s DOF: 

𝒗̂𝑖 = {
𝑨𝑂 [𝑭𝑖−𝛼𝑓

− 𝑭𝐼𝐷𝑖−𝛼𝑓
− 𝑹𝑖−𝛼𝑓

− 𝑭̂𝐼𝑖−1
] , 𝑡𝑖 ≤ 𝑡𝑇𝑟  

𝑨𝑈 [𝑭𝑖−𝛼𝑓
− 𝑭𝐼𝐷𝑖−𝛼𝑓

− 𝑹𝑖−𝛼𝑓
− 𝑭̂𝐼𝑖−1

] , 𝑡𝑖 > 𝑡𝑇𝑟

(24a, b) 
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where 𝑨 is defined by Equation (8a), with 𝑨𝑂 based on modal damping and 𝑨𝑈 Rayleigh proportional 

damping in accordance with Equation (14). 𝑭𝑖−𝛼𝑓
 is the weighted applied load vector defined as: 

                                                                                  𝑭𝑖−𝛼𝑓
= (1 − 𝛼𝑓)𝑭𝑖

𝐸𝐹𝐹 + 𝛼𝑓𝑭𝑖−1
𝐸𝐹𝐹 + 𝑭𝐴𝐸𝑇𝑊                                                                (25)  

 

The other vector terms appearing in Equation (24) were defined previously in Equation (5). The 

analytical substructure restoring forces 𝑹𝑖
𝑎 and 𝑹𝑖−1

𝑎  appearing in 𝑹𝑖−𝛼𝑓
 are numerically computed. The 

experimental substructure restoring forces 𝑹𝑖
𝑒 and 𝑹𝑖−1

𝑒  which appear in 𝑹𝑖−𝛼𝑓
  are measured restoring 

forces of the pile foundation corresponding to 𝒅𝑖 and 𝒅𝑖−1, respectively. 𝑭̂𝐼𝑖−1
is the acceleration-like 

vector, where: 

𝑭̂𝐼𝑖−1
= {

𝑩𝑂𝒗̂𝑖−1, 𝑡𝑖 ≤ 𝑇𝑇𝑟

𝑩𝑈𝒗̂𝑖−1, 𝑡𝑖 > 𝑇𝑇𝑟
    (26a, b) 

where 𝑩 is defined by Equation (8b). The acceleration can be optionally calculated from: 

  𝒂𝑖 = {
𝑫𝑂𝒗̂𝑖,𝑗 , 𝑡𝑖 ≤ 𝑇𝑇𝑟

𝑫𝑈𝒗̂𝑖,𝑗 , 𝑡𝑖 > 𝑇𝑇𝑟
(27a, b) 

where 𝑫 is defined by Equation (8c). The target displacement 𝒅𝑖
𝐸  from Equation (16) is imposed onto 

the pile foundation over 𝑗𝑚𝑎𝑥 number of sub-steps using a ramp generator, where: 

𝒅𝑖,𝑗
𝐸 = 𝒅𝑖−1

𝐸 + (
𝒅𝑖

𝐸 − 𝒅𝑖−1
𝐸

𝑗𝑚𝑎𝑥
) ∗ 𝑗, 𝑤ℎ𝑒𝑟𝑒   𝑗 ∈ (1,… , 𝑗𝑚𝑎𝑥) (28) 

Step 8 If 𝑖 = 𝑖𝑚𝑎𝑥, the corresponding value associated with the predefined time duration, then terminate 

the RTHS, else set j = 1 and 𝑖 = 𝑖 + 1 and return to Step 2. 

10. MODEL INTEGRATION PARAMETERS 

The model integration parameters required by the MKR- integration algorithm depend on the 

properties of the experimental substructure. The frequency dependent equivalent stiffness 𝑘𝑒𝑞 (𝜔) 

and damping coefficient 𝑐𝑒𝑞(𝜔) are determined by subjecting the pile foundation to a predefined 

sinusoidal displacement input corresponding to the fundamental frequency of 0.25Hz of the OWT 

at amplitudes of 5mm and 10mm (expected displacement amplitudes of the pile head during the 
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RTHS). The behavior of the pile foundation when subjected to these conditions under the cyclic 

displacement is shown in Figure 9, where a hysteresis occurs in both cases. 

 

Figure 9: Cyclic behavior of pile foundation at 𝜔 = 0.25Hz: (a) 5mm displacement amplitude; 

and (b) 10mm displacement amplitude. 

 

The equivalent stiffness 𝑘𝑒𝑞(𝜔) is obtained by examining the maximum force-

displacement slope of the pile under the cyclic displacement. This occurred during Cycle 1, as 

shown Figure 9, where for the 10mm displacement amplitude test the slope of 92.5kN/m is larger 

among the two tests and assigned to be the value for 𝑘𝑒𝑞 (𝜔). 𝑘𝑒𝑞 (𝜔) is based on the maximum 

slope of the force-displacement response in Figures 9(a) and 9(b) because underestimating 

𝑘𝑒𝑞(𝜔)  or 𝑐𝑒𝑞(𝜔) can lead to an instability in the RTHS [64]. The damping coefficient 𝑐𝑒𝑞(𝜔) is 

obtained by equating the energy dissipated by the pile foundation in one cycle of motion to that of 

a single degree of freedom spring-mass oscillator system [40] whereby, 

𝑐𝑒𝑞(𝜔) =
𝐸𝐷

𝜋𝜔𝑢0
2 , 𝐸𝐷 =

1

2
∑(𝑓𝑖+1 + 𝑓𝑖)(𝑢𝑖+1 − 𝑢𝑖) 

𝑛

𝑖=1

(29a, b) 

In Equation (29a), 𝐸𝐷 is the energy dissipation per cycle obtained by numerically 

integrating the area under the force-displacement curve in Figures 9(a) and 9(b) using the 

trapezoidal rule (Equation (29b)), 𝜔 is the 1st natural frequency of the OWT of π/2 rad/sec, 𝑢0 is 

the displacement amplitude of 0.005m and 0.01m, and 𝑓𝑖 and 𝑢𝑖 are the measured force and 

displacement, respectively, at the integration time step 𝑖 ∈ (1, 𝑛). Those two values were used 
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based on trial RTHS’s involving the operational and more severe conditions where the 

displacement amplitudes during RTHS’s reached values approximately equal to the displacement 

amplitudes of 0.005m and 0.01m. The measured force and displacement were filtered using a 10Hz 

cut-off frequency low pass filter to remove high frequency noise in the measured signal [57]. The 

energy dissipation 𝐸𝐷 was found to be equal to 6.2x10-4kN-m and 2.4x103kN-m for 𝑢0 = 0.005m 

and 0.01m, respectively, resulting in a 𝑐𝑒𝑞(𝜔) value of 5.02kN-sec/m and 4.83kN-sec/m for the 

two displacement amplitudes. The dimensional scale factor of the pile is 1/120  = 1/ 𝛼, and 

therefore the equivalent stiffness 𝑘𝑒𝑞
𝐹  (𝜔) and damping 𝑐𝑒𝑞

𝐹 (𝜔) coefficients at full scale are equal 

to: 

𝑘𝑒𝑞
𝐹   (𝜔) = 𝛼𝜇𝑘𝑒𝑞(𝜔), 𝑐𝑒𝑞

𝐹  (𝜔) = 𝛼1.5𝜇𝑐𝑒𝑞(𝜔) (30a, b) 

The quantity 𝜇 appearing in Equation (30) is used to investigate the effects of scaling the 

equivalent stiffness and damping coefficients on the stability of a RTHS, as will be discussed later 

when presenting the test matrix. 

11. VISCOUS DRAG CONTRIBUTION TO EQUIVALENT DAMPING 

As previously discussed, the drag force in Morison’s equation is proportional to the square of the 

relative velocity between the structure and fluid particle (see Equation (2)). Hence, the fluid drag 

forces that are imposed on the analytical substructure need to be accounted for when calculating 

the model integration parameters to ensure a stable RTHS. Considering the drag force in Equation 

(2), the drag force 𝐹𝑑 associated with a tributary member nodal length L is shown in Equation 

(31a). 

𝐹𝑑 =
1

2
𝜌𝐶𝑑𝐴(𝑣𝑓 − 𝑣𝑠)|𝑣𝑓 − 𝑣𝑠|, 𝐹𝑑𝐿 =

1

2
𝜌𝐶𝑑𝐴√

8

𝜋 
  𝜎𝑣𝑟

 (𝑣𝑓 − 𝑣𝑠), 𝜎𝑣𝑟
=

1

√2
𝑣𝑟0

(31a, b, c) 

In Equation (31a), A is the tributary area equal to D𝐿 where L is the nodal tributary length, 

D is the diameter of the monopile, and as noted above 𝑣𝑓 is the fluid particle velocity and 𝑣𝑠 the 
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structural velocity. Linearizing this nonlinear drag term [65, 66] leads to 𝐹𝑑𝐿 that is given by 

Equation (31b), where 𝜎𝑣𝑟
 is the standard deviation of the relative velocity 𝑣𝑟 between the water 

particles and the structure. For a steady state condition, 𝑣𝑟 is periodic with a zero mean and 𝜎𝑣𝑟
=

1

√2
𝑣𝑟0

 (see Equation (31c)), where 𝑣𝑟0 is the amplitude of the steady state relative velocity. Hence, 

𝐹𝑑𝐿 =
1

2
𝜌𝐶𝑑𝐴√

4

𝜋 
 𝑣𝑟0𝑣𝑓 − 

1

2
𝜌𝐶𝑑𝐴√

4

𝜋 
𝑣𝑟0𝑣𝑠 , 𝑐𝑣 = 

1

2
𝜌𝐶𝑑𝐴√

4

𝜋 
𝑣𝑟0

(32a, b) 

The second term in Equation (32a) is proportional to the structural velocity, and thus when 

moved to the left-hand side of the equations of motion is associated with the hydrodynamic 

damping coefficient 𝑐𝑣 defined in Equation (32b). The elements of the viscous drag matrix 𝑪𝑣 are 

based on Equation (32b) to calculate the model integration parameters. In accordance with Kolay 

[9] and Kolay et al. [62], it is imperative that conservative assumptions therefore be used in 

estimating 𝑐𝑣, since it will affect the value of the integration parameters. If 𝑐𝑣 is underestimated 

than an instability in the RTHS can occur. A conservative value for the damping coefficient 𝑪𝑣 is 

obtained by assuming the fluid particle and structural velocities are 180 degrees out of phase, 

whereby the maximum value for the relative velocity is (𝑣𝑟0)𝑚𝑎𝑥 = |𝑣𝑓|𝑚𝑎𝑥
+ |𝑣𝑠|𝑚𝑎𝑥 and |∗|𝑚𝑎𝑥 

denotes an absolute maximum value. Based on the characteristics of deep water and intermediate 

waves, |𝑣𝑓|𝑚𝑎𝑥
= ℎ𝜔 [50], where ℎ and 𝜔 are the wave amplitude (half the wave height) and 

frequency, respectively. The wave period used in the RTHS is 10sec., leading to peak fluid particle 

velocities at the mean water surface of |𝑣𝑓|𝑚𝑎𝑥
= 3.77m/sec and 7.54m/sec for the two wave 

heights of 6m and 12m, respectively, which are the two wave heights used in the RTHS test matrix 

presented in Section 13. The peak structural velocity |𝑣𝑠|𝑚𝑎𝑥 is calculated based on the elastic 

structural deformations of the monopile combined with the maximum allowable pile rotation at 

the mudline of 0.5 deg under hydrodynamic loading [67]. This amount of pile rotation results in a 
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0.175 m rigid body motion at the water surface for the full-scale structure. The elastic deformations 

of the monopile due to the applied hydrodynamic forces were conservatively estimated by 

assuming that the monopile from the mudline to the water surface is subjected to a linear varying 

lateral distributed load causing a stress of 100% of the monopile’s yield strength at the mudline 

(the monopile is designed to remain elastic under the loading conditions used in the RTHS). The 

resulting displacement from the elastic deformations is 0.039 m at the water surface for the full-

scale structure, and considerably smaller than the displacement from rigid body motion. Assuming 

the monopile to be vibrating in its fundamental mode at the frequency of π/2 rad/sec, the |𝑣𝑠|𝑚𝑎𝑥 

at the water surface was found to be of 0.33 m/sec for the full-scale structure. To estimate (𝑣𝑟0)𝑚𝑎𝑥 

over the submerged length of the monopile, the |𝑣𝑠|𝑚𝑎𝑥 was calculated along the monopile and 

|𝑣𝑓|𝑚𝑎𝑥
was calculated assuming the fluid particle velocity to decrease linearly with water depth. 

This results in larger values for |𝑣𝑓|𝑚𝑎𝑥
 with increasing water depth compared to where the fluid 

particle velocity decreases exponentially as assumed in linear wave theory. Consequently, a more 

conservative estimate of 𝑪𝑣 is obtained compared to where the actual fluid particle velocity 

decreases at the faster exponential rate. 

12. SYNCHRONIZATION AND DATA TRANSFER BETWEEN OPENFAST AND 

SIMULATION COORDINATOR 

 

The simulation coordinator was created using Simulink [57] and compiled and then run in real-

time on the simulation computer. OpenFAST and the Simulink model resided on the same Dell 

computer that was equipped with an Intel i-9 processor and 32 gigabytes of random-access 

memory. The synchronization of data transfer between OpenFAST and Simulink is achieved using 

the Windows Application Programming Interface (API) functions with file mapping objects [68]. 

The process is shown schematically in Figure 10 and explained below. The data is written-to and 
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read-from memory mapped objects in order to synchronize the data exchange between the 

simulation coordinator and OpenFAST in real-time. The Simulink feature Set Pace is used to pace 

the simulation to match that of a real-time simulation. The C-Caller block in Simulink (written in 

C programming language) is used to write-to and read-from the memory mapped files shared with 

OpenFAST. Intel’s FORTRAN compiler ability to bind code written in C programming language 

is used to enable OpenFAST, which is written in the FORTRAN programming language, to read 

and write to the memory mapped objects [69]. As mentioned previously, a SCRAMNet memory 

card is integrated with the computer system to allow fast communication between Simulink and 

the xPC target machine which controls the command displacement to the electric actuator. 

Synchronization of the data transfer is achieved using the Windows API functions 

CreateEvent, SetEvent, WaitForSingleObject, and ResetEvent. OpenFAST first creates the file 

mapping object using the API function CreateFileMapping and writes the data to the mapped 

object using the MapViewOfFile API function. It then signals the readiness of the data to Simulink 

using the SetEvent function. Simulink waits for the data to be written to the memory mapped object 

through the API function WaitForSingleObject. Once Simulink receives the signal that the data is 

ready to read, the C-Caller block in Simulink opens the file mapping object using the 

OpenFileMapping API function and reads the content of the memory mapped object shared with 

OpenFAST using the MapViewOfFile API function. Once Simulink reads the data it triggers the 

event using the SetEvent API function to inform OpenFAST that the data has been successfully 

read. This process is reversed, where after Simulink completes the required computations it writes 

the data to a memory mapped object which is then subsequently read by OpenFAST. 
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Figure 10: Data exchange between the simulation coordinator and OpenFAST using memory 

mapped objects. 

The time step size of ∆t =3/1024 sec. used in the RTHS herein does not guarantee a strict 

real-time performance during all RTHS because of the indeterministic nature of OpenFAST 

calculations. The simulation coordinator is designed to track the wall clock time needed by 

OpenFAST to complete each integration step. In all RTHS results reported in this paper, 

OpenFAST managed to complete the integration process faster than real-time, and therefore the 

simulation coordinator was able to slow the simulation to match real-time performance. Because 

of the multiple user options in OpenFAST, it is not possible to conclude that OpenFAST can 

achieve a real-time performance under all scenarios. Exploring such a topic is outside the scope of 

the current work and treatment of this issue may require either running OpenFAST on a high-end 

computer, increasing the integration time step, simplifying the model in OpenFAST to reduce the 

computational cost, and/or making use of OpenFAST’s ability to perform parallel computations. 

13. RTHS TEST MATRIX 

The RTHS test matrix is given in Table 1. It includes several tests in order to assess the RTHS 

when subjecting the OWT to several different load scenarios of operational and more severe 

conditions. The operational conditions of the OWT are included in Tests 1, 2, and 3 involve a 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



39 
 

steady wind speed and regular wave height of 12m/s and 6m, respectively, while the more severe 

conditions are associated with Test 4 and involve a wind speed of 20m/s and a regular wave height 

of 12m. The hydrodynamic and aerodynamic loading were imposed in the same direction, which 

was perpendicular to the plane that the OWT blades rotate in. The test matrix was developed to 

also assess the recommended approach presented in Section 10 to estimate the equivalent stiffness 

𝑘𝑒𝑞 (𝜔) and damping coefficient 𝑐𝑒𝑞 (𝜔) of the pile foundation. As noted previously, the RTHS 

framework uses an explicit model-based integration algorithm where 𝑘𝑒𝑞
𝐹  (𝜔) and 𝑐𝑒𝑞

𝐹  (𝜔) of the 

experimental substructure are required to determine these model integration parameters. 

Underestimating these can lead to an instability of the RTHS [64]. The testing matrix is intended 

to evaluate the sensitivity of the recommended approach for estimating 𝑘𝑒𝑞
𝐹  (𝜔) and 𝑐𝑒𝑞

𝐹  (𝜔) by 

using the factor 𝜇 in Equation (30) to scale up and scale down 𝑘𝑒𝑞(𝜔) and 𝑐𝑒𝑞(𝜔) by a factor of 

2.0 and 0.5 in Tests 2 and 3, respectively (see Table 1). Each test has a duration of 600 seconds 

and was performed in the sequence listed in Table 1.  

Table 1: RTHS test matrix. 
Test ID Wind speed 

(m/s) 

Wave height 

(m) 
𝑘𝑒𝑞(𝜔) 

(kN/m) 

𝑐𝑒𝑞(𝜔) 

(kN-sec/m) 

𝜇 

1 12 6 92.5  5.02 1.0 

2 12 6 92.5 5.02 2.0 

3 12 6 92.5 5.02 0.5 

4 20 12 92.5 4.83 1.0 

 

14. RTHS COORDINATOR ASSESSMENT 

The validation of the RTHS coordinator includes comparing the OWT response from an 

independent OpenFAST analysis (i.e., a reference solution) with the response from the RTHS 

platform used in this paper. The OpenFAST module Sub-Dyn cannot be used to analyze an OWT 

monopile and foundation with nonlinear mechanical behavior [42]. In this comparison the OWT 

had a linear foundation modeled using linear elastic springs. For the reference solution the OWT 
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was entirely modeled and analyzed using the OpenFAST to acquire the response identified as 

Reference. For the RTHS, the simulation involved an electric-off mode and referred to as RTHS-

EO, where instead of sending the target displacement to the pile in the soil box and measuring the 

corresponding restoring force, the restoring force of the pile is obtained by multiplying the target 

actuator displacement command from the RTHS coordinator by the same stiffness of a linear pile 

used in the Reference solution. In addition, the modal damping during the first 120 seconds was 

omitted in the RHTS-EO. This will create two comparable analytical models where the results from 

the RTHS-EO can be compared to those from the OpenFAST Reference structure. The pile has a 

linear spring with a stiffness of 𝑘𝑥= 11.1E+3kN/m in the direction where the experimental 

substructure is oriented. The stiffness 𝑘𝑥 is obtained from Equation (30a), where 𝛼 = 120, 𝜇 = 1, 

and 𝑘𝑒𝑞(𝜔) is 92.5 kN/m. The compliance of the foundation for the remaining degree of freedoms 

is accounted for in the same manner as that used for the RTHS, which was explained earlier in 

Section 9. 

Figure 11 shows the time history of the hub displacement obtained from the Reference 

solution and that from the RTHS-EO plotted at full-scale. The normalized root mean square error 

(NRMSE) [6, 9, 64] between the two results is 0.23% and 0.30% in the along-wind and the cross-

wind directions, respectively. This error is small and it is evident that the RTHS platform 

accurately captures the dynamics of the OWT. Sources of possible error that can lead to an 

inaccurate RTHS would include actuator control, state determination nonconvergence, and 

communication delay between the workstations in the integrated control architecture [7, 8]. None 

of these errors occurred in the RTHS-EO, and will be discussed more in the section that presents 

the RTHS results. The minute difference between the results is attributed to OpenFAST accounting 

for dynamics of the monopile below the transition piece using the Craig-Bampton method [41], 
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which is a truncated modal solution. The RTHS formulation integrates the equations of motion 

considering the full set of degrees of freedom of the system and therefore captures a more complete 

solution. 

Figure 11: Displacement time history of the top of the tower (at the hub in Figure 2) in the (a) 

along-wind, and (b) cross-wind directions for a OpenFAST linear reference structure and the 

RTHS of the same structure. 

 
Figure 12: Comparison of Reference solution and RTHS-EO results for pile head 

displacement time histories in (a) along-wind and (b) cross-wind direction, and (c) frequency 

decomposition of pile head displacement (semilog-scaled). 
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Table 2:  Natural structural frequencies, steady state aerodynamic and mechanical equipment 

vibration loading frequencies. 

Label 
Frequency 

(Hz) 
Description 

A 0.067 Energy equipment vibration – rotor speed controller 

B 0.10 Wave frequency 

C 0.20 1P aerodynamic load 

D 0.247(a) 1st mode support structure fore-aft  

E 0.267 1st mode support structure side-to-side 

F 0.50 Energy equipment vibration – blade pitch angle controller  

G 0.60 3P aerodynamic load  

H 0.620 1st mode blade asymmetric flapwise pitch 

I 0.697 1st mode blade collective flap 

(a) Equal to 0.202Hz for RTHS 

 
The pile head displacement time histories in the along-wind and cross wind directions are 

shown plotted at the experimental substructure’s scale in Figures 12(a) and (b), respectively, for 

the Reference solution and RTHS-EO results. Similar to Figure 11, exceptional agreement between 

the comparison of the Reference solution with the RTHS-EO results is seen in Figure 12(a) and 

(b), where the NRMSE error is 0.27% and 0.25% in the along-wind and cross-wind directions, 

respectively. The along-wind pile head displacement appears to be dominated by the 0.1Hz steady-

state hydrodynamic loading. The frequency decomposition of the pile head displacement is shown 

in Figure 12(c). The NRMSE between the Reference solution and RTHS-EO results for the 

frequency decomposition for the along-wind and cross-wind is 0.08% and 0.18%, respectively, 

and are considered to be small. The frequency decomposition includes the effects of energy at the 

wave loading frequency, aerodynamic loading frequencies, frequencies of vibration from the 

energy generation equipment, and modal frequencies of the OWT. The frequencies associated with 

these phenomena are summarized and labeled in Table 2 up to 1Hz. The natural frequencies of the 

OWT were determined from modal testing using a RTHS-EO approach where a band-limited white 

noise load with a frequency range of 0 to 35Hz was applied to the monopile, and the Fourier 

analysis of the recorded displacements was performed. The Fourier amplitude shown in Figure 
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12(c) covers the frequency range from 0 to 1Hz, which is the range of the natural frequencies 

within what the OWT that were observed to participate in the RTHS. Data was recorded at each 

time step of t = 3/1024sec. (i.e., 1024/3Hz) over a 600sec. duration. The pile head displacement 

had an RMS value of 0.88mm. The frequency decomposition was calculated using 204800 Fast 

Fourier Transform (FFT) points, resulting in a frequency resolution of (1024/3)/204800 ≈ 0.002Hz. 

Four natural frequencies were found over the frequency range of 0 to 1Hz and are included in 

Table 2 (where they are labeled with letters): 1st mode support structure fore-aft at 0.247Hz (D); 

1st mode support structure side-to-side of 0.267Hz (E); 1st mode blade asymmetric flapwise pitch 

at 0.620Hz (H); and the 1st mode blade collective flap at 0.697Hz (I). The higher modes outside 

this frequency range are not presented herein since the participation of these modes was minimal, 

and is discussed below. Details of the natural mode shapes and higher modes can be found in Shi 

et al. [70].  

The Fourier amplitude at 0.067Hz (A) shown in Figure 12(c) is associated with energy 

generation equipment mechanical vibrations created by the rotor speed controller. The dominance 

of the wave energy is evident in the frequency decomposition of the pile head displacements, where 

the peak energy in the plot occurs in the along-wind direction at 0.1Hz (B). A resonance is present 

near 0.247Hz (D) in the along-wind direction associated with the OWT 1st fore-aft mode. In the 

cross-wind direction a rise in energy also occurs near the frequency of 0.267Hz (E) and is 

associated with response resonance in the vicinity of the fundamental frequency of the OWT side-

to-side 1st mode. The spikes in the Fourier amplitude at 0.2Hz (C) and 0.6Hz (G) are associated 

with the 1P and 3P aerodynamic loading frequencies, respectively, caused by the 12 rpm rotor 

speed, where the 1P is related to one complete revolution of the set of blades and the latter the 

frequency of one of the blades passing the tower which creates a shadowing effect and alters the 
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aerodynamic loading on a blade [71]. Labels H and I are associated with the 1st mode blade 

asymmetric flapwise pitch at 0.620Hz and the 1st mode blade collective flap at 0.697Hz, 

respectively. Small spikes in energy appear periodically throughout the frequency decomposition 

at a spacing of 1/30Hz and are associated with vibrations caused by a mechanical controller 

adjusting the blade’s pitch angle to sustain the 12rpm rotor speed. The energy spikes associated 

with these vibrations are observed to be most noticeable at a frequency spacing of 0.1Hz over the 

frequency range of 0.1 to 0.5Hz, with the spike at 0.5Hz (F) the most prominent. 

The modes of the OWT that appear in the Reference solution and RTHS-EO to have the 

most noticeable dynamic amplification that contribute to the pile along-wind displacement are 

those with the lowest frequencies, and include the support structure fore-aft 1st mode (D) and the 

blade asymmetric flapwise pitch 1st mode (H). In the cross-wind direction a noticeable dynamic 

amplification is seen in the support structure side-to-side 1st mode (E). The remaining 1st mode 

blade collective flap (I) appears to have minimal dynamic amplification in the Reference solution 

and RTHS-EO results. 

 

15. HYBRID SIMULATION RESULTS 

The along-wind measured pile head displacement and force time histories of all of the RTHS tests 

are shown plotted at the experimental structure’s scale in Figures 13 and 14, respectively. The 

displacements are the scaled displacements imposed to the experimental substructure and the force 

is the measured force in the actuator load cell prior to being scaled up to full scale. In Tests 1 

through 4 the amplitude of the pile displacement is small at the start of the RTHS because of the 

effect of the supplemental modal damping during the first 120 seconds of each test. The pile 

displacement time histories are shown to be nearly identical for Tests 1, 2, and 3. The small 

discrepancy between the tests is attributed to the difference in the soil condition of each subsequent 
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tests. A shift and drift in the pile displacement and force from their initial zero values for Tests 1, 

2, and 3 is seen in Figures 13 and 14, and occurs in the direction of the hydrodynamic and 

aerodynamic loading. A comparison with the Reference solution for the pile head displacement is 

shown in Figure 13, where the Reference solution model is subjected to the same hydrodynamic 

and aerodynamic loads as the respective RTHS. The Reference solution displacements in Figure 

13 are shown to be smaller in amplitude than those of the RTHS and illustrate the importance of 

accounting for nonlinear behavior in the foundation. 

The results of Tests 1, 2, and 3 indicate that the range of the values used for the model 

integration parameters in Table 1 are within the permissible range to ensure stability of the MKR-

 integration algorithm applied to the OWT RTHS. Test 3 did not go unstable even though the 

model integration parameters are intentionally underestimated. This is due to the fact that the 

stability limit of the MKR- integration algorithm also depends on damping and mass when 𝜌∞ < 

1 [9, 64], and the added hydrodynamic mass and damping improve the stability limit. As Kolay 

showed [64], considering a single degree of freedom system for simplicity, stability is assured 

when 𝑘𝑡 ≤ 2𝑘 +
4𝑚

∆𝑡2 for 𝜌∞ = 1, and when 𝑘𝑡 ≤ (
4

3
) (𝑘 +

𝑐

∆𝑡
+

3𝑚

∆𝑡2) for 𝜌∞ = 0, where kt  is the 

actual stiffness of the system encountered during a RTHS. The terms on the right-hand side of 

these inequalities are the model properties that the integration parameters are based on. The mass 

m is divided by the square of the time step size t, and thus is the more dominant term on the right-

hand side of the inequality that establishes the stability limit. Considering the topography of the 

mass, stiffness, and damping matrices and their relationship to the DOFs, the analytical 

substructure model mass, stiffness, and damping terms are larger than those at the DOF shared 

with the pile foundation (i.e., 𝑘𝑒𝑞
𝐹   (𝜔), and 𝑐𝑒𝑞

𝐹   (𝜔)). Hence, the added hydrodynamic mass 

dominates the stability limit for the RTHS of the OWT structural system.  
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The time histories of the pile head displacement and force for Test 4, shown in Figure 13(b) 

and (d), and Figure 14(b) and (d), respectively, is larger in magnitude than that for the other tests 

due to the more greater wind speeds and wave height. There is an occurrence of some shifting in 

the pile displacement and force from their initial zero values for Test 4 that was also present in the 

other tests. In addition, there is a slight deterioration in the amplitude of the pile force associated 

with the direction of the hydrodynamic and aerodynamic loading. This phenomenon is associated 

with the residual deformations and mobilization of localized shear failure in the soil surrounding 

the pile. The comparison with the Reference solution for the pile head displacement shown in 

Figure 13(b) and (d) indicates that the difference between the RTHS results and the Reference 

solution is greater in Test 4 compared to the other RTHS, which further illustrates the importance 

of accounting for nonlinear behavior in the foundation of an OWT. 

The pile head force-displacement response during the RTHS is shown plotted at the 

experimental structure’s scale in Figure 15. The cyclic response is seen to be nonlinear, where in 

all of the RTHS there is a presence of accumulated pile displacement with a shift towards the 

positive displacement in the direction of the loading, along with pinching in the hysteresis loops. 

The degree of shifting and pinching is more predominant in Test 4, which had the more severe 

conditions for wind speed and wave height causing larger deformations and nonlinear behavior to 

develop in the pile foundation.  
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Figure 13: Along-wind pile head displacement history: (a) Tests 1 through 3; (b) Test 4; and, 

zoomed in view for duration 400 to 500 seconds for (c) Tests 1 through 3, and (d) Test 4. 
 

 
Figure 14: Along-wind pile force history: (a) Tests 1 through 3; (b) Test 4; and, zoomed in view 

for duration 400 to 500 seconds for (c) Tests 1 through 3, and (d) Test 4. 
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Figure 15: Pile head force-displacement response for Tests 1 through 4. 

 

Figure 16: (a) Photograph taken of pile-foundation during Test 1 showing surface soil movement 

around the pile, and (b) measured strains along pile at selected times during the RTHS. 

 
 Figure 17:  Frequency decomposition of the along-wind pile head displacement (semilog-

scaled). 

 

A photograph taken during Test 1 is shown in Figure 16(a). The pile-foundation can be seen 

leaning towards the right in the photograph (in the direction of the hydrodynamic and aerodynamic 

loading). The near-surface soil failure around the pile is evident and caused by the cyclic loading 

of the pile-foundation under the hydrodynamic and aerodynamic loading during the RTHS. The 

distribution of longitudinal strains over the pile depth is given in Figure 16(b). These strains were 

measured on the surface of the pile using strain gages. The strain distribution at each time frame 

is seen to increase beneath the soil surface with depth, reach a maximum strain at approximately 

three pile diameters below the soil surface, and then decrease to zero at the tip of the pile. It is 
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worth noting that the measured strains were smaller than the yield strain of the aluminum pile and 

the pile remained elastic during all of the RTHS. 

The frequency decomposition of the pile head along-wind displacement during the RTHS 

and that for the Reference solution is shown in Figure 17. Only the along-wind displacements of 

the pile head are included in Figure 17, since they are associated with the measured displacements 

from the RTHS. As in Figure 12 shown previously, the frequency decomposition in Figure 17 

includes the effects of energy at the wave loading frequency, aerodynamic loading frequencies, 

frequencies of vibrations caused by the operation of the energy generation equipment, and modal 

frequencies of the OWT. The frequency labels were defined previously in Table 2. The natural 

frequencies of the OWT for the RTHS were obtained from modal testing of the OWT using a 

RTHS approach with a 35Hz band-limited white noise load applied to the structure, similar to that 

described previously for the Reference solution results presented in Figure 12, except that for the 

RTHS the pile-foundation was modeled physically using the experimental substructure. There are 

a number of similar trends in the RTHS results compared to the Reference solution that were 

previously discussed. The peak Fourier amplitude in the RTHS is again at 0.1Hz (B), which is 

associated with the OWT steady state response to the hydrodynamic loading imposed in the along-

wind direction. Spikes in energy occur associated with the 1P and 3P aerodynamic loads (C and 

G) and energy generation mechanical equipment vibration loads (A). There is a greater amount of 

energy in the RTHS due to the larger OWT displacements (see Figures 13 and 18) and velocities 

that develop in the RTHS compared to the Reference solution. The frequency decomposition result 

in Figure 17 shows the lower modes with natural frequencies up to 0.697Hz to have the most 

noticeable dynamic amplification and contribution to the along-wind pile displacement. These 

modes include the support fore-aft 1st mode at 0.202Hz (D), the blade asymmetric flapwise pitch 
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1st mode at 0.620Hz (H), and the blade collective flap 1st mode at 0.697Hz (I). The natural 

frequency of the fore-aft 1st mode shifted to 0.202Hz in the RTHS due to the effect from the 

nonlinear soil behavior which reduced the soil stiffness. For RTHS Test 4, which involved more 

extreme wave and wind loading, an increase in the energy in the frequency decomposition occurs 

compared to the other RTHS Tests 1, 2, and 3. A larger Fourier amplitude in the displacement 

response occurs at 0Hz in the RTHS compared to the Reference solution. This is due to the 

accumulation of pile displacements and drifting of the pile as damage to the soil occurs during the 

RTHS. This can be seen in the pile head force-displacement response of the RTHS, Figure 15. The 

increase in the OWT motion in the RTHS led to greater a mounts of contributions of energy at 

0.1Hz, 0.2Hz, 0.3Hz, 0.4Hz, 0.43Hz, 0.46Hz, and 0.5Hz that are labeled B, C, J, K, L, M, and F 

in Figure 17, respectively, compared to the Reference solution. This phenomenon is associated 

with the blade angle pitch control, and as explained previously, caused by the blade pitch angle 

controller introducing mechanical vibrations in an attempt to maintain the 12 rpm rotor speed. The 

significant differences between the Reference solution and RTHS results illustrates the importance 

of accounting for nonlinear behavior in the pile foundation of an OWT. 

The displacement time histories of the top of the tower (at the hub in Figure 2) in the along- 

and cross-wind directions are shown plotted at full-scale in Figure 18. Note that the cross-wind 

direction tower displacements (Figures 18(b) and (d)) are much smaller than the along-wind tower 

displacements (Figures 18(a) and (c)). The displacement amplitude seen in Figures 18(c) and (d) 

is higher for Test 4 compared to the first three tests because of the higher wind speed and wave 

height in the latter test. Modal damping is seen to have an effect on the tower movement in the 

along-wind direction during the first 120 seconds, and is more noticeable in Test 4 (Figure 18(c)). 

The cross-wind direction displacement response included an offset in the displacement due to the 
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wake steering (i.e., the blades of the OWT are facing the wind at a slight angle), Figures 18(b) and 

(d). Like the pile head displacement time history results for Test 3, the along-wind direction tower 

displacement time history in Test 4 is dominated by the increased cyclic hydrodynamic loading. 

The along-wind direction results for all of the RTHS show a steady state response at 0.1Hz 

associated with the wave period of 10secs. The RTHS results are compared in Figure 18 to the 

Reference solution for the same wind and wave conditions as that in each of the RTHS. Note that 

the Reference solution has some transient response at the beginnng of the analysis before achieving 

steady state because it does not incorporate modal damping over the first 120sec. duration at the 

start of the analysis. This leads to the cross-wind displacements for the Reference solution to be 

momentary greater than the RTHS Test 4 results which had the additional modal damping for the 

first 120sec. of the simulation. The difference between the Reference solution and RTHS results 

is evident in both the along wind direction (Figures 18(a) and (c)) and the orthgonal cross-wind 

direction (Figures 18(b) and (d)). The difference between the RTHS and Reference solution results 

is larger for Test 4 that the other RTHS due to the more severe hydrodynamic and aerodynamic 

loading conditions for Test 4 that leads to more extensive nonlinear movment of the pile head. 

Note that the Reference solution for Test 4 involved the same hydrodynamic and aeroelastic 

loading as the RTHS. These results illustrate the importance of accounting for nonlinear response 

in the pile foundation of a OWT. 
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Figure 18: Displacement time history of the top of the tower (at the hub in Figure 2) in the along-

wind (a, c), and cross-wind directions (b, d). 

 
 

16. ASSESSMENT OF RTHS RESULTS 

Figure 19 shows synchronized subplots of the target displacements plotted against the measured 

displacements of the pile for all RTHS. Figure 19 incorporates the entire delay in the RTHS system, 

which includes any actuator, restoring force, and communication delays. All of the plots show a 

line that is inclined at 45 degrees, suggesting excellent actuator control was achieved for each 

RTHS and indications that there was minimal delay and amplitude error in the actuator in the 

simulations. Actuator amplitude error and delay effects the accuracy of the results of a RTHS, 

where negative damping that leads to can lead to an instability of the RTHS. The NRMSE, labeled 

as J in the plots, is shown to be small and range from 0.12% to 0.17%.  
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Figure 19: Synchronized target and measured displacements of the pile head during hybrid 

simulations.  

The maximum actuator amplitude error and average time delay observed in the RTHS was 

less than 1% and about 5msec., respectively, which was determined by comparing the time 

histories of the target command and measured actuator displacements. To further assess actuator 

delay, the time delay in the form of a phase plot converted to time delay in the frequency domain 

was investigated, and presented previously in Figure 6. As noted previously, the time delay had an 

average value of 5.4msec. between the frequency range of 0 to 3Hz. The average delay observed 

in the time delay plotted in the frequency domain in Figure 6 is consistent with that observed in 

the RTHS. As also noted previously the frequency response function of the system had essentially 

a magnitude of one over the frequency range of 0 to 3Hz, implying that there was no amplitude 

error in the actuator displacement. A majority of the average time delay of 5.4msec. is attributed 

to the 2/400sec. communication delay in the RTHS Integrated Control Architecture discussed 

previously.  

 To assess the impact that actuator delay has on the quality of RTHS results, a parametric 

study was performed using the electric-off simulation mode (i.e., RTHS-EO). The study involved 

systematically introducing a constant delay in the experimental substructure’s restoring force 

feedback signal to the integration algorithm and performing a RTHS-EO based on Test 1 wind 

speed and wave height conditions. The selected amount of delay was based on multiples of the 
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time step ∆t of 3/1024sec. ranging from 0 to 18/1024sec., and included 0, 3/1024, 6/1024, 9/1024, 

and 18/1024sec. The time history results for the pile head displacements in the long wind direction 

are shown plotted in Figure 20. The NRMSE for each simulation are summarized in Table 3, where 

the RTHS-EO with no delay is considered as the reference solution for the NRMSE calculation. 

The results show that a time delay of 3/1024sec. (i.e., 2.93msec.) has a small NRMSE value of 

0.058%. The NRMSE is shown to increase in Figure 20 and Table 3 as the time delay is increased, 

where at a 6/1024, 9/1024, and 18/1024sec. delay the NRMSE is 0.120%, 0.185%, and 0.408%, 

respectively. An NRMSE of 0.12% for the delay of 6/1024sec. is considered small, and therefore 

the smaller average time delay of 5.4msec. observed in the system FRF has minimal effect on the 

test results. The reason the NRMSE is small when the delay approaches a value even as large as 

18msec. is due to the dominant wave load in the RTHS having the small frequency of 0.1Hz 

associated with the 10sec wave period. The measured restoring forces of the system does not 

undergo any significant change within the duration of 18msec. since the highest natural frequency 

observed to participate dynamically in the response during the RTHS is 0.697Hz.  

 
Figure 20: Pile head along-wind displacement time histories for various RTHS-EO with induced 

delay: (a) 0 to 600 seconds; zoomed in views for durations of (b) 585 to 600 seconds and (c) 

595.24 to 595.26 seconds. 
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Table 3:  NRMSE of along-wind pile head displacement for RTHS-EO with selected amounts of 

induced time delay 

RTHS-EO 
Induced Constant Time Delay 

(sec.) 

NRMSE 

(%) 

1 0 N/A 

2 3/1024 0.058 

3 6/1024 0.120 

4 9/1024 0.185 

5 18/1024 0.408 

 

17. SUMMARY AND CONCLUSIONS 

The real-time hybrid simulation (RTHS) concept is extended in this paper to offshore wind 

turbines (OWT) to enable the behavior of their pile foundation under realistic operational and more 

severe conditions to be studied. This paper presents the formulation of the RTHS framework. The 

framework includes the use of an unconditionally stable explicit integration algorithm to solve the 

equations of motion, a model with a transition substructure to enforce compatibility and 

equilibrium at the interface between the OWT tower above the transition piece and the analytical 

substructure below the transition piece, avoiding numerical instability associated with the 

interaction between the integration algorithm and the hydrodynamic loads, and the use of the 

Windows Application Programming Interface (API) that utilizes memory mapped objects to create 

a fast communication protocol between OpenFAST and the simulation coordinator. 

OpenFAST is used to determine the aerodynamic and hydrodynamic loads acting on the 

structure, while also modeling the dynamics of the electric power generator, gearbox, rotor, 

drivetrain, nacelle and the associated control system for these components. The OWT portion 

above the transition point is modeled analytically within OpenFAST, while the structure below the 

transition point is modeled analytically via the analytical substructure within the simulation 

coordinator, and the pile foundation (experimental substructure) is embedded in the soil box. The 

equations of motion involving the aerodynamic and hydrodynamic loading and the effects of the 

dynamics of the electric power generator, gearbox, rotor, drivetrain, nacelle and the associated 
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control system for these components from OpenFAST are numerically integrated and the resulting 

target displacements are imposed onto the analytical and experimental substructures for each time 

step.  

The RTHS framework enables the coupled nonlinear behavior of both the analytical and 

experimental substructures to be captured. It enables investigating the long- and short-term 

behavior of OWT pile foundations in different geographical locations by mimicking the soil of 

concern in the soil box and loading demand on the OWT. The RTHS framework presented in this 

paper offers a realistic approach to investigate the behavior of pile foundations since the 

deformations imposed onto the pile foundation accounts for the coupled response of the foundation 

with the rest of the OWT structure.  

RTHS of a 5 MW OWT subjected to operational and more severe conditions were 

performed. The results demonstrated that the framework enables RTHS of OWT to be performed 

with pile foundations residing in a soil box. To achieve this success, solutions to several 

computational challenges associated with extending RTHS to OWT were developed. The study 

led to the following accomplishments and conclusions: 

1. Partitioning of the equations of motion at the interface between the OWT model and the 

analytical substructure of the RTHS along with the use of a transition substructure is required 

to enable OpenFAST to perform its iteration procedure to determine the aerodynamic forces 

acting on the model and account for the effects of the dynamics of the electric power generator, 

gearbox, rotor, drivetrain, nacelle and the associated control system for these components; 

2. To ensure stability of the integration of the equations of motion, the added hydrodynamic mass 

of the analytical substructure and the linearized hydrodynamic damping from the drag forces in 

Morison’s equation needs to be moved to the left-hand side of the equations of motion when 
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computing the model integration parameters of the MKR- method. During a RTHS the latter 

resides on the right hand side of the equations of motion. Linearization of the viscous drag term 

is based on the standard deviation of the relative velocity of the peak structural and fluid 

particles;  

3. Creating memory mapped files enables a fast communication protocol to be established to 

exchange information between the RTHS coordinator and OpenFAST; 

4. Suppression of the transient response at the start of the RTHS when using OpenFAST is 

necessary to avoid accumulating excessive damage to the pile foundation. 

The RTHS framework for testing OWT systems is applicable to larger systems compared to 

the 5 MW OWT used herein as the prototype structure. For wet sand that has a rate dependency in 

its restoring force, researchers who consider using this framework will need to use a suitable 

modeling scale factor size, where the associated compressed time axis and the resulting model’s 

time step size can be accommodated by the actuation, data acquisition, and simulation coordinator 

computer system’s clock speeds. 
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20. Appendix A – Listing and Values of Parameters  

Table A.1:  Parameter List 

Parameter Description Symbol Value 

Actuator controller sampling rate fSA 1024 Hz 

Analytical defined foundation stiffnesses  𝑘𝑦, 𝑘Ѳ𝑥, and 𝑘Ѳ𝑦 2.5e+6kN/m, 2.6E+8kN/rad,  and 2.6E+8kN/rad 

Blade-pitch rate limit BPR 8 deg 

Blade model damping B 0.47% 

Cut-in & Cut-off wind speeds vCIW, vCOW 3, 25 m/sec 

Drag coefficient Cd 1.0 

Drivetrain gearbox ratio DTg 97:1 

Drivetrain rated rotor speed DTr 12 rpm 

Drivetrain generator speed DTg 1174 rpm 

Electric generator inertia IG 534 tons.m2 

Equivalent stiffness & damping coefficient scale factor  𝜇 0.5 – 2 (see Table 1) 

Experimental substructure pile diameter DES 0.05 m 

Experimental substructure pile thickness tES 2 mm 

Experimental substructure equivalent stiffness 𝑘𝑒𝑞 (𝜔) 92.5kN/m 

Experimental substructure equivalent damping coeff  𝑐𝑒𝑞  (𝜔) 5.02kN-sec/m, 4.83kN-sec/m 

Experimental substructure scale factor 𝛼 120 

Gearbox equivalent damping dashpot ceq,GB 6.2 MN.m.s/rad 

Gearbox equivalent stiffness Keq,GB 867 MN.m/rad 

Gravitational constant g 9.81m/sec2 

Hub rotational inertia IHT 115 tons.m2 

Hub translational inertia IHT 56 tons 

Inertia coefficient CM 2.0 

MKR-algorithm high frequency spectral radius 𝜌∞ 0.75 

Nacelle rotational mass  mN, 2670 tons.m2 

Nacelle translation mass  mN, 240 tons 

Nacelle-yaw actuator rotation dashpot CNY, 19 MN.m.s/rad 

Nacelle-yaw actuator rotation spring KNY, 9 GN.m/rad 

OpenFAST 1st region minimum generator speed vGS,1 670rpm 

OpenFAST last region minimum generator speed vGS,last 1173.7rpm 

Prototype monopile height HM 66 m 

Prototype monopile diameter DM 6 m 

Prototype monopile segments LAW, LS, LE 10, 20, 36 m 

Prototype rotor radius Rr 90 m 

Prototype steel monopile thickness tM 0.06 m 

Prototype tapered tower diameter DTt 6 – 3.87 m 

Prototype tapered tower thickness tT 0.019 – 0.027 m 

RTHS experimental scale factor 𝛼 120 

RTHS integration algorithm time step ∆t 3/1024 sec. 

Soil box sand density 𝛾𝑠 1630 kg/m3 

Soil box sand internal friction angle 𝜙𝑠 35 deg 

Soil model mean stress-to-prototype mean stress ratio N 1 

Time duration for20% supplemental damping 𝑡𝑇𝑟 120 sec. 

Tower model damping T 1.0% 

Wave period T 10 sec. 

Wave height H 6, 12 m (see Table 1) 

Wind speed vW 12, 20 m/sec (see Table 1) 

Water density 𝛾𝑤 9.81kN/m3 
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