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Abstract

The design and financing of commercial-scale floating offshore wind projects require a

better understanding of how power generation differs between newer floating tur-

bines and well-established fixed-bottom turbines. In floating turbines, platform mobility

causes additional rotor motion that can change the time-averaged power generation.

In this work, OpenFAST simulations examine the power generated by the National

Renewable Energy Laboratory's 5-MW reference turbine mounted on the

OC3-UMaine spar and OC4-DeepCWind semisubmersible floating platforms,

subjected to extreme irregular waves and below-rated turbulent inflow wind from

large-eddy simulations of a neutral atmospheric boundary layer. For these below-rated

conditions, average power generation in floating turbines is most affected by two types

of turbine displacements: an average rotor pitch angle that reduces power, caused by

platform pitch; and rotor motion upwind-downwind that increases power, caused by

platform surge and pitch. The relative balance between these two effects determines

whether a floating platform causes power gains or losses compared to a fixed-bottom

turbine; for example, the spar creates modest (3.1%–4.5%) power gains, whereas the

semisubmersible creates insignificant (0.1%–0.2%) power gains for the simulated con-

ditions. Furthermore, platform surge and pitch motions must be analyzed concurrently

to fully capture power generation in floating turbines, which is not yet universal prac-

tice. Finally, a simple analytical model for predicting average power in floating turbines

under below-rated wind speeds is proposed, incorporating effects from both the time-

averaged pitch displacement and the dynamic upwind-downwind displacements.

K E YWORD S

floating wind turbine, large-eddy simulation, power generation, semisubmersible, spar

1 | INTRODUCTION

Floating offshore wind turbines are an emerging technology in the global wind energy market, with several multiturbine floating pilot projects

already installed and the first large-scale floating projects expected within the decade.1 As offshore wind energy moves into deeper waters
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beyond 50- to 60-m depth to access higher wind resources and new energy markets, floating platforms become more economical than fixed-

bottom options.2,3 Floating turbines offer unique engineering challenges due to the coupling of platform mobility to aerodynamic loads on the tur-

bine rotor. Aerodynamic and hydrodynamic loadings cause platform and therefore rotor displacements, changing the relative wind at the rotor,

which in turn affects the aerodynamic loads on the rotor. This coupling affects the power generation, structural loads, and wind flow around the

turbine.4,5 Accurately predicting the power generation for floating turbines is vital for designing and financing large-scale floating wind projects. In

particular, it is important to understand how and why power generation differs between floating turbines and fixed-bottom turbines, so that

appropriate adjustments can be made to power prediction models used in project design and planning.

Floating platform displacements are described by 6 degrees of freedom: surge, sway, heave, pitch, roll, and yaw, as illustrated in Figure 1.

These platform displacements cause displacements of the rotor, also shown in Figure 1: the three linear displacements of the rotor center, xrc, yrc,

and zrc, as well as the rotor “pitch” and “yaw” angles due to platform displacements, ϕrc and θrc. In general, both rotor and platform displacements

may include both fluctuating motions (“dynamic displacements”) and nonzero time-averaged positions (“time-averaged displacements”).
Previous studies examine how specific types of dynamic platform displacements affect a floating turbine's power generation. In particular,

dynamic motions in surge and pitch typically increase time-averaged power generation: The associated rotor motions upwind-downwind change

the relative wind speed experienced by the rotor, which results in a power gain when averaged over time. This phenomenon is observed for iso-

lated pitch motions, isolated surge motions, and combinations of surge and pitch motions in various studies by Huang et al.,6 Karimian Aliabdai

and Rasekh,7 Lin et al.,8 Sant et al.,9 Shen et al.,10 and Wen et al.11-13

Other studies also document that statically angling the rotor relative to the wind decreases power generation. Specifically, static rotor yaw

reduces a turbine's power generation,14,15 with a power loss coefficient typically predicted by a cosn model.15 Similarly, static rotor tilt decreases

a turbine's power generation.14 For floating turbines, platform yaw and pitch directly cause an angled rotor, which may act like static rotor yaw or

tilt and decrease power.6 Additionally, platform roll and heave may affect power by causing vertical rotor displacements within the wind shear

profile, though the vertical displacements may be too small relative to the wind shear to create a substantial effect.

Although platform displacements are the underlying reason behind power gains or losses in floating turbines, previous studies rarely use rep-

resentative displacement values. A realistic floating turbine's platform displacements are driven by stochastic environmental loads from irregular

waves and turbulent wind, with possible coupling between different platform degrees of freedom.16 Despite this, simulated platform displacement

time histories are often approximated as prescribed sinusoids with time-averaged values of 0, and individual platform degrees of freedom are

often studied in isolation.7,10-13,17,18 Direct comparisons between multiple common floating platform types are also rare, limiting the ability to

generalize trends across platform types. Notable exceptions include the work of Sebastian et al.,16 which examined barge, spar, and tension-leg

platforms with dynamic behavior under irregular waves and steady wind, and the work of Huang et al.,6 which examined a spar platform with

dynamic behavior under regular waves and steady wind.

This study aims to provide upper estimates for power gains or losses due to floating platform displacements for two common floating plat-

form types, the spar and semisubmersible. Furthermore, this research seeks to link these power gains or losses to rotor displacement patterns

and, in doing so, identify the underlying physical phenomena that cause differences in average power between floating and fixed-bottom turbines.

F IGURE 1 The NREL 5-MW reference turbine mounted on a fixed-bottom platform (left), the OC3-UMaine/OC3-Hywind spar (center), and
the OC4-DeepCWind semisubmersible (right). The subfigure on the right defines platform displacements (surge, sway, heave, pitch, roll, and yaw)
as well as rotor displacements (xrc, yrc, zrc, ϕrc, and θrc)
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Specifically, this study focuses on determining which types of realistic platform behavior most affect the average power for below-rated

conditions, by addressing the following questions:

• Do any dynamic rotor and platform displacements significantly affect power?

• Do any time-averaged rotor and platform displacements significantly affect power?

• Which rotor and platform degrees of freedom affect power the most?

• How does average power generation differ between spar and semisubmersible platforms?

To answer these questions, floating wind turbines are simulated using two wind energy modeling tools developed by the National Renewable

Energy Laboratory (NREL): OpenFAST19 and the Simulator fOr Wind Farm Applications (SOWFA).20 Section 2 describes the simulation setup,

including details on the platform types, environmental conditions, simulation models, and case descriptions. Section 3 presents the simulated

results for platform displacements, rotor displacements, and average power generation. In Section 4, a new analytical model for floating power

generation is proposed and evaluated against the simulated results. Finally, Section 5 presents this study's conclusions about how specific turbine

displacements affect average power generation in floating wind turbines.

2 | SIMULATION SETUP

2.1 | Platform types

This study simulates the power generation of the NREL 5-MW reference turbine, which has a diameter of D = 126m, a hub height of zH = 90m, a

rated wind speed of 11.4 m/s, and a shaft tilt of ϕt = 5�.21 The simulated turbine is mounted on two floating platforms: the OC3-UMaine spar22

and the OC4-DeepCWind semisubmersible.23 The OC3-UMaine spar is identical to the OC3-Hywind spar,24 except that the catenary mooring

lines are adjusted to match the semisubmersible water depth of 200m.22 For comparison, a fixed-bottom version of the NREL 5-MW turbine is

also replicated by disabling all platform displacements for a spar simulation. Figure 1 illustrates these three platform types: fixed-bottom, spar, and

semisubmersible.

2.2 | Environmental conditions

This study considers the power generation under one combination of environmental conditions. The turbulent wind conditions represent an off-

shore atmospheric boundary layer with neutral stability, capped by a stable inversion at an elevation of 750m. At hub height, the wind speed is 8

m/s and the turbulence intensity is 4%, with a wind shear of 0.008m/s/m and a wind veer of 0.02�/m across the rotor height. Additional charac-

teristics of a similar neutral boundary layer are described in the authors' previous work.25,26 This 8-m/s wind speed is in the turbine's below-rated

operating region, where tip-speed ratios are high and power generation is most influenced by platform behavior.7,8

The wave conditions are irregular, unidirectional JONSWAP waves in a water depth of 200m. The irregular waves have a significant wave

height of Hs = 8m and a peak spectral period of TP = 14 s. The wave propagation direction is aligned with the hub-height wind direction. These

environmental conditions represent an unusual combination of below-rated wind speeds and very large waves; a more typical 10-year significant

wave height might be 4.5–5m for this wind speed.27 Previous studies indicate that this combination increases the platform displacements25,27

while remaining in the below-rated control regime where power is most affected by platform motions, therefore giving an upper estimate for the

power gains or losses due to floating platform displacements.

2.3 | Simulation models

The spar, semisubmersible, and fixed-bottom turbines in these environmental conditions are simulated using OpenFAST v2.3.0,19 NREL's modular

aeroelastic engineering tool that models the platform motion, rotor motion, rotor aerodynamic performance, and power generation. Variable-

speed control and blade-pitch control are included using OpenFAST's ServoDyn module, but the blade pitch remains at 0� due to the below-rated

wind speed. The HydroDyn module models the irregular wave conditions. The turbulent inflow wind is generated by a large-eddy simulation of

the atmospheric boundary layer flow. This large-eddy simulation is performed with SOWFA,20 NREL's computational fluid dynamics tool based on

OpenFOAM v2.4, which models the wind flow around the turbine.

The majority of the OpenFAST simulations in this study use a prerecorded time history of the inflow wind field. This prerecorded inflow is

generated by sampling on a plane in the SOWFA large-eddy simulation, producing a time series of 2-D slices of the instantaneous wind field at
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16Hz. These slices are then converted to HAWC-format binary files and marched past the turbine in OpenFAST to recreate the SOWFA flow

field time history at the rotor plane. This approach of using prerecorded SOWFA slices as inflow wind to a stand-alone OpenFAST simulation is

documented further by Lee et al.28

Although computationally efficient, this prerecorded inflow field does not fully capture the two-way interaction between the floating

rotor motion and the surrounding flow. To address this shortcoming, additional simulations are performed by directly coupling the OpenFAST

turbine with a simultaneous SOWFA large-eddy simulation of the surrounding wind flow. The two-way coupling between the OpenFAST

turbine and the SOWFA flow field is achieved via an actuator line model and is updated every time step to capture the feedback between

rotor motion and the surrounding fluid flow. This coupled SOWFA-OpenFAST model is described in more detail in the authors' previous

work.25,29

The simulation workflow in this study follows three main stages, as illustrated in Figure 2. First, a “precursor” large-eddy simulation in

SOWFA establishes the stably-capped neutral atmospheric boundary layer with no turbine present. This precursor simulation develops the turbu-

lent structures and wind shear profile over 5.5 h, on a uniform 10-m cubic mesh in a domain with dimensions of 8 km by 2 km by 1 km and lateral

periodic boundaries (see Figure 2). This precursor simulation provides the initial condition and boundary condition time histories for the next sim-

ulation stage. In the second stage, SOWFA simulations capture the flow surrounding the turbine for 70min. These turbine-focused simulations

are carried out in a smaller domain with dimensions 1.8 km by 1 km by 1 km, with inflow/outflow x boundaries and periodic y boundaries. These

SOWFA simulations contain either an actuator line model with the coupled OpenFAST turbine (for the coupled inflow approach) or a sampling

plane at the hypothetical rotor's undisplaced location (for the prerecorded inflow approach). In both situations, the uniform cubic 10-m mesh is

refined to 1.25m around the rotor, with a larger refinement region to 2.5m in the turbine wake region. Figure 2 illustrates this domain, the mesh

refinement regions, and the sampling plane location. The third stage consists of stand-alone OpenFAST simulations of the turbine over 70min,

using the prerecorded SOWFA inflow wind time series as described above. Similar precursor simulations and similar coupled SOWFA-OpenFAST

simulations are described in further detail in the authors' previous work.25,26

2.4 | Case descriptions

To study how power generation is affected by floating platform displacements, a total of 36 simulations of an individual turbine is performed

using the same inflow wind from SOWFA. The baseline case represents a fixed-bottom turbine, with all platform displacements set to a constant

value of 0. All values for power generation by floating turbines are compared to this baseline case. To better understand how platform type

F IGURE 2 Three-stage simulation workflow: (1) a “precursor” large-eddy simulation in SOWFA that develops the atmospheric boundary
layer, (2) SOWFA large-eddy simulations that contain either a coupled OpenFAST turbine or a sampling plane at the rotor, and (3) stand-alone
OpenFAST turbine simulations using the sampled SOWFA time series as inflow wind. The SOWFA simulation domain, mesh refinement regions,
and sampling plane location are illustrated, including a top view
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affects power generation and to identify underlying physical effects that can be generalized for any platform type, all cases with floating turbines

are repeated for both the spar and semisubmersible platforms. The main floating case represents a typical floating turbine, with platform

displacements in all 6 degrees of freedom (surge, sway, heave, pitch, roll, and yaw) causing rotor displacements in xrc, yrc, zrc, ϕrc, and θrc. These dis-

placements generally consist of dynamic motion (“dynamic displacement”) around some time-averaged value (“time-averaged displacement”). The
all-displacements floating case (for the spar and semisubmersible) and the fixed-bottom baseline case are performed using both the prerecorded

inflow slices approach and the two-way coupled inflow approach. To limit computational cost, the remaining cases discussed next are performed

using the prerecorded inflow approach only.

To better understand how individual platform degrees of freedom affect power generation, an additional set of cases restricts platform

displacements to 1 or 2 degrees of freedom. For these cases, the nonactive degrees of freedom are set to a constant displacement of 0, with

motion disabled in that direction. Each platform degree of freedom (surge, sway, heave, pitch, roll, and yaw) is simulated in isolation in this

manner, as well as a case with both surge and pitch enabled together, for both platforms. Within this simulation framework, it is not possible to

isolate individual rotor displacements directly, only platform displacements. Still, some of these cases can serve as proxies for isolating rotor

displacements: For example, the surge-only case produces only xrc displacements.

The floating cases described so far include both dynamic and time-averaged displacements. To better separate the effects of these two

categories of displacement, another set of cases isolates the time-averaged displacement by disabling dynamic platform motions. For this set, each

of the floating cases described above is repeated, but with the active degrees of freedom set to a constant displacement equal to the mean value

from the previous cases. Conversely, the dynamic motion effect cannot be isolated in this simulation framework; this would require artificially

prescribing displacement time histories with the time-averaged value subtracted out. However, the other floating cases that include both dynamic

and time-averaged displacements still provide insight into the dynamic displacement effect.

3 | SIMULATION RESULTS

Each simulated case described in Section 2.4 produces 70-min time histories for power generation, platform displacements, and rotor displace-

ments. The first 10min of each time history are discarded to remove any transient startup effects, producing time histories of 60min for analysis.

In this section, the rotor and platform displacements that affect power generation are identified. The important rotor and platform displacements

are then compared across platform type and across inflow approach. The difference in power generation between the floating cases and the

fixed-bottom turbine is then linked to specific types of rotor displacements, explaining the underlying physical reasons for power losses or gains

associated with floating wind turbines.

3.1 | Negligible effect of crosswind and vertical displacements

For the simulated conditions with both wind and waves aligned with the x axis, power generation is unaffected by crosswind and vertical rotor

displacements, specifically yrc, zrc, and θrc. The associated platform displacements in sway, heave, roll, and yaw are small for the simulated condi-

tions and cause rotor displacements that are too small to significantly affect the average power. Comparing the case with all displacements

enabled to the case with surge and pitch enabled, the average power agrees within 0.3%, indicating that the other displacements do not signifi-

cantly affect the power. These unimportant displacements and results from cases that isolate the corresponding platform degrees of freedom are

not discussed further, but are documented in Appendix A. Instead, the analysis focuses on displacements that do affect the power: the downwind

rotor displacement xrc and the rotor “pitch” angle ϕrc, caused by platform surge and pitch.

3.2 | Platform and rotor displacements

Understanding power generation in floating wind turbines requires understanding the underlying platform and rotor displacements that ultimately

affect that power. The OpenFAST simulations record platform displacements, which are used to calculate rotor displacements based on simple

geometry. For example, the downwind rotor displacement xrc and rotor “pitch” angle ϕrc are calculated from the platform surge and pitch,

neglecting the small platform yaw displacement and tower bending effects:

xrc = Surge+ zH sinðPitchÞ
ϕrc =Pitch,

ð1Þ

where zH is the distance between the platform origin and rotor center (90m for the NREL 5-MW reference turbine21).
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Figure 3 presents partial time histories for the rotor and platform displacements that affect power: platform surge, rotor angle ϕrc (equivalent

to platform pitch), rotor center location downwind xrc, and the resulting rotor center speed _xrc . The time histories shown are for the case with

prerecorded inflow and all displacements enabled. Additionally, the entire 60-min time histories are summarized using four metrics: the time-

average, the root-mean-square (RMS), the minimum, and the maximum. Figure 3 includes summary metrics for four different cases: all displace-

ments enabled with coupled inflow, all displacements enabled with prerecorded inflow, only average �ϕrc (via platform pitch) displacement with

prerecorded inflow, and only xrc displacements (via platform surge) with prerecorded inflow.

As shown in Figure 3, the coupled inflow case (gray circle) has nearly identical platform and rotor displacements as the prerecorded inflow

case (black square). For example, the average values for ϕrc and xrc agree within 1.5%, and the RMS values for ϕrc, xrc, and _xrc agree within 1%. This

is expected, because both cases use OpenFAST to compute the platform displacements regardless of inflow approach. In contrast, the displace-

ments in Figure 3 vary significantly between the other cases and between the spar and semisubmersible.

Differences between the spar and semisubmersible displacements in Figure 3 are largely caused by the platforms' different geometries and

center of mass locations. The spar center of mass is 89.9m below still water level,24 but the semisubmersible center of mass is much higher at

only 13.5m below still water level.23 In Figure 3, the rotor aerodynamic thrust causes the nonzero averages for ϕrc and xrc, as also observed by Liu

et al.4 However, the spar average �ϕrc = 2.5� is 45% larger than the semisubmersible average �ϕrc = 1.7�.

F IGURE 3 Partial time histories of platform surge, rotor angle ϕrc, rotor center location xrc, and rotor center speed _xrc from the prerecorded
inflow case for spar (left) and semisubmersible (right) floating platforms. Key metrics of the entire time history, including the average, root-mean-
square, minimum, and maximum values, are shown for four cases, including cases where the displacements are restricted to only the time-
averaged �ϕrc value or only xrc displacements
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In Figure 3, the two platforms have similar RMS values for ϕrc, but the spar RMS values for xrc and _xrc are 1.5 m (125%) larger and 0.8m/s

(197%) larger for the semisubmersible. This is partially because the lower center of mass for the spar creates a longer rotation arm to the rotor

center, compared to the semisubmersible. So, similarly sized RMS platform pitch values are amplified into larger RMS xrc values for the spar than

for the semisubmersible. In fact, platform pitch rotation is the dominant driver of xrc displacements for the spar, but not for the semisubmersible:

The spar has a 99% correlation between the pitch and xrc time histories, but the semisubmersible only has a 36% correlation. These different cor-

relation levels between xrc and pitch (or ϕrc) are also evident in the time histories in Figure 3.

The center of mass location also helps explain correlation patterns between platform surge and pitch. The spar platform surge is strongly pos-

itively correlated to platform pitch at a +97% correlation coefficient, so that large positive pitch variations occur at the same time as positive surge

variations (see Figure 3). In contrast, the semisubmersible platform surge is somewhat negatively correlated to platform pitch at a −56% correla-

tion coefficient, so that large positive pitch variations occur at the same time as negative surge variations (see Figure 3). This is partially because

OpenFAST reports platform displacements with respect to a platform origin at still water level,30 rather than the center of rotation. Therefore, the

reported platform surge is partly caused by platform rotation, rather than a purely linear displacement of the center of rotation. Figure 4 illustrates

the scenario where platform pitch rotation, about the center of rotation, causes a reported platform surge and xrc rotor displacement. The spar

center of rotation is far below still water level, so that positive pitch angles significantly increase the reported platform surge at still water level. In

contrast, the semisubmersible center of rotation is much closer to still water level because of its high center of mass, so that positive pitch angles

do not affect the reported platform surge as much.

The influence of platform pitch on both xrc and reported platform surge also explains why the surge-only case has different xrc displacements

than the cases with all displacements enabled. In Figure 3, the xrc-only case (blue triangle) is simulated by enabling surge platform displacements

only and is therefore missing the contribution of platform pitch to reported surge and xrc. So, the xrc and _xrc RMS values are significantly different

between this case and the other cases: The spar has xrc and _xrc RMS values that are 2.0 m (72%) and 1.0m/s (77%) smaller for this case, whereas

the semisubmersible values are 0.2 m (20%) and 0.2m/s (41%) larger for this case.

Finally, both surge and pitch must be enabled concurrently to obtain realistic rotor displacements, because isolating surge or pitch changes

their displacement metrics and xrc results from both surge and pitch. Still, power is directly affected by rotor displacements, so power effects are

best explained by focusing on rotor displacements xrc and ϕrc, with the awareness that xrc displacements are caused by a combination of platform

surge and pitch.

3.3 | Power generation

The turbine displacements summarized in Figure 3 affect the power generation of the floating wind turbine. Figure 5 presents the difference in

power between floating turbine cases and an equivalent fixed-bottom turbine baseline case, where the solid bars represent the simulation results.

F IGURE 4 Side view of a scenario where pitch rotation, about the center of
rotation, creates a reported platform surge because of the distance from the
center of rotation to the platform origin, where surge is reported. Similarly, this
pure platform rotation creates a linear displacement xrc at the rotor center
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The striped bars represent results from the proposed analytical model and are discussed in Section 4. These power differences are compared

across four different cases: all displacements enabled with coupled inflow, all displacements enabled with prerecorded inflow, only average �ϕrc

displacement with prerecorded inflow, and only xrc displacements with prerecorded inflow.

Figure 5 illustrates that coupled inflow (gray) and prerecorded inflow (black) generate slightly different amounts of power, despite agreeing

well on rotor displacements (see Figure 3). Specifically, the prerecorded inflow approach predicts lower power generation than the coupled

approach for all three platform types: The prerecorded cases' power predictions are 2.0%, 3.4%, and 3.3% smaller than the coupled cases' for the

spar, semisubmersible, and fixed-bottom platforms, respectively. This power difference is caused by the two inflow methods' models for rotor-

flow interactions. Although both inflow approaches rely on an actuator line model, the prerecorded inflow method uses AeroDyn's dynamic blade

element momentum theory model to estimate rotor wake and induction effects.19 In contrast, the coupled inflow approach directly captures these

effects by allowing the blade node forces to affect the surrounding flow.29

3.3.1 | Time-averaged displacement effect on power

To examine how average rotor angle �ϕrc affects the average power, compare the prerecorded inflow case with all displacements enabled to the

case with only average �ϕrc in Figure 5. The nonzero average �ϕrc causes a 0.9%–1.4% power loss compared to the fixed-bottom case, because it

increases the angle of the relative wind and therefore reduces aerodynamic performance. In contrast, the nonzero average xrc displacement does

not affect the power, because statically shifting the rotor downwind does not affect its aerodynamic performance: The case with only average xrc

displacement (not pictured) produces the same power as the fixed-bottom case (see Appendix A). Comparing between the two platforms, the spar

power loss is 1.6 times the semisubmersible power loss for the average-�ϕrc-only case, because the spar average �ϕrc angle is 1.4 times the semisub-

mersible average �ϕrc (see Figure 3).

3.3.2 | Dynamic displacement effect on power

In general, dynamic displacements in xrc create power gains compared to the fixed-bottom case, because it adds a relative rotor velocity _xrc to the

inflow wind speed. Though _xrc can take both positive and negative values, the additional motion causes a net power gain when averaged over

time. Although dynamic displacements cannot be simulated separately from time-averaged displacements in this simulation framework, the case

with only xrc displacements (both average and dynamic) does offer evidence that dynamic xrc displacements cause power gains. Average xrc does

not affect the power, implying that the entire 0.4%–1.6% power gain for the xrc case (see Figure 5) is caused by the dynamic xrc displacements.

Comparing between the two platforms, the semisubmersible power gain caused by dynamic xrc is 4.1 times the spar power gain (see Figure 5),

because the xrc and _xrc variations are larger for the semisubmersible, as measured by the RMS values (see Figure 3).

F IGURE 5 Percent difference in power generation, relative to an equivalent fixed-bottom turbine, of spar (left) and semisubmersible (right)
floating wind turbines. Simulated power gains/losses (solid bars) are compared to predictions from the analytical model (striped bars) for four cases.
*The xrc only case has different rotor displacements than the other cases, see Figure 3
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3.3.3 | Total floating effect on power: Dynamic and time-averaged displacements

The total effect of floating platforms on power is a balance between the time-averaged and dynamic displacement effects, specifically a balance

between the power loss due to average �ϕrc and the power gain due to dynamic xrc displacements. This balance explains why the all-displacement

case results in a large 4.1%–4.5% power gain for the spar, but a negligible 0.1%–0.2% power gain for the semisubmersible (see Figure 5): The spar

_xrc variations are 197% larger than for the semisubmersible, which outweighs the 45% larger average �ϕrc to create a substantially larger

power gain.

In Figure 5, it appears that the power gains in the all-displacement cases are not a simple superposition of the average �ϕrc -only power loss

and the xrc-only power gain. However, the xrc-only case has substantially different xrc displacements than the all-displacement cases, as discussed

in Section 3.2, so power gains should not be directly compared between the xrc-only case and the all-displacement cases.

Finally, these power results are all based on a below-rated wind speed of 8 m/s. When the turbine is operating at above-rated

wind speeds in control region 3, power loss caused by average �ϕrc may be insignificant, because the turbine is capped at rated power

regardless. For above-rated wind speeds, the size of any power gain caused by dynamic xrc displacements likely depends on how the blade

pitch controller interacts with the displacement frequencies. However, the trends in platform displacements, rotor displacements, and power

generation discussed in this section generally hold true for nonaligned wind and waves, as indicated by similar simulations with 30� misalignment

between the wind and wave directions conducted by the authors. The simulated results are also generally consistent with limited field measure-

ments from the Hywind Demo and WindFloat WF1 projects, as reported in Roddier et al.31 In particular, the WF1 semisubmersible generated

power on par with an equivalent fixed-bottom turbine.31 Also, the Hywind Demo spar required introducing a platform control system for above-

rated wind speeds to reduce unacceptably large platform pitch displacements, although how this affected power generation is not documented.31

4 | ANALYTICAL MODELS FOR POWER GENERATION

Based on the simulation results in Section 3, simple analytical models are proposed for estimating the power generation from floating wind tur-

bines in the below-rated operating region. As discussed in Section 3, the total floating effect on power generation is a combination of the effects

of average �ϕrc displacement and dynamic xrc displacement (caused by surge and pitch). The final proposed analytical model is a combination of

two analytical submodels for each of these effects.

The proposed analytical models predict the difference between a floating wind turbine and an equivalent fixed-bottom turbine using basic

momentum theory. First, a review of the derivation for a fixed-bottom turbine's power is presented. A turbine's power P depends on its power

coefficient Cp and the power available in the wind Pwind, given by the kinetic energy flux of the wind U
!
through the rotor disc area A

!
:

P =CpPwind

=Cp
Ð Ð
A

1
2
jU!j2 ρU

!�dA!
� �

=Cp
1
2
ρjU!j2U!�A!, if U

!
is uniform overA

!
:

ð2Þ

The power Pfb produced by a fixed-bottom turbine with no rotor displacement, in a uniform wind field of U
!
=Uı̂, is then the well-known

Pfb =
1
2
ρCpAU

3: ð3Þ

If the rotor is moving or angled with respect to the wind, Equation (2) can be adapted by considering the reference frame of the turbine,

where the rotor area A
!

remains unchanged but the wind vector U
!

becomes the relative wind vector U
!
rel . The instantaneous power coefficient Cp

is also altered due to modified aerodynamic performance, but the simple analytical models presented here assume that Cp is constant over time

and also consistent between floating and fixed turbines.

4.1 | Average ϕrc displacement model

The first model considers a rotor at an angle ϕ relative to a uniform wind field with wind speed U. In the reference frame of the rotor, the relative

wind vector is U
!
rel =Ucosϕı̂ and the rotor area is A

!
=Aı̂. Assuming a constant power coefficient Cp in Equation (2), the angled turbine's power is
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PðϕÞ= 1
2
ρCp

ð ð
A

ðU cos ϕÞ3dA=Pfb cos
3 ϕ: ð4Þ

If the angle ϕ is static over time, then Equation (4) directly gives the time-averaged power, assuming U is steady. This variety of cosn cosnφ

model is commonly used for angled rotors (especially rotors at a constant yaw) throughout the literature,15,32 with n= 3 n = 3 as a common expo-

nent.15 Different experiments suggest values of n varying from 1 to 5 for yawed rotors.15,33

On the other hand, if ϕ varies in time, the entire Pfbcos
3φ term should be averaged to get the time-averaged PðϕÞ. Despite this, the proposed

average pitch model assumes that the effect of a dynamically varying rotor angle ϕ(t) can be approximated by a constant rotor angle at the time-

averaged value ϕ:

PðϕÞ= �Pfb cos3 ϕ: ð5Þ

Equation (5) can be used to model how average rotor “pitch” �ϕrc changes power generation in floating wind turbines. In this case, the overall

angle ϕ between the wind vector and the rotor disk should incorporate both the platform-induced angle ϕrc and the shaft tilt angle ϕt (5� for the

NREL 5-MW reference turbine21). The shaft tilt angle is typically ignored in yawed rotor analysis or implicitly included in Pfb. However, for a rotor

with an average angle caused by platform pitch, the power is better modeled by explicitly including the shaft tilt angle as a constant rotor angle,

for both the floating turbine and the fixed-bottom turbine. In this situation, Equation (5) becomes

�Pfb =Pðϕ=0Þ cos3 ϕt ð6Þ

for the fixed-bottom turbine and

Pð�ϕrc +ϕtÞ =Pðϕ=0Þcos3ð�ϕrc +ϕtÞ
= �Pfb cos3ð�ϕrc +ϕtÞ=cos3 ϕt

ð7Þ

for the turbine with an average pitch displacement. The shaft tilt angle can similarly be incorporated into a yawed rotor model. Note that this

model predicts that a positive ϕrc always works to decrease the average power generation, which is consistent with the simulated results.

Equation (7) is the proposed analytical model for describing the effect of average rotor angle ϕrc on power generation.

4.2 | Dynamic xrc displacement model

The second model considers a rotor perpendicular to the steady wind vector U
!
=Uı̂ , moving forward and backward into the wind with motion

xrc(t). The relative wind vector is U
!

rel = ðU+ _xrc Þ̂ı and the rotor area is A
!
=Aı̂. Assuming a constant power coefficient Cp in Equation (2), the moving

turbine's power is

PðtÞ= 1
2
ρCp

ð ð
A

ðU+ _xrcÞ3dA=
1
2
ρCpAðU+ _xrcÞ3, if U is uniform over A: ð8Þ

To further simplify the model, let the rotor velocity _xrc be modeled as a sine curve with angular frequency ω and amplitude Vrc, such that

_xrc =VrcsinðωtÞ. The time-averaged power is then obtained by integrating over one period:

P =
ω

2π
1
2
ρCpA

ðπ=ω
−π=ω

ðU+ _xrcÞ3dt= ω

2π
1
2
ρCpA

ðπ=ω
−π=ω

U+Vrc sinðωtÞð Þ3dt= 1
2
ρCpAU

3 1 +
3
2
V2
rc

U2

� �
=Pfb 1+

3
2
V2
rc

U2

� �
, ð9Þ

since the odd-powered sine terms in the cubic expansion integrate to 0. Note that this model predicts that xrc motions always work to increase

time-averaged power, which is consistent with the simulated results. The model given by Equation (9) is similar to analytical models proposed by

Wen et al. for sinusoidal platform surge and sinusoidal pitch.11,12 However, the models by Wen et al. separate surge from pitch, rather than
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considering the rotor center velocity _xrc caused by both surge and pitch together. Wen et al.'s pitch model also explicitly assumes ϕrc is small

enough that cosðϕrcÞ≈1, which neglects the average pitch effect modeled by Equation (7).

Equation (9) can be used to model how dynamic xrc displacements affect power generation for floating platforms. Numerical differentiation of

xrc(t) produces a time history for the rotor center x velocity _xrcðtÞ, which can be approximated by a sine curve with amplitude Vrc, as in Equation (9).

For these simulations, the _xrcðtÞ time history does not directly fit a sine curve well (see Figure 3). So a proxy Vrc amplitude is computed from the

RMS of the _xrcðtÞ time history using Vrc =
ffiffiffiffiffiffi
2

p
RMSð _xrcÞ, where the factor of

ffiffiffi
2

p
is determined by the ratio of amplitude to RMS for all sine curves.

Equation (9) with the RMS approximation for Vrc is the proposed analytical model for describing the effect of dynamic xrc displacements on power

generation.

4.3 | Total floating model: Dynamic and time-averaged displacements

The final model considers a floating wind turbine's rotor that is free to move under the influence of all six platform degrees of freedom. As dis-

cussed in Section 3, the power generation of this rotor is predominantly affected by both the time-averaged rotor angle �ϕrc and dynamic xrc dis-

placements, caused by platform surge and pitch. To model the overall power difference between this floating turbine and an equivalent fixed-

bottom turbine, the analytical model for average �ϕrc displacement (Section 4.1) is combined with the analytical model for dynamic xrc displace-

ments (Section 4.2).

Specifically, this total floating model treats the rotor as translating horizontally according to xrc while also angled at a constant value given by

the time-averaged ϕrc (plus shaft tilt). In the reference frame of the rotor, the relative wind vector is then

U
!
rel = U+ _xrcð Þ cosð�ϕrc +ϕt Þ̂ı ð10Þ

and the rotor area is A
!
=Aı̂. Note that the cosð�ϕrc +ϕt Þ̂ı term in Equation (10) does not vary in time, so it can be moved outside the time integral

when calculating the time-averaged power generation. Following similar steps as in Sections 4.1 and 4.2, the time-averaged power generated by

this floating wind turbine is

P= �Pfb 1 +
3
2
V2
rc

U2

 !
cos3ð�ϕrc +ϕtÞ=cos3 ϕt, ð11Þ

assuming a constant Cp, an average rotor angle of �ϕrc, a shaft tilt of ϕt, and a sine curve model for the rotor center velocity: _xrc =VrcsinðωtÞ.
Equation (11) is the proposed model for how a floating wind turbine's power generation compares to a fixed-bottom turbine's power overall,

including effects from both average rotor angle as well as dynamic xrc displacements. For no rotor motion (Vrc =0 ), this total floating model

reduces to the average rotor angle model in Equation (7). For no average rotor angle (�ϕrc =0), this total floating model reduces to the dynamic xrc

displacement model in Equation (9).

4.4 | Analytical model performance

Figure 5 compares power gain predictions from the total-floating-effect analytical model in Equation (11) (striped bars) to the simulated power

results discussed in Section 3 (solid bars), for both the spar and semisubmersible. The analytical model agrees with the simulations that the

all-displacement spar cases show a significant power gain, although the semisubmersible only shows a small power difference (see Figure 5). How-

ever, this basic analytical model does not perfectly agree with the magnitude of the simulated power gains/losses.

For the case with only average �ϕrc , the analytical model performs well, with a ratio of 0.99–1.02 between the analytical and simulated power

losses (see Figure 5). This indicates that the analytical model can reasonably predict how a constant ϕrc angle affects power generation. For the

case with only xrc displacements, the analytical model also performs well, with a ratio of 0.96–1.06 between the analytical and simulated power

losses (see Figure 5). This indicates that the dynamic displacement model with the RMS approximation for _xrc amplitude reasonably captures the

simulated power gain due to dynamic xrc displacements.

However, for the all-displacement cases which are more representative of a real turbine, the analytical model does not perfectly predict the

power gain/loss magnitude, with ratios of 0.81–1.83 between the analytical and simulated power gains/losses (see Figure 5). This disagreement

in power gain/loss magnitude indicates that the analytical model does not fully capture some simulated effect. Several adjustments to the model

were attempted to address this disagreement:
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• Removing the sine approximation for _xrc : the simulated time history for _xrc was used in Equation (10) instead of using the sine curve approxima-

tion, and then this time history was averaged over time to replace the 3V2
rc=2U

2 term in Equation (11).

• Removing the constant-angle approximation for the average pitch effect: as well as using the time history for _xrc , the simulated ϕrc time history

replaced the time-averaged angle �ϕrc in Equation (10) and then the entire term ðU+ _xrcÞcosðϕrc +ϕtÞ was averaged over time.

• Removing the steady wind approximation: the simulated time history for U at hub height was used instead of assuming steady wind, and then

the entire term ðU+ _xrcÞcosðϕrc +ϕtÞ was again averaged over time using simulated time histories for U, _xrc, and ϕrc.

However, these attempted adjustments did not clearly improve the model performance for power gain/loss magnitude. Possible reasons for

the continued disagreement include assuming that Cp is constant, although Cp actually varies in time as the relative inflow wind fluctuates. This

effect is difficult to capture with a model of comparable simplicity, but one possibility is to adjust the instantaneous Cp using an empirical relation-

ship between Cp and tip speed ratio (possibly filtered and with a time delay to account for the variable-speed controller). The disagreement may

also be partially caused by only including the effect of instantaneous rotor angle ϕrc at the rotor center, rather than across the height of the rotor

disc. This could explain why the analytical model performs better for the xrc-only case, where platform pitch does not contribute the xrc

displacements.

5 | CONCLUSIONS

OpenFAST simulations of the NREL 5-MW reference turbine are performed for three platform types: the OC3-UMaine spar, the

OC4-DeepCWind semisubmersible, and a fixed-bottom counterpart with no platform displacements. These simulations examine how platform

and rotor displacements, both dynamic and time-averaged, affect the average power generation of floating wind turbines for a single combination

of a below-rated wind speed and extreme wave height. The main conclusions of this study are the following:

• Overall power gains or losses in floating wind turbines are primarily caused by a balance between two competing effects:

- Power decreases caused by average rotor pitch angle (�ϕrc) driven by platform pitch, and

- Power increases caused by dynamic rotor motions upwind-downwind (xrc) driven by platform surge and pitch motions, which change the rel-

ative wind velocity at the rotor.

• Rotor displacements caused by platform sway, heave, roll, and yaw do not significantly affect the average power.

• Contrary to the common practice of isolating platform surge or pitch when studying floating platforms, surge, and pitch must be enabled con-

currently to accurately capture the power generated by floating wind turbines, for two reasons:

- Isolating surge or pitch changes displacement characteristics and

- Both surge and pitch contribute to the dynamic rotor motions upwind-downwind (xrc).

• The spar's lower center of mass creates larger, pitch-dominated rotor motions upwind-downwind, which outweigh its larger average rotor pitch

angle to cause a 3.1%–4.5% power gain compared to a fixed-bottom wind turbine.

• The semisubmersible has smaller rotor motions upwind-downwind, which barely outweigh the smaller average rotor pitch angle to cause an

insignificant (0.1%–0.2%) power gain.

• The simple analytical model proposed in Equation (11) reasonably predicts power differences caused by floating platforms, but the magnitude

of the predicted gain/loss can be improved.

In summary, although predicting floating-turbine power is vital for floating wind farm design and economics, this study indicates that floating

platforms do not provide universally significant power gains compared to fixed-bottom wind turbines; a closer analysis of details in the platform's

displacement behavior is required for such a prediction. Future research in this area should examine additional environmental conditions, espe-

cially near-rated wind speeds and lower wave heights. The trends observed here should be confirmed by field measurements, when available.

Field measurements, experiments, and additional simulations with simplified environmental conditions could also inform significant improvements

to the proposed analytical model, with a focus on a time-varying power coefficient and instantaneous pitch angle effects.
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APPENDIX A: SIMULATION DATA

The tables below give average, RMS, minimum, and maximum values for rotor center displacements and platform displacements from simulations

with different platform degrees of freedom (DOFs) enabled. The time-averaged power for simulations with both dynamic and average displace-

ments and with average displacements only is also presented. Tables A1 and A2 show data for the spar and semisubmersible platforms,

respectively.

TABLE A1 Spar data for time-averaged power for cases with the total floating displacements and average displacements only, as well as
average, root-mean-square, minimum, and maximum values for rotor and platform displacements

Active DOF

All DOF, All DOF Surge and pitch Surge Sway Heave Roll Pitch Yaw
coupled inflow

Power (MW)a Total disp. 1.712 1.678 1.679 1.611 1.606 1.606 1.606 1.599 1.606

Avg. disp. – 1.582 1.583 1.606 1.606 1.606 1.606 1.583 1.606

xrc (m) Avg. 12.129 12.080 12.062 5.092 – – – 1.717 –

RMS 2.707 2.736 2.713 0.755 – – – 0.412 –

Min. 3.010 2.853 2.911 2.335 – – – 0.355 –

Max. 21.006 21.217 21.063 7.740 – – – 3.387 –

yrc (m) Avg. −0.309 −0.263 – – −0.009 – −0.109 – –

RMS 0.078 0.091 – – 0.045 – 0.069 – –

Min. −0.531 −0.547 – – −0.130 – −0.280 – –

Max. −0.080 −0.011 – – 0.118 – 0.051 – –

zrc (m) Avg. −0.277 −0.273 −0.096 – – -0.072 – −0.017 –

RMS 0.292 0.288 0.053 – – 0.307 – 0.008 –

Min. −1.201 −1.184 −0.329 – – −1.065 – −0.064 –

Max. 0.714 0.709 – – – 0.916 – −0.001 –

ϕrc = Pitch (�) Avg. 2.555 2.538 2.537 – – – – 1.093 –

RMS 0.743 0.750 0.743 – – – – 0.262 –

Min. 0.199 0.148 0.150 – – – – 0.226 –

Max. 4.962 4.961 4.904 – – – – 2.157 –

θrc = Yaw (�) Avg. 0.014 0.013 – – – – – – −0.006

RMS 0.183 0.174 – – – – – – 0.121

Min. −0.642 −0.594 – – – – – – −0.394

(Continues)
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TABLE A1 (Continued)

Active DOF

All DOF, All DOF Surge and pitch Surge Sway Heave Roll Pitch Yaw

coupled inflow

Max. 0.646 0.599 – – – – – – 0.326

Roll (�) Avg. 0.106 0.094 – – – – 0.069 – –

RMS 0.025 0.029 – – – – 0.044 – –

Min. 0.035 0.008 – – – – −0.032 – –

Max. 0.183 0.186 – – – – 0.178 – –

Surge (m) Avg. 8.117 8.096 8.078 5.092 – – – – –

RMS 1.559 1.583 1.571 0.755 – – – – –

Min. 2.639 2.513 2.539 2.335 – – – – –

Max. 13.400 13.570 13.490 7.740 – – – – –

Sway (m) Avg. −0.143 −0.115 – – −0.009 – – – –

RMS 0.046 0.054 – – 0.045 – – – –

Min. −0.275 −0.266 – – −0.130 – – – –

Max. −0.018 0.040 – – 0.118 – – – –

Heave (m) Avg. −0.180 −0.177 – – – −0.072 – – –

RMS 0.290 0.287 – – – 0.307 – – –

Min. −1.105 −1.094 – – – −1.065 – – –

Max. 0.796 0.793 – – – 0.916 – – –

Note: Columns are organized by which platform degree of freedom is enabled for that case.
aThe average power for an equivalent fixed-bottom turbine is 1.661MW for coupled inflow cases and 1.605MW for prerecorded inflow cases.

TABLE A2 Semisubmersible data for time-averaged power for cases with the total floating displacements and average displacements only, as
well as average, root-mean-square, minimum, and maximum values for rotor and platform displacements

Active DOF:

All DOF, All DOF Surge and pitch Surge Sway Heave Roll Pitch Yaw
coupled inflow

Power (MW)a Total disp. 1.664 1.608 1.604 1.630 1.606 1.607 1.606 1.694 1.606

Avg. disp. – 1.591 1.591 1.606 1.606 1.606 1.606 1.591 1.606

xrc (m) Avg. 8.417 8.359 8.327 5.571 – – – 2.729 –

RMS 1.218 1.214 1.148 1.459 – – – 2.583 –

Min. 3.092 3.102 4.147 1.259 – – – −5.270 –

Max. 12.859 12.821 12.887 10.340 – – – 12.147 –

yrc (m) Avg. −0.205 −0.171 – – −0.010 – −0.167 – –

RMS 0.062 0.072 – – 0.038 – 0.024 – –

Min. −0.373 −0.373 – – −0.110 – −0.259 – –

Max. −0.051 0.027 – – 0.104 – −0.077 – –

zrc (m) Avg. −0.027 −0.026 −0.051 – – 0.033 – −0.079 –

RMS 0.853 0.853 0.041 – – 0.847 – 0.098 –

Min. −3.206 −3.205 −0.354 – – −3.014 – −0.824 –

Max. 3.027 3.027 – – – 3.028 – – –

ϕrc = Pitch (�) Avg. 1.773 1.746 1.754 – – – – 1.738 –

RMS 0.761 0.759 0.780 – – – – 1.646 –

Min. −0.570 −0.580 −1.106 – – – – −3.357 –

Max. 4.911 4.840 5.083 – – – – 7.757 –

θrc = Yaw (�) Avg. 0.009 0.011 – – – – – – −0.006

(Continues)
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TABLE A2 (Continued)

Active DOF:

All DOF, All DOF Surge and pitch Surge Sway Heave Roll Pitch Yaw

coupled inflow

RMS 0.155 0.185 – – – – – – 0.182

Min. −0.453 −0.526 – – – – – – −0.554

Max. 0.607 0.713 – – – – – – 0.668

Roll (�) Avg. 0.113 0.105 – – – – 0.106 – –

RMS 0.023 0.026 – – – – 0.015 – –

Min. 0.024 0.011 – – – – 0.049 – –

Max. 0.187 0.183 – – – – 0.165 – –

Surge (m) Avg. 5.633 5.616 5.572 5.571 – – – – –

RMS 1.364 1.363 1.373 1.459 – – – – –

Min. 1.375 1.359 1.374 1.259 – – – – –

Max. 10.180 10.200 10.110 10.340 – – – – –

Sway (m) Avg. −0.027 -0.006 – – −0.010 – – – –

RMS 0.047 0.056 – – 0.038 – – – –

Min. −0.129 −0.136 – – −0.110 – – – –

Max. 0.096 0.148 – – 0.104 – – – –

Heave (m) Avg. 0.024 0.024 – – – 0.033 – – –

RMS 0.849 0.849 – – – 0.847 – – –

Min. −3.147 −3.147 – – – −3.014 – – –

Max. 3.084 3.084 – – – 3.028 – – –

Note: Columns are organized by which platform degree of freedom is enabled for that case.
aThe average power for an equivalent fixed-bottom turbine is 1.661MW for coupled inflow cases and 1.605MW for prerecorded inflow cases.
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