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ABSTRACT
A passive yaw implementation is developed, validated, and

explored for the WEC-Sim, an open-source wave energy con-
verter modeling tool that works within MATLAB/Simulink. The
Reference Model 5 (RM5) is selected for this investigation, and
a WEC-Sim model of the device is modified to allow yaw motion.
A boundary element method (BEM) code was used to calculate
the excitation force coefficients for a range of wave headings. An
algorithm was implemented in WEC-Sim to determine the equiv-
alent wave heading from a body’s instantaneous yaw angle and
interpolate the appropriate excitation coefficients to ensure the
correct time-domain excitation force. This approach is able to
determine excitation force for a body undergoing large yaw dis-
placement. For the mathematically simple case of regular wave
excitation, the dynamic equation was integrated numerically and
found to closely approximate the results from this implementa-
tion in WEC-Sim. A case study is presented for the same device
in irregular waves. In this case, computation time is increased
by 32x when this interpolation is performed at every time step.
To reduce this expense, a threshold yaw displacement can be set
to reduce the number of interpolations performed. A threshold of
0.01o was found to increase computation time by only 22x with-
out significantly affecting time domain results. Similar ampli-
tude spectra for yaw force and displacements are observed for
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all threshold values less than 1o, for which computation time is
only increased by 2.2x.

INTRODUCTION
Extracting energy from ocean waves presents technical and

practical challenges. Accurately modeling the dynamic response
of a wave energy converter (WEC) prototype can advise design
decisions and improve confidence in computer models of device
physics. The Wave Energy Converter Simulator (WEC-Sim) is
an open-source blockset and support scripts that works within
MATLAB/Simulink using the multibody dynamics solver Sim-
scape Multibody. WEC-Sim allows time-domain modeling of a
user-specified WEC in operational and extreme waves. WEC-
Sim is jointly developed by Sandia National Laboratories and
the National Renewable Energy Laboratory through the Water
Power Technologies Office of the US Department of Energy [1],
and is periodically validated against other codes and experimen-
tal data [2], [3], [4].

Since its release in 2014, updates to the WEC-Sim code have
been driven by the modeling needs of the industry and research
community, often submitted through the WEC-Sim GitHub issue
page [1]. WEC-Sim development has built upon potential flow
modeling approaches by incorporating additional fluid and de-
vice physics of particular importance to WECs such as the inclu-

1 Copyright © 2020 by ASME



sion of viscosity, interaction between WEC bodies [5], weakly
non-linear wave excitation and buoyancy [6], and flexible control
implementations [7], [8], [9]. WEC-Sim is thus a mid-fidelity
time-domain model and maintains a substantially smaller com-
putational expense than high-fidelity computational fluid dynam-
ics models by eschewing direct attempts to solve the Navier-
Stokes Equations [10].

This paper details the development and validation of the pas-
sive yaw implementation in the WEC-Sim code. Like passive
yaw for wind turbines, passive yaw for WECs refers to the wave
force acting on the body to hydrodynamically adjust the WEC’s
yaw orientation relative to the incident waves. This represents an
extension to the small-amplitude motion assumptions presumed
by linear potential flow solution methods. The implementation is
first validated using the mathematically simple case of a yawing
oscillating flap device in regular waves. A case study demon-
strating the utility of the feature is then presented for a more
complex wave state.

IMPLEMENTATION
WEC-Sim models WEC dynamics in the time-domain by

integration of the Cummins time-domain impulse response for-
mulation in 6 degrees of freedom [11]

mẌ = Fexc(t)+Frad(t)+Fpto(t)+Fv(t)

+FME(t)+FB(t)+Fm(t) (1)

where Ẍ is the translational and rotational acceleration vector of
the device, m is the inertia matrix (6 x 6), and the remaining
terms are force/torque vectors (6 x 1) arising from distinct hy-
drodynamic components: Fexc is caused by wave excitation, Frad
is caused by wave radiation, Fpto caused by the power-take-off,
Fv is caused by viscous damping, FME captures additional damp-
ing related to Morison Elements [1], FB is caused by hydrostat-
ics/buoyancy, and finally, Fm is the force/torque vector caused by
mooring forces.

Initial Implementation
Excitation force exerted on the WEC depends on the direc-

tion, magnitude, and frequency of the incident wave field, gener-
ally

Fexc =
N

∑
1

η(t) fexc(ω,β0) (2)

where η is a time-dependent N x 1 vector of wave height in each
of N frequency bins, defined by frequencies ω , and fexc is a com-

plex 6 x N matrix of excitation coefficients for a given WEC rel-
ative yaw displacement β

β = θ −ψ (3)

where θ is the incident wave direction (degrees) and ψ is the de-
vice yaw position. In Eq. 2, β0 implies the initial β in the simula-
tion, where time t = 0. For regular waves, which are monochro-
matic, Eq. 2 simplifies as there is only excitation at a single
frequency (i.e., N = 1).

These excitation coefficients are provided by a frequency-
domain boundary element method (BEM) solver and are an in-
put to the WEC-Sim model. In the original implementation, fexc
were taken at a single β , based on the WEC initial position and
wave heading. This is adequate to model axisymmetric or nearly-
axisymmetric devices (for which fexc is a weak function of β ) or
devices that undergo small yaw displacements but yield model-
ing errors in other cases. A physical device might passively yaw
due to changes in excitation coefficients resulting from chang-
ing relative yaw position. However, this phenomenon will not be
accurately modeled by the initial implementation of WEC-Sim
because the set of fexc coefficients does not change with β . It is
this case that is of interest for this study.

Passive Yaw Implementation
Because only excitation force coefficients vary explicitly

with wave direction, and by extension, relative yaw angle, it is
sufficient to revise Eq. 2 to use fexc coefficients that vary with
instantaneous relative yaw position β

Fexc =
N

∑
1

η(t) fexc(ω,β ) (4)

.
Because WEC-Sim depends on BEM estimates of fexc, mod-

eling accuracy will be enhanced only if fexc are populated for
multiple values of β bounding the range of device motion. How-
ever, because the range of device yaw motion ψ is not known a
priori it is most prudent to calculate fexc over a broad range of
θ (Eq. 3), such that the BEM-provided fexc becomes 6 x N x K,
where K is the number of θ values at which a BEM calculation
was performed. The appropriate values of fexc (Eq. 4) can be
determined at a given instant by linear interpolation in β , over
all N frequencies (for irregular waves) or over a single frequency
(for regular waves) provided that two exceptions are handled.

Firstly, by convention, yaw angles are between -180o and
180o in WEC-Sim, but, depending on the specific code used,
BEM outputs can have various ranges (e.g., 0o to 360o). BEM
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outputs thus must be wrapped to 180o to ensure accurate calcu-
lation. Secondly, because naive linear interpolation is used, the
minimum and maximum BEM outputs must be wrapped when β

falls outside of the range of θ calculated by BEM. In these in-
stances, the appropriate bound of ψ is adjusted to ψnew for the
interpolation as:

ψnew = min(ψ)+360;β > max(ψ) (5)
ψnew = max(ψ)−360;β < min(ψ) (6)

.
This also handles the periodicity of fexc in β with a period

of 360o.
Finally, for particularly large values of N, the number of op-

erations completed at each simulation step can increase markedly
because of this interpolation. However, especially for small sim-
ulation time steps, the change in yaw displacement from the pre-
vious time step is likely to be so small as to be negligible in terms
of the effect on fexc, implying that interpolation is increasing the
computation time without substantially improving accuracy. To
address this, a user-specified threshold ∆β (degrees) was imple-
mented such that interpolation will only be performed at time
step n if significant relative yaw displacement has occurred,

∆β < |βn−βnl | (7)

where nl is the time step at which the last interpolation occurred,
and vertical bars imply an absolute value. Further, because a
certain population of θ values have been pre-calculated by the
BEM code, interpolation is similarly unnecessary at time steps
for which ∆β < |min(βn−θ)| wherein the pre-calculated values
of fexc at the nearest θ are used.

Coordinate Transformation
WEC-Sim computes the system’s equations of motion (Eq.

1) in a fixed global reference frame; the force vectors on the
right-hand side of this equation must be provided in the same
frame. As WEC-Sim is based on linear potential flow theory,
small amplitude motion about a body’s equilibrium position is
typically assumed in the time-domain simulations. However, as
the passive yaw feature may permit large displacements in yaw,
some transformations are necessary to ensure the force vectors
are calculated and returned in the correct reference frame.

The Fexc(t) vector returned by Eq. 4 accounts for the body’s
global yaw angle and the wave heading to determine the correct
relative wave heading. But the fexc(ω,β ) vectors have been com-
puted for the body’s zero-yaw position (i.e. ψ = 0) for various

wave headings and do not account for variations in the body’s
global yaw angle, ψ(t). Hence, Fexc(t) must be transformed
about the z-axis by the body’s global yaw angle to obtain the
excitation force vector in the global frame,

Fexc,global = RyawFexc,local (8)

where

Ryaw =

 cos(ψ) -sin(ψ) 0
sin(ψ) cos(ψ) 0
0 0 1

 . (9)

Similarly, the hydrostatic and radiation forces, FB(t) and
Frad(t) are computed using coefficients calculated for the body’s
equilibrium position, and do not account for large displacements
in yaw. Therefore, the kinematic variables passed to these func-
tions must be transformed from the global frame into the body’s
local frame. The local translational kinematic vectors can be ob-
tained using the transpose of Ryaw

xlocal = RT
yawxglobal (10)

ẋlocal = RT
yawẋglobal (11)

ẍlocal = RT
yawẍglobal . (12)

In WEC-Sim, rotational kinematic variables are expressed
in the Tait-Bryan x-y-z extrinsic convention: φ ,θ ,ψ (roll, pitch,
yaw). To determine the local rotational kinematic vectors, first
the body’s global rotation matrix is obtained from the Tait-Bryan
angles

Rglobal =

 c(θ )c(ψ) -c(θ )s(ψ) s(θ )
c(φ )s(ψ) + s(φ )s(θ )c(ψ) c(φ )c(ψ) - s(φ )s(θ )s(ψ) -s(φ )c(θ )
s(φ )s(ψ) - c(φ )s(θ )c(ψ) s(φ )c(ψ) + c(φ )s(θ )s(ψ) c(φ )c(θ )


(13)

where c and s are short-hand for the cosine and sine func-
tions, respectively, adopted here for readability. Now the dif-
ference between Rglobal and Ryaw yields the body’s orientation
minus its global yaw displacement (i.e. in a local frame):

Rlocal = RT
yawRglobal . (14)

From Rlocal , the Tait-Bryan angles in the local frame are:
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FIGURE 1. RENDERING OF THE RM5 DEVICE.

φ = atan2(−Rlocal [2,3],Rlocal [3,3]) (15)
θ = asin(Rlocal [1,3]) (16)
ψ = atan2(−Rlocal [1,2],Rlocal [1,1]) (17)

where the bracketed values are the row and column indices of the
specified matrix. The same process is applied to obtain rotational
velocity and acceleration in a local frame. These variables are
then passed to WEC-Sim’s hydrostatic and radiation functions,
which calculate FB(t) and Frad(t) in a local frame. Hence, the
same transformation as shown in Eq. 8 must be performed on
these vectors:

FB,global = RyawFB,local (18)
Frad,global = RyawFrad,local (19)

noting that Ryaw is an orthogonal matrix.

VALIDATION
A simplified version of the Reference Model 5 (RM5) os-

cillating surge device was selected for validation of the passive
yaw implementation [12]. The RM5 is a shallow-water flap-type
pitching device fixed to the sea-bed (Figure 1).

For this validation study, the device was fixed in pitch,
and instead allowed to oscillate about a central vertical axis in
yaw. While this is clearly impractical for energy extraction, this
greatly simplifies device dynamics and allows the WEC-Sim im-
plementation (Figure 2) to be compared to an intuitive numerical
solution. Mooring forces Fm and buoyancy forces FB do not act in
the yaw direction. Further, we neglect additional viscous losses
Fv and oscillatory forcing from Morison’s equation, FME . Thus,
Eq. 1 simplifies to

FIGURE 2. WEC-SIM MODEL OF THE SIMPLIFIED RM5 DE-
VICE. THE CONSTRAINT FIXES THE BASE TO THE SEA FLOOR,
WHILE THE PTO ALLOWS YAW MOTION BETWEEN THE BASE
AND FLAP.

mẌ = Fexc(t)+Frad(t)+Fpto(t). (20)

To further simplify dynamics, the device was simulated in a
regular wave field, and Fpto was prescribed as a linear damping.
At this single frequency, the inertial and viscous components of
Frad are constant, and can be summed with the static inertia m
and Fpto, respectively. Finally, as the device is only allowed to
actuate in yaw, only the yaw degree of freedom is considered.
Under these conditions, the dynamics simplify to

Mẍ+Dẋ = fexc(ω0,β )Acosω0t (21)

where M is the combined (added and static) inertias in yaw, D is
the combined (radiation and PTO) damping, and x refers to the
yaw displacement. The exciting wave has an amplitude of A (m)
and a frequency of ω0 (rad/s), at which all relevant parameters
have been evaluated (Table 1).

The BEM code WAMIT was used to estimate fexc over a
range of 0 to 350o at 10o intervals at ω0 [13]. By inspection of
Figure 3, it is observed that the yaw excitation coefficient varies
significantly in a sinusoidal manner with a repeat period of 180o,
which is expected given the symmetry of the flap.
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TABLE 1. PARAMETER VALUES USED IN VALIDATION SIMU-
LATION.

D 2.905e5 N-m-s

M 2.940e7 kg m2

ωo 7.854e-1 rad/s

A 1.250 m

FIGURE 3. BEM-ESTIMATED EXCITATION COEFFICIENTS
FOR THE RM5 DEVICE IN YAW FOR A WAVE PERIOD OF 8 SEC-
ONDS.

If BEM data are approximated by their nearest sinusoid
[noting that, at this frequency, ℜ fexc(ωo) >> ℑ fexc(ωo) ], then
Eq. 21 becomes

Mẍ+Dẋ = Bsin(
2ψπ

180
)Acosω0t

where B is one-half the range of the excitation coefficients at this
frequency. This equation has the recognizable form of a decay-
ing oscillator with amplitude-modulated forcing. Thus, the solu-
tion can be anticipated to be the superposition of the amplitude
modulation frequency and the wave excitation frequency. Due to
the simplicity of this hydrodynamic model, this can be integrated
numerically (e.g., using MATLAB ODE45) as a close approxi-
mation to the WEC-Sim model. An initial yaw position of 0o

and a yaw velocity of 0o/s were used as initial conditions, with
an incident wave direction of 10o and an integration time step of
0.01 s.

We see that the WEC-Sim model agrees closely with the
ODE45 approximation, and has the expected features (Figure 4).
The longer period oscillation (∼ 75 s) corresponds to the decay
period of the yawing flap, while the shorter period oscillations
(8 s) are the direct wave excitation. In accordance with physical
intuition, the relative flap yaw goes to zero over time, aligning

FIGURE 4. A COMPARISON OF THE PASSIVE YAW IMPLE-
MENTATION IN WEC-SIM WITH AN ODE45 APPROXIMATION.

FIGURE 5. YAW EXCITATION FORCE AS DETERMINED BY
THE WEC-SIM PASSIVE YAW IMPLEMENTATION.

with the wave direction. The excitation force in yaw calculated
by WEC-Sim is also plotted as a check of the implementation,
since the passive yaw modifications directly affect Fexc (Figure
5). The excitation force is smooth and continuous, suggesting
that the interpolation scheme utilized for fexc coefficients does
not cause numerical stability issues.

By comparison, the initial implementation (without passive
yaw adjustment of fexc) was run under otherwise identical con-
ditions (Table 1). Yaw position results for this run are shown as
Figure 6. There is no decay of the relative yaw position to align
with the incident wave, only an oscillation at the frequency of
wave excitation. This highlights the limitations of the initial im-
plementation and the need for adjustment of fexc under large yaw
displacements.
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FIGURE 6. YAW POSITION RESULT OF THE INITIAL IMPLE-
MENTATION.

CASE STUDY
The passive yaw implementation was investigated under the

more mathematically complex case of irregular waves for which
the more general Eq. 20 describes system dynamics. WAMIT
was run again for ω ranging from 0.04 rad/s to 20 rad/s in steps
of 0.04 rad/s to provide estimates of fexc over the range of yaw
angles. This test was conducted with and without passive yaw
correction for five different values of ∆β to explore the effect
on output and computation time (Eq. 7). A Pierson-Moskowitz
spectrum with a significant wave height of 2.5 m and a peak pe-
riod of 8 s was selected for study, as yaw excitation coefficients
at this period are large for the modified RM5 device [14] [1]. To
prevent large transients related to the initialization of the model,
the amplitude of the simulated wave field was linearly increased
to the prescribed level over 100 s, and the device was simulated
for 400 s. Results are shown for the last 300 s of the test, after
the wave amplitude reached the prescribed value.

The outputs of position and excitation force in yaw are con-
sidered in the time (Figures 7 and 8) and frequency domains (Fig-
ures 9 and 10). Amplitude spectra were determined from the de-
trended time domain output by taking the absolute value of twice
the Fourier transform over the positive frequencies. The median,
range, and variance are also determined for each quantity to con-
sider statistical agreement (Table 2).

Significantly different dynamics are observed between the
passive yaw and initial implementations in the time domain (Fig-
ure 7). Cases for which fexc interpolation occurs predict a much
larger range of flap positions, while non-interpolating cases stay
near the initial yaw angle of 10o (Table 2). Dynamics from the
largest ∆β run are identical to the initial implementation: be-
cause β never exceeds 5o, interpolation to update fexc is never
actually performed. In contrast, computation time increases
markedly for ∆β = 0o over ∆β = 0.01o due to interpolation
occurring at every time step, while the time-domain results are

FIGURE 7. POSITION OUTPUT WITH AND WITHOUT PAS-
SIVE YAW FOR SEVERAL VALUES OF ∆β UNDER IRREGULAR
WAVE EXCITATION. NOTE THAT ∆β = 0.01o IS OVERLAID BY
∆β = 0o, AND NO PASSIVE YAW IS OVERLAID BY ∆β = 5o.

FIGURE 8. YAW EXCITATION OUTPUT WITH AND WITHOUT
PASSIVE YAW FOR SEVERAL VALUES OF ∆β UNDER IRREGU-
LAR WAVE EXCITATION. COLORS MAP IN THE SAME MANNER
AS FIGURE 7.

nearly indiscernible (Table 2, Figure 7). Time-domain results for
∆β = 0.1o are also characteristically similar, showing a gradual
decay to β = 0. However, time-domain results for ∆β = 1 do
not show this decay. A large disagreement for ∆β values above
a certain size is unsurprising, as the integration of Eq. 20 will
depend on non-constant Fexc, implying that small differences at
each time step from differences in interpolated instantaneous ex-
citation coefficients will propagate forward through the simula-
tion. The ∆β values for which these characteristically distinct
dynamics occur were found to also depend the phase realization
of the exciting irregular wave (not shown). This suggests that a
non-zero, but small, value of ∆β is the ideal selection to avoid
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TABLE 2. STATISTICAL SUMMARY OF CASE STUDY SIMULATION.

No Passive Yaw ∆β = 5o ∆β = 1o ∆β = 0.1o ∆β = 0.01o ∆β = 0o

Computation Time (s) 107 201 227 345 1416 3422

Median ψ (o) 0.04 0.04 9.46 9.30 9.67 9.67

Variance ψ (o2) 0.50 0.50 96.53 11.53 9.40 9.30

Range ψ (o) 4.03 4.03 34.87 17.14 14.83 14.75

Median Fexc, yaw (N-m) 3.78e4 3.78e4 -0.91 24.14 -893.53 -885.84

Variance Fexc, yaw (N-m)2 3.51e11 3.51e11 3.11e11 3.79e10 3.14e10 3.11e10

Range Fexc, yaw (N-m) 3.24e6 3.24e6 3.27e6 1.72e6 1.59e6 1.59e6

the negative effects of either extreme. Several values should be
attempted for several phase realizations (in the case of irregular
waves) to ensure that the output dynamics are reasonable.

Similar conclusions can be drawn from inspection of time-
domain force outputs (Figure 8). The largest force peaks corre-
spond to ∆β = 1o, indicating that though interpolation was occur-
ring, it was too infrequent to capture the decaying trend present
for smaller values of ∆β .

The position amplitude spectra indicates that all but the
largest ∆β value (for which no interpolation occurred) are cap-
turing similar physics (Figure 9). When no interpolation occurs,
only the frequencies corresponding to the wave excitation band
show elevated amplitudes. In all interpolating cases, however,
amplitudes at low frequencies are elevated, capturing the passive
yaw motion. High frequencies (those greater than the largest ex-
citing wave frequency) are also elevated. The frequency content
of these interpolating cases are all similar over the frequencies
of interest, though ∆β = 1 [ dynamically distinct, (Figure 7)]
shows elevated frequency content relative to all other cases. This
suggests that adequate frequency domain agreement could po-
tentially be obtained for larger values of ∆β than those yielding
time-domain agreement.

The force amplitude spectra (Figure 10) cases for which in-
terpolation occurs are less distinct from the cases without passive
yaw than the position spectra. Excluding ∆β = 1o, all interpolat-
ing cases show generally reduced amplitudes across all frequen-
cies. This is unsurprising, as the magnitude of force excitation
coefficients are reduced with the relative yaw angle (Figure 3),
and all of these cases are decaying in the time domain. Con-
versely, ∆β = 1o, which sees the largest relative yaw angles, has
the highest amplitudes of any case at low frequencies but other-
wise behaves similarly to the baseline no passive yaw case.

Inspecting Table 2, the computation time increases with de-
creasing ∆β . Even for ∆β = 5o, where no interpolation occurred,
computation time is nearly 2x of that for no passive yaw. Me-
dian yaw position is zero for cases without interpolation and ap-
proaching the incident wave heading (10o) for all others. For

FIGURE 9. AMPLITUDE SPECTRA OF POSITION WITH AND
WITHOUT PASSIVE YAW FOR SEVERAL VALUES OF ∆β UNDER
IRREGULAR WAVE EXCITATION. COLORS MAP IN THE SAME
MANNER AS FIGURE 7.

∆β = 1o, the variance of range and position is significantly over-
estimated: the variance and range of the no passive yaw case is
a more accurate estimate. In all cases, the median force should
be near zero. Relative to the range of forces experienced, this is
true, though all interpolating cases are nearer to zero than no pas-
sive yaw. Similarly, the variance of excitation force is reduced by
an order of magnitude for all interpolating cases except ∆β = 0.

Collectively, this suggests that selection of ∆β should con-
sider simulation objectives. If time-domain sensitive quantities
are under investigation, for instance, for the maximum loads ex-
perienced for a specific excitation time-series, then small values
of ∆β must be used. However, study objectives pertaining only
to frequency-domain or statistical metrics can be modeled accu-
rately at larger values of ∆β . It is insufficient to merely show that
∆β is sufficiently small such that interpolation is occurring. In-
termediate values of ∆β (in this case, ∆β = 1o) resulting in infre-
quent interpolation yielded substantially different dynamics than
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FIGURE 10. AMPLITUDE SPECTRA OF YAW EXCITATION
LOAD WITH AND WITHOUT PASSIVE YAW IMPLEMENTATION
FOR SEVERAL VALUES OF ∆β UNDER IRREGULAR WAVE EX-
CITATION. COLORS MAP IN THE SAME MANNER AS FIGURE
7.

smaller values, and poorer statistical estimates than runs without
interpolation. The ideal value of ∆β will depend additionally on
the device under consideration, but a reasonable estimate could
likely be made by inspecting a plot of excitation coefficients as
a function of relative yaw angle at excited frequencies, like that
in Figure 3. If fexc is a strong function of β , smaller values of
∆β will be necessary. Finally, in all cases with irregular waves,
multiple phase realizations should be attempted to understand the
possible characteristics of time domain behavior to advise the se-
lection of appropriate values of ∆β .

CONCLUSION
The implementation of passive yaw in WEC-Sim allows the

accurate modeling of WEC devices for which wave excitation is
a strong function of yaw angle. Effective use of this code update
requires estimates of excitation coefficients over the range of ob-
served yaw angles at a resolution sufficient to resolve the features
of the yaw-dependent excitation. These pre-calculated estimates
form the basis for an interpolation of excitation coefficients at
time-varying yaw positions. To avoid exorbitant computation
times that do not offer commensurate increases in modeling ac-
curacy, it is necessary to prescribe a minimal yaw disturbance
∆β above which interpolation is performed that is non-zero but
sufficiently small to capture the important variations in excitation
coefficients with yaw. Ideal values of this parameter are likely to
be device- and study-specific, but inspecting the gradients of ex-
citation coefficient over yaw angles for excited frequencies offers
insight. Further, because time-domain behavior is a convolution
involving all previous fexc coefficients, except very small values
of ∆β , variations in ∆β or other simulation parameters (e.g., the

wave ramp time) can cause large variations in time-domain re-
sults. However, the results are expected to be representative of
actual device physics in the frequency domain and in a statistical
sense for sufficiently small selections of ∆β , provided estimates
of excitation coefficients are available over the range of observed
yaw angles. An iterative selection of ∆β that, for irregular waves,
involves multiple phase realizations is recommended.
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