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A B S T R A C T

Laboratory experiments were carried out to quantify the effect of small-amplitude, passive oscillations of a
model wind turbine in the structure of the unsteady motions, wake statistics, and mean power output and
associated fluctuations at various yawing 𝛽 ∈ [0𝑜, 30𝑜] every 𝛥 𝛽 = 5𝑜. Planar particle image velocimetry was
used to characterize the flow statistics, and power output was measured at high temporal resolution. Scenarios
with a fixed turbine were included to aid insight into the coupled and separated effects of passive oscillations
and yawing. Unsteady pitch motions, dominant of the system dynamics, were more predominant at small
but non-zero yaw of 𝛽 ≈ 5𝑜. The spectral structure of the oscillations showed that the unsteady roll motions
contributed substantially under high yawing. Using basic concepts, we derived a formulation for the turbine
oscillation spectrum that shows good agreement with measurements; it serves as a base to include other input
modulation types. The power output decreased monotonically with 𝛽 in the fixed and oscillating turbines,
which was more distinct for 𝛽 > 15𝑜. Passive oscillations produced higher power for given yaw. A simple
yaw-correction of the structure of the power output also showed reasonable agreement with measurements.
Finally, mean velocity in the wake of the fixed and oscillating turbines exhibited minor differences for a given
yawing. However, the turbulence levels showed distinct changes of turbine motions in the degree of symmetry
and magnitude for given yaw.
1. Introduction

Wind energy plays an essential role in the global energy portfolio;
it is one of the most promising technologies [1]. Wind turbines have
been experiencing a monotonic increase in size and power capacity,
with trends pointing toward offshore floating settings [2,3], notably, in
deep-sea conditions characterized by comparatively higher and more
consistent winds [4,5]. Given that advantageous land-based wind en-
ergy is becoming scarce, offshore offers vast possibilities with enor-
mous energy potential [6]. However, it brings numerous engineering
challenges that are not well understood.

Quantification of the loads and unsteady forcing on floating tur-
bines is crucial in the systems’ engineering design and life span. The
coupled wind-wave forcing on floating wind turbines may result in
excessive translational (heave, sway, and surge) and rotational (yaw,
pitch, and roll) motions [7]. Control strategies have been of par-
ticular interest in floating platforms to mitigate oscillations [8–10]
in complex environmental conditions [11,12]. Bayati, Belloli, Ferrari,
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Fossati, and Giberti [13] used a six-degrees-of-freedom platform for
studying floating-like turbines in a wind-tunnel environment; they
discussed kinematic and dynamic aspects of architectures. Recent nu-
merical efforts have focused on aerodynamic characteristics of floating
offshore wind turbines (FOWTs) under simple motions, including, for
instance, surge and pitch [14–18]. The effects of multiple motions on
the dynamic response and wake characteristics of the FOWTs is also
receiving attention [19,20]. Still, the unsteady aerodynamics and loads
on FOWTs are open, complex problems.

Various studies have shown that the unsteady loads on turbine
blades are substantially modulated by the frequency and amplitude
of platform motions [21–24]. Surge motion, in particular, can con-
tribute to widening the range of aerodynamics force, power output,
and flow field around the rotor of offshore floating wind turbines [25–
28]. Numerical simulations on the unsteady aerodynamics of turbine–
platform systems considering pitch and surge motions [29,30] have
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Fig. 1. (a) Basic schematic of the experimental setup illustrating the hotwire and PIV upwind and downwind of the turbine and the spring at the base of the turbine that allows
tower oscillations, (b) top view.
shown asymmetric and complicated turbine wakes, which, in turn,
alter the power and thrust [31]. Recently, Lei, Su, Bao, Chen, Han,
and Zhou [20] explored the wake characteristics of a floating vertical
axis wind turbine under platform’s pitch and surge motions using
numerical simulations and noted that pitch motion could alter the
wake in various ways. Experimental studies [32–34] on wind turbines
undergoing motions have offered valuable insights. Oguz, Clelland,
Day, Incecik, Lopez, Sanchez, and Almeria [35] combined experiments
and numerical simulations using FAST of the so-called Iberdrola TLP
wind turbine concept under representative wind and wave conditions.
They showed that numerical simulations are challenged to predict the
platform response accurately. Rockel, Camp, Schmidt, Peinke, Cal, and
Holling [36] performed wind tunnel experiments to characterize the
influence of platform motions and compared four wake models. They
noted that platform pitch induced an upward shift in the flow and
departures between the model predictions and experiments. Sebastian
and Lackner [37] performed multiple-DOF simulations of floating tur-
bines; they identified various operating modes that may lead to distinct
rotor-wake interactions and pointed out that aerodynamics triggered by
platform motions may be significant and should be explored. Recently,
Fu, Jin Zheng and Chamorro [38] studied the power output and wake
fluctuations of a wind turbine undergoing a variety of forced periodic
pitching and roll motions. They showed significant changes in the wake
at the turbine symmetry plane and changes in the mean power output
with moderate tower oscillations due to a relative gain from the cube
of the relative incoming velocity impinging the rotor in the pitching
and a momentum replenish in the rolling.

Despite the progress made to advance the technology and under-
stand the impact of platform motions on the power output and related
aerodynamics [39–41], the underlying physics of the problem remains
obscure. Uncovering the dominant factors modulating the unsteady
loading, aerodynamics, and performance of wind turbines exposed to
motions, is crucial to predict the oscillations and performance of the
2

structures and, therefore, a precursor to optimize the turbine design
and operation across various flow environments and yaw misalign-
ments. Indeed, FOWT dynamics involve the coexistence of multiple
processes that pose numerous engineering challenges. Assessment of
issues with reduced complexity allows gaining fundamental and prac-
tical insight. This investigation points in that direction and follows
our previous work that used turbines forced to oscillate in a specific
fashion [38]. Now, we have relaxed the motions of the turbines with
passive oscillations and provided a base framework and a formulation
towards addressing a variety of problems. The passive oscillations
using carefully-selected spring stiffness provide oscillation amplitude
comparable to the barge- and spar-buoy-based floating units. The tested
turbine, the small oscillations, and the formulation allow understanding
of the coupled interaction between flow, turbine, and oscillations. It is
important to stress that much work is needed to uncover the various
physics involved.

Here, we explored the power output fluctuations, wake and multi-
scale oscillations of a wind turbine under various conditions experimen-
tally and proposed models in the spectral domain for the power output
and turbine motions. The experimental setup is described in Section 2,
results and discussion are provided in Section 3, and main remarks are
given in Section 4.

2. Experimental setup

A series of wind-tunnel experiments are performed to characterize
and quantify the mean power output and the structure of the power
fluctuations, wake, and motions of a model turbine able to oscillate
under a turbulent boundary layer (TBL) passively.

The Eiffel-type wind tunnel of the University of Illinois at Urbana-
Champaign′s Renewable Energy & Turbulent Environment Group has
a test section of 0.91 m wide, 0.45 m high and 6.1 m long. Details on
this facility can be found in Adrian, Meinhart, and Tomkins [42]. The
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ceiling is fully adjustable along the test section’s span to control the
pressure gradient, which is set to nearly zero during the experiments.
An active turbulence generator located at the beginning of the test
section induced broadband turbulence containing an inertial subrange
spanning two decades. The turbulence generator has a series of vertical
and horizontal rods with rectangular elements, which rotated at a
frequency of 0.1 Hz using stepper motors; additional details of the
turbulence generator can be found in Jin, Ji, Liu, and Chamorro [43].
Surface roughness consisting of 5 mm bulk-diameter chains was also
placed every 0.2 m along the span of the test section [38] to help
develop the TBL.

The model wind turbine is based on a reference model from Sandia
National Laboratory [44,45]. The nacelle and blades were 3D printed
with an Objet Eden 350 machine at the University of Illinois Rapid-
Prototyping Lab. The turbine weight 𝑚1 = 0.016 kg and the base tower
weight 𝑚2 = 0.010 kg resulted in a moment of inertia of 𝐼 ≈ 3 × 10−4

kg m2. The 3-bladed rotor has a diameter of 𝑑𝑇 = 120 mm, and the
hub height is 𝑧ℎ𝑢𝑏 = 120 mm [46]. A Precision Micro-drives 112-001
Micro Core 12 mm was used as the loading system, which resulted
in a rated power 𝑃0 ∼ 1 W. Turbine power output was measured
directly from the terminals of the DC motor at 1 kHz frequency for
a total sampling time 𝑇𝑠 = 300 s. The power measurement had a
correlation time scale of 𝑇𝑐 = 0.65 s, which results in a measurement
uncertainty 𝜎𝐸∕𝑃 =

√

2𝑇𝑐∕𝑇𝑠𝜎𝑃 ∕𝑃 ≈ 3 × 10−3 for the zero-yaw fixed
case, where 𝜎𝐸 , 𝑃 and 𝜎𝑃 are the uncertainty in the mean value,
measured mean power and the root mean square of the measured power
fluctuations. The turbine operated at a tip-speed ratio of 𝜆 = r𝜔/Uℎ𝑢𝑏 ∼
5, where 𝜔 is the angular velocity of the rotor; this is on the order of
observed in utility-scale wind turbines [47]. Additional characteristics
quantities of the turbine can be found in Tobin N., Hamed A.M. and
Chamorro L.P.[48]. The measured power coefficient for the turbine
is 𝐶𝑝 ∼ 0.11. This value is due to the efficiency of the generator
(approximately 20% at the rotational speeds during the runs) and not
indicative of the aerodynamic performance of the rotor [48]. It is worth
pointing out that the model turbine can mimic the structure of power
output fluctuations representative of full-scale units, as demonstrated
by Tobin, Zhu, and Chamorro, [49].

The turbine was mounted over a torsional spring to allow passive
oscillations. The spring stiffness was selected such that it produced
moderate motions with oscillation amplitude comparable to barge- and
spar-buoy-based floating wind turbines [22,50,51]; as well as the mean
turbine pitch inclination of 𝛼0 ≈ 10◦ in the streamwise direction for the
flow condition chosen. It was 0.27 Nm per degree in the pitch direction
and ≈1.7 Nm per degree in the roll direction (henceforth base torsional
spring). With this spring selection, turbine thrust coefficient 𝐶𝑇 is esti-
mated to be 0.62 using the wake deficit from PIV measurements, which
is in line with those reported in Barone et al. [52] and Tobin et al. [53],
but slightly lower than 𝐶𝑇 = 0.8 indicated by Barthelmie et al. [54] for
offshore wind turbines. As a complement, we also explored the effect
of another torsional spring of higher stiffness, 0.32 Nm and 1.7 Nm
per degree, in the streamwise and transverse directions for selected
cases. The characterization of the power output, wake and turbine
oscillations turbine were characterized under various yaw angles of
𝛽 ∈ [0◦, 30◦] every 𝛥𝛽 = 5◦. Similar characterization was performed
with fixed turbines operating under the same mean inclination of 10◦

to aid insight into the effect of passive oscillations. A basic schematic
of the setup illustrating the passive mechanism at the turbine base is
shown in Fig. 1.

The mean incoming velocity at the turbine hub height was set to
Uℎ𝑢𝑏 = 8.65 m s−1, where the TBL is characterized by a friction velocity
of 𝑢∗ ≈ 0.55 m s−1, a roughness length 𝑧𝑜 ≈ 0.12 mm, and a thickness
𝛿∕𝑧ℎ𝑢𝑏 ≈ 2. The velocity is inferred from hotwire anemometry within
±0.6%. The resulting Reynolds number was 𝑅𝑒 = 𝑈ℎ𝑢𝑏𝑑𝑇 ∕𝜈 ≈ 7 × 104,
where 𝜈 is the kinematic viscosity of air. The selected conditions allow
for wake statistics with a reasonable 𝑅𝑒 independence [55,56] and were
used for studying the dynamics at the array scale [57]. Fig. 2 shows
3

Fig. 2. Basic features of the incoming boundary layer. (a) Mean velocity 𝑈∕𝑈ℎ𝑢𝑏, (b)
turbulence intensity 𝜎𝑢∕𝑈ℎ𝑢𝑏, (c) non-dimensional, kinematic shear stress −𝑢′𝑣′∕𝑈 2

ℎ𝑢𝑏.
The horizontal, dashed lines indicate the hub height of the turbine.

non-dimensional vertical profiles of the incoming flow 𝑈∕𝑈ℎ𝑢𝑏, turbu-
lence intensity 𝜎𝑢∕𝑈ℎ𝑢𝑏 and kinematic shear stress −𝑢′𝑣′∕𝑈2

ℎ𝑢𝑏; here, 𝜎𝑢
is the standard deviation of the streamwise velocity fluctuations.

The wind turbine’s passive oscillations were tracked with a small,
low-weight telemetry placed at the base at a sampling frequency of 𝑓𝑠 =
256 Hz for periods of 90 s The sensor uses a combination of 3-axis gyro-
scope and 3-axis accelerometer of 16 bits and 12 bits, with uncertainties
of 0.07◦ s1 and 0.02 m s2; see Hamed, Jin, and Chamorro [58] for
additional details on the telemetry. The wind turbine power output was
obtained at a sampling frequency of 10 kHz for periods of 120 s using
a Measurement Computing USB-1608HS datalogger. It was calculated
from the applied resistance and the voltage across the generators’
terminals as measured with a data acquisition system (DAQ).

A planar particle image velocimetry (PIV) system from TSI was used
to characterize the flow statistics of the turbine wake in a wall-parallel
plane coincident with the rotor axis. The field of view (FOV) covered
a region within 𝑥∕𝑑𝑇 ∈ [2, 5] and 𝑦∕𝑑𝑇 ∈ [−0.8, 0.8] (i.e., 𝛥𝑥 × 𝛥𝑦 =
360 mm × 192 mm), where the origin of the coordinate system was
coincident with the center of the rotor. Illumination was provided by
a 1 mm thick laser sheet from a 250 mJ/pulse double-pulsed laser
(Quantel). Olive oil droplets of 1 μm were ejected by several Laskin
nozzles placed upwind of the wind tunnel inlet to seed the flow. Two
thousand image pairs at a frequency of 1 Hz were collected using an
8 MP (3320 pixels × 1560 pixels), 16 bit frame-straddle CCD camera
for all the cases. The image pairs were interrogated with a recursive
cross-correlation method using Insight 4G software package from TSI.
The final interrogation window was 24 × 24 pixels with 50% overlap,
resulting in a final vector grid spacing of 𝛥𝑥 = 𝛥𝑦 = 1.4 mm. Accounting
for effects including minor camera misalignment, camera resolution,
laser light sheet alignment and PIV processing, the resulted freestream
velocity error had a standard deviation of ≈ 1.2 × 10−2𝑈ℎ𝑢𝑏 [59–
61] for the current PIV setup. Complementary hotwire (CTA mode)
measurements were performed to characterize the incoming flow at the
rotor axis at a high temporal resolution with frequency sampling of 𝑓
= 10 kHz for measurement periods of 120 s; see additional details in
Jin, Liu, Aggarwal, Singh, and Chamorro [62].

3. Results and discussion

This section discusses the impact of the turbine passive oscillations
on the mean power output, structure of the power fluctuations, wake
statistics and characteristics of the turbine oscillations for various yaw
angles.

3.1. On the passive wind-turbine oscillations

As a step towards characterizing the effect of turbine unsteady
oscillations on the power output and wake for various yawing, we



Applied Energy 311 (2022) 118608B. Zhang et al.
Fig. 3. Standard deviations of the turbine pitch, 𝜎𝜃𝑃 , and roll, 𝜎𝜃𝑅, angles as a function
of the yaw angle, 𝛽.

quantified the dominant unsteady pitch and roll motions induced by
the mean flow and turbulence.

First, a bulk quantification of the turbine oscillations can be ob-
tained with the standard deviation of the pitch (𝜎𝜃𝑃 ) and roll (𝜎𝜃𝑅)
motions, which are shown in Fig. 3 for 𝛽 ∈ [0◦, 300] every 𝛥𝛽 =
5◦. Here, the instantaneous pitch and roll angles are obtained by
integrating the angular velocities inferred from the wireless sensor.
The associated motions exhibited small-amplitude fluctuations around
the inclination equilibrium with the maximum oscillating amplitude
roughly bounded by 2◦; this left a comparatively minor signature on
the power output and flow recovery on the wake, as discussed later.

Promoted by the configurations studied, the pitch motion domi-
nated the turbine dynamics. Interestingly, it was more predominant
at small but non-zero yaw of 𝛽 ≈ 5◦. The increase of yaw angle led
to a gradual decrease of pitch fluctuations and an increase in roll
oscillations. Such phenomenon is explored by inspecting the spectra of
the angular velocity of the pitch and roll motions, 𝛷�̇� , shown in Fig. 4
for the turbine with the two torsional springs at the base under no yaw
(𝛽 = 0◦) and 𝛽 = 30◦. The first-order natural frequency of pitch and roll
motions is denoted by 𝑓𝑃 and 𝑓𝑅. At a small yaw angle (Fig. 4a,c), the
maximum energy occurred at 𝑓 → 𝑓𝑃 , i.e., pitch motion was dominant.
However, with the yaw angle increasing to 𝛽 = 30◦ (Fig. 4b,d), the
maximum energy occurred at 𝑓 → 𝑓𝑅, indicating the comparatively
high contribution of the roll motion to the energy of the fluctuations.
It is worth noting that such a phenomenon occurred for the turbine
with the two torsional springs.

Close inspection of the constitutive equation of the wind turbine
oscillations in the spectral domain provides insight into the role of
turbulence in turbine motions. The structure of the fluctuations about
a fixed axis can be described by:

𝐼�̈� =
𝑛
∑

𝑖=1
𝑀𝑖, (1)

where 𝐼 is the moment of inertia of the wind turbine, 𝛼 is the angle
relative to its original position, and 𝑀𝑖 is the 𝑖th external torque. In this
case, the gravity acting on the wind turbine assembly, the wind load,
the restoring force from the spring, and system damping contribute to
𝑀𝑖. Therefore, Eq. (1) can be expressed as

𝐼�̈� = 𝑇𝐿 + 𝑚1𝑔𝐿𝑠𝑖𝑛(𝛼) +
1
2
𝑚2𝑔𝐿𝑠𝑖𝑛(𝛼) − 𝑘𝛼 − 𝐶�̇� (2)

where 𝑇 = 𝐶0𝐶𝑇
1
2𝜌𝐴𝐸𝑣2 is the thrust force, 𝐶𝑇 ≈ 0.8 is the thrust

coefficient [63,64], 𝜌 is the air density, 𝐴𝐸 = 𝜋𝑑2𝑇 ∕4𝑐𝑜𝑠𝛽 is the effective
swept area of the turbine rotor, 𝑚1 is the mass of the wind turbine,
𝑚2 is the mass of the tower, 𝑔 is the acceleration of gravity, 𝐿 is the
tower length, 𝑘 is the stiffness of torsional spring, and 𝐶 is the system
damping; 𝐶0 is a characteristic parameter of the effective trust force,
which is discussed next.
4

Fig. 4. Spectra of the angular velocity, 𝛷�̇� , for the model wind turbine with the base
torsional spring at yaw angles 𝛽 = (a) 0◦ and (b) 30◦. Spectra with the stiffer torsional
spring at yaw angles 𝛽 = (c) 0◦ and (d) 30◦.

Fig. 5. Comparison of the modeled (red-colored) and measured (black-colored) spectra
of the turbine oscillations 𝛷�̇� with the base torsional spring at yaw angles, (a) 𝛽 = 0◦,
(b) 𝛽 = 30◦. Same comparison with the stiffer torsional spring at yaw angles (c) 𝛽 = 0◦,
(d) 𝛽 = 30◦. The velocity spectrum of the incoming flow shown in (a) and (c) with
blue color.

The Fourier transform of Eq. (2) gives:

 (𝛼) =
𝐶𝑇
𝐼

𝐶0 (𝑣2)
𝑘∕𝐼 − (2𝜋𝑓 )2 − 𝑚𝑔𝐿∕𝐼 + 𝑖2𝜋𝑓𝐶∕𝐼

(3)

Noting that 𝐶𝑇 = 1∕2𝐶𝑡𝜌𝐴𝐸𝐿, 𝑘∕𝐼 = (2𝜋𝑓𝑛)2, where 𝑓𝑛 is the natural
frequency of pitch motion, and 𝑚 = 𝑚1+

1
2𝑚2, then, the angular velocity

fluctuations of the oscillating turbine are given by

 (𝑑𝛼 ) =
𝐶𝑇 2𝜋𝑖𝑓𝐶0 (𝑣2)

(4)

𝑑𝑡 𝐼 (2𝜋𝑓𝑛)2 − (2𝜋𝑓 )2 − 𝑚𝑔𝐿∕𝐼 + 2𝜋𝑖𝑓𝐶∕𝐼
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Fig. 6. Normalized power output, 𝑃∕𝑃0, and power change 𝛥𝑃 = 𝑃𝑜𝑠𝑐−𝑃𝑓𝑖𝑥𝑒𝑑

𝑃𝑓𝑖𝑥𝑒𝑑
, of the fixed

turbines and those under small-amplitude, passive oscillations.

The turbine’s angular velocity spectrum can then be written as follows:

𝛷�̇� = (
2𝜋𝐶𝑇
𝐼

)2
𝐶0

2𝑓 2 (𝑣2)

[(2𝜋𝑓 ′
𝑛)2 − (2𝜋𝑓 )2]2 + ( 2𝜋𝐶𝑓

𝐼 )2

= | (𝑣2)|2𝑄(𝑓 )

(5)

where 𝑓 ′
𝑛 =

√

(𝑓𝑛)2 −
𝑚𝑔𝐿
4𝜋2𝐼 is the natural frequency of pitch motion

around its inclined equilibrium, which includes the influence of gravity
and spring stiffness.

The transfer function for the wind turbine oscillation is 𝑄(𝑓 ) =
( 2𝜋𝑓𝐶𝑇

𝐼 )2𝐶0
2{[(2𝜋𝑓 ′

𝑛)
2 − (2𝜋𝑓 )2]2 + (2𝜋𝑓𝐶∕𝐼)2}−1. For 𝑓 → 0, 𝑄(𝑓 ) ∝

𝑓 2, whereas for 𝑓 → ∞, 𝑄(𝑓 ) ∝ 𝑓−2. It is worth pointing that for
𝑓 → 𝑓𝑛, 𝑄(𝑓 ) is maximum, resulting in the well-known resonance.
This corresponds to the natural frequency obtained in Fig. 4 for the
two spring scenarios across 𝛽.

The coefficient 𝐶0 is needed to estimate 𝛷�̇� . Unlike in a fixed
turbine, the turbulent energy from the incoming flow is transferred and
reflected into several components of the oscillating turbines, namely,
the power output fluctuations, rotor, and dynamics of the wind turbine.
The bulk parameter 𝐶0 accounts for the effective trust force that leads
to the turbine pitch motions. Comparison of the modeled, based on
Eq. (5), and measured spectra of the turbine pitch oscillations at various
yaw angles is illustrated in Fig. 5. The incoming flow measured with
hotwire is used as input for all cases shown in Fig. 5a,d. There, the
transfer function 𝑄(𝑓 ) is included for reference. The results indicate
that 𝐶0 ≈ 0.39; the dynamic predicted by the proposed analytical
model shows an appropriate agreement with the experimental data.
It is worth noting that 𝐶0 remains a constant across all 𝛽, indicating
that the portion of energy from incoming flow fluctuation inducing
the turbine pitch motion was not substantially affected by the yaw
misalignment. In general, the measurements and the formulation show
good agreement; the frequency and magnitude of the peak and general
energy distribution are captured reasonably well. For frequencies 𝑓 >
𝑓𝑛, 𝛷�̇� ∝ 𝑓−5∕3−2. In contrast, 𝛷�̇� ∝ 𝑓 2 in the sufficiently lower-
frequency domain. Some departure in the very low-frequency region
may be attributed to the limitation of the sampling frequency, and
electrical noise [65]. The comparison with the turbine with the stiffer
spring also showed good agreement with the formulation; there, 𝐶0 ≈
0.5.

3.2. Mean power output and structure of the power fluctuations

The passive wind-turbine oscillations and yawing affected the mean
and fluctuating power output. Fig. 6 summarizes the mean power
output (𝑃 ) of all cases normalized with that of the fixed configuration
under no yaw, i.e., 𝛽 = 0◦ (base case with mean power output 𝑃 ).
5

0

Fig. 7. Comparison of the modeled (red-colored) and measured (black-colored) power
output spectra of the turbine under passive oscillations with the base torsional spring
at yaw angles (a) 𝛽 = 0◦, (b) 𝛽 = 20◦. The velocity spectrum of the incoming flow is
shown in (a) with blue color. Transfer function 𝐺(𝑓 ) (green-colored) is included for
reference.

As expected, 𝑃∕𝑃0 decreased monotonically with 𝛽 in the fixed and
oscillating turbines, which is more distinctive for 𝛽 > 15◦. The yaw
reduced the effective area of the rotor. As a first-order estimation,
the influence of 𝛽 can be expressed as 𝑃 (𝛽)∕𝑃0 ≈ cos 𝛽. As noted in
Fig. 6, such estimation is reasonable. It is worth pointing out that
the turbines’ mean power output under passive oscillations is always
slightly higher than that of the fixed counterparts across 𝛽. Fu, Jin,
Zheng and Chamorro [38] reported a similar phenomenon with model
turbines under forced pitch or roll motions. Note that the turbine power
output is proportional to the cubic of the relative wind speed, 𝑢𝑟𝑒𝑙 =
𝑢+𝑢𝑚, impinging on the rotor; here, 𝑢 is the local incoming wind speed,
and 𝑢𝑚 is the instantaneous streamwise velocity component of turbine
rotor due to oscillations. Asymmetry of the oscillations with positive 𝑢𝑚
skewness may result in ⟨𝑢3𝑟𝑒𝑙⟩ > ⟨𝑢3⟩; here, ⟨⟩ denotes the time averaging
operator.

The structure of the power output fluctuations of a fixed wind
turbine can be illustrated via the spectral distribution (𝛷𝑝(𝑓 )). Tobin,
Zhu, and Chamorro [49] derived a relation between 𝛷𝑝 and the velocity
spectrum of the incoming flow (𝛷𝑢(𝑓 )), which can be expressed as
follows:

𝛷𝑝(𝑓 ) = 𝐺(𝑓 )𝛷𝑢(𝑓 ), (6)

where 𝐺(𝑓 ) is a transfer function of the form:

𝐺(𝑓 ) =
𝑡2𝑖

1 + (2𝜋𝑓𝑡𝑖)2
. (7)

Here, 𝑡𝑖 = 𝐼𝜔∕(2𝜏) is the inertial time scale, 𝐼 is the inertia of the
rotor, 𝜏 is the electric torque and 𝜔 (rad s−1) is the rotational velocity.
As a first approximation, we consider that the power spectrum of the
turbine under yaw 𝛽, 𝛷𝑢,𝛽 (𝑓 ) is mostly affected by the effective rotor
shed area (see equation 10 in Tobin, Zhu, and Chamorro [49]) such that
𝛷𝑃 ,𝛽 (𝑓 )∕𝛷𝑃 (𝑓 ) ≈ 𝑐𝑜𝑠2(𝛽). Despite that other effects are contributing
to this spectra ratio, it provides a reasonable, simple approximation as
shown now.

The spectrum of the incoming flow used as input for the scenarios
shown in Fig. 7a. The incoming turbulence exhibits the well-known
Kolmogorov inertial subrange 𝛷𝑢 ∝ 𝑓−5∕3. The transfer function 𝐺(𝑓 )
is also included for reference. The spectrum of the power output from
Eqs. (6) and (7) shows good agreement with all the experimental
measurements. It exhibits a distinct power-law decay 𝛷 ∝ 𝑓−5∕3−2 in the
relatively high-frequency region past the onset of the inertial subrange
of the incoming turbulence. Note that Eqs. (6) and (7) do not account
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Fig. 8. Mean velocity distribution, 𝑈∕𝑈ℎ𝑢𝑏, for the cases with the turbine under small-amplitude, passive oscillations at yaw angles (a) 𝛽 = 0◦, (b) 𝛽 = 15◦, and (c) 𝛽 = 30◦.
Normalized velocity difference 𝛥𝑈∕𝑈ℎ𝑢𝑏 between yawed and non-yawed turbines 𝛥𝑈 = 𝑈𝛽=15◦ − 𝑈𝛽=0◦ for the (d) fixed and (f) oscillating turbines. 𝛥𝑈 = 𝑈𝛽=30◦ − 𝑈𝛽=0◦ for the (e)
fixed and (g) oscillating turbines.
Fig. 9. In-plane turbulence kinetic energy 𝑇𝐾𝐸 distribution for the cases with the turbine under small-amplitude, passive oscillations at yaw angles (a) 𝛽 = 0◦, (b) 𝛽 = 15◦, and
(c) 𝛽 = 30◦, and with the fixed turbine at yaw angles (d) 𝛽 = 0◦, (e) 𝛽 = 15◦, and (f) 𝛽 = 30◦.
the influence of turbine motions. Indeed, the measured power spectra
show a local peak (𝑓𝑝 in Fig. 7a) corresponding to the dominant turbine
dynamic frequency discussed earlier.

3.3. On the wake statistics

The effect of the small passive oscillations of the wind turbine is
assessed by comparing the wake statistics with that from the fixed
turbine scenario for selected yaw configurations of 𝛽 = 0◦, 15◦ and
30◦. The mean velocity distribution 𝑈∕𝑈ℎ𝑢𝑏 for the oscillating turbines
are illustrated in Fig. 8a–c; the wake of the fixed turbines share similar
characteristics to their oscillating counterparts, thus not shown for
brevity. As expected, higher 𝛽 led to reduced velocity deficit in the
fixed and oscillating turbines; a similar phenomenon was discussed by,
e.g., Schotter, Simon, Volker, Roar, Peinke, and Holling [66], and Qian
and Ishihara [67]. The effect of oscillation is first shown by comparing
velocity difference across different yaw angles 𝛽, 𝛥𝑈 = 𝑈 −𝑈
6

𝛽=15,30◦ 𝛽=0◦
for the fixed (Fig. 8d,e) and oscillating (Fig. 8f,g) turbines. Note a
greater reduction in velocity deficit in the oscillating cases, demon-
strating wake mixing enhancement and momentum injection from the
incoming flow and around the rotor induced by the small-amplitude
turbine oscillations. It is worth pointing out that our measurement did
not show significant wake steering reported in previous work [66–69]
even under relatively a high yaw angle of 𝛽 = 30◦. This is attributed
to the high incoming turbulence level, which contributed to the wake
recovery and suppression of wake deflection [67].

Bulk quantification for the wake flow fluctuations is illustrated with
the in-plane turbulence kinetic energy 𝑇𝐾𝐸 = ⟨(𝑢′2 + 𝑣′2)∕2𝑈2

ℎ𝑢𝑏⟩ in
Fig. 9; there, ⟨⟩ denotes the time averaging operator. This quantity
mostly reveals the influence of yaw and turbine motions on the flow
fluctuations. In general, the increase of 𝛽 led to a decrease of 𝑇𝐾𝐸
at the front tip (see Fig. 1b) for the same cases shown in Fig. 8.
The reduction of the projected area of the turbine rotor facing the
incoming flow with the increase of 𝛽 resulted in a lower velocity deficit
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Fig. 10. Transverse velocity deficit profiles 𝛥𝑈 = 𝑈ℎ𝑢𝑏 − 𝑈 (𝑥, 𝑦, 𝑧 = 𝑧ℎ𝑢𝑏) for various
yaw angles 𝛽 = of the turbines under passive oscillations at 𝑥∕𝑑𝑇 = 2, (b) 3 and (c) 4.
Velocity difference between yawed and non-yawed turbines, 𝛥𝑈 = 𝑈𝛽=15◦ − 𝑈𝛽=0◦ (red)
and 𝛥𝑈 = 𝑈𝛽=30◦ −𝑈𝛽=0◦ (black), for the fixed (solid lines) and oscillating (dashed lines)
turbines at 𝑥∕𝑑𝑇 = (d) 2, (e) 3 and (f) 4.

Fig. 11. Transverse profiles of the in-plane turbulence kinetic energy 𝑇𝐾𝐸 = ⟨(𝑢′2 +
𝑣′2)∕2𝑈 2

ℎ𝑢𝑏⟩ for yaw angles 𝛽 = 0◦, 15◦ and 30◦ at 𝑥∕𝑑𝑇 = (a) 2, (b) 3 and (c) 4 for
the turbines under small-amplitude, passive oscillations. Cases with the fixed turbine
at 𝑥∕𝑑𝑇 = (a) 2, (b) 3 and (c) 4. The horizontal, dashed lines indicate the location of
the lateral tips of the fixed turbine.
7

(Fig. 8) and lower turbulence intensity [66,67]. It is worth noting that
compared to the fixed turbine scenario, the turbine oscillations affected
more the 𝑇𝐾𝐸 distribution along the front tip side. This indicates that
turbine dynamics, even under small-amplitude motions, can influence
the wake fluctuations under yawing. However, such influence did not
accelerate the flow recovery (Fig. 8) substantially but may impact
unsteady loading on turbines placed downwind. This is a phenomenon
that will be explored shortly.

Selected transverse profiles of the mean velocity and 𝑇𝐾𝐸 distribu-
tions illustrated in Figs. 8 and 9 at 𝑥∕𝑑𝑇 = 2, 3 and 4 aid to illustrate
the effect of yaw and small-amplitude oscillations on the turbine wakes.
Fig. 10 shows the velocity deficit 𝛥𝑈 = 𝑈𝑖𝑛𝑐 − 𝑈 (𝑦) and the velocity
differences between yawed and non-yawed turbines normalized with
that of the incoming flow at the hub height. The profiles show the
wake’s misalignment to the mean direction of the flow promoted by 𝛽.
This misalignment increases as the wake develops downwind (Fig. 10d–
f). Additionally, Fig. 10d demonstrates stronger entrainment and faster
wake recovery at the wake center in the near region of the oscillat-
ing turbines; this phenomenon become weaker downwind. The 𝑇𝐾𝐸
profiles of Fig. 11 indicate a non-negligible modulation of the small-
amplitude fluctuations in the level and degree of 𝑇𝐾𝐸 asymmetry with
𝛽. This implies that the organization of the turbulent scales changes,
which is particularly important in arrays of turbines under oscillations,
as indicated above.

4. Conclusions

The small-scale passive oscillation of the model wind turbine led
to distinct effects on the structure dynamics, mean power output and
associated fluctuations, as well as wake characteristics. The analysis is
extended to a range of turbine yawing 𝛽 ∈ [0◦, 30◦].

In general, the pitch motion dominated the turbine dynamics; in-
terestingly, it was more predominant at small but non-zero yaw of
𝛽 ≈ 5◦. The spectral structure of the oscillations showed that the
unsteady roll motions contributed substantially under high yawing.
Using a fundamental relation of the turbine motions accounting for the
dominant forcing and the input velocity spectrum, we derived the tur-
bine oscillations spectrum. The formulation that shows good agreement
with measurements offers insight into the structure’s dynamics; it can
be generalized or extended to include other type of input modulation.

The passive wind-turbine oscillations and yawing left a distinct
effect on the mean and fluctuating power output. As expected, the
power decreased monotonically with 𝛽 in the fixed and oscillating
turbines, which was more distinct for 𝛽 > 15◦. It is worth pointing
out that the turbines’ mean power output under passive oscillations
is always slightly higher than that of the fixed counterparts across 𝛽.
We estimated the power fluctuations structure under yaw taking into
account a tuning-free formulation derived in our previous work. The
power output spectrum ratio between yawed and a no-yawed turbine
is taken as 𝑐𝑜𝑠2(𝛽) as a first approximation, which shows reasonable
agreement.

Experiments showed that the mean velocity in the wake of the
fixed and oscillating turbines exhibited minor differences for a given
yawing. The small-amplitude turbine oscillation did not contribute
significantly to enhancing wake mixing and momentum injection. The
in-plane turbulence kinetic energy 𝑇𝐾𝐸 revealed the influence of yaw
and turbine motions on the wake’s flow fluctuations. In general, the
increase of 𝛽 led to a decrease of 𝑇𝐾𝐸 at the front tip. Compared to
the fixed turbine scenarios, the turbine oscillations affected more the
𝑇𝐾𝐸 distribution along the front tip side. The small-amplitude motions
can influence the wake fluctuations under yawing. Despite that such
influence may not accelerate the flow recovery substantially, it may
impact unsteady loading on turbines placed downwind.

Finally, the study shows that small-scale, passive, unsteady turbine
oscillations may produce a distinct signature on the motions, power
output and wake. The spectral models derived may serve as a basic
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framework to develop engineering formulations to quantify the highly
complex flow–structure interactions relevant to offshore floating units.
As mentioned, much work is needed to uncover the physics and the
unsteady, multiscale coupling between the rotor, platform, sea and
the atmospheric boundary layer involved in the dynamics of FOWT.
The next step will focus on the impact of passive oscillations on the
coordination and coupled operation of multiple turbines.
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