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Determination of the Response Amplitude
Operator of a tidal turbine as a spectral
transfer function
B. Gaurier, G. Germain, and J. V. Facq

Abstract—A transfer function determination method is
proposed in this study to predict the unsteady fluctuations of the performance of a tidal turbine model. This
method is derived from the Response Amplitude Operator
(RAO) applied in the offshore industry to predict linear
wave-induced loads on large structures. It is based on
a spectral approach and requires the acquisition of a
turbine parameter (e.g. torque, thrust, power or root-blade
force) in synchronization with an upstream flow velocity
measurement. On the frequency range where the causality
between these two signals is proven, the transfer function
is established using the ratio between the cross-spectral
density and the spectral density of the incoming velocity.
The linearity is verified using the coherence function,
which shows validity for the turbine power in the lowest
frequencies only. This transfer function is then used to
reconstruct the power fluctuations which is compared to
the recorded one for a particular flow condition with
bathymetry generated turbulence. The result shows the
dependence on the accurate location of the velocity measurement point used for the reconstruction. This point
must exactly correspond to the expected turbine location,
i.e. where the turbine response needs to be processed.
Bearing in mind its limits, the method can be used to
predict the loadings of extreme events on the turbine
structure and the performance variations corresponding to
the unsteady characteristics of a turbulent flow, for a better
grid integration.
Index Terms—experimental trials, Response Amplitude
Operator, tidal turbine, transfer function, turbulence, wavecurrent interactions

I. I NTRODUCTION

C

URRENTLY, the biggest problem with energy extraction in the marine environment is the complex and diverse flow conditions, which also makes
deployment and survival of a tidal turbine a challenge
for developers [1], [2]. To enable tidal turbine to become commercially viable, device components must
be able to withstand substantial forces with significant spatial and temporal variations. Knowledge of
normal operational loads, extreme operational loads
and the characteristics of load fluctuations is required
to minimise the probability of device failure due to
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overloading and fatigue [3]. The electricity generation
cost reduction also involves a better resource assessment of the commercial sites and the limitation of
energy losses [4]. As explained by [5] for wind turbines,
variability in the power output introduces a challenge
for the integration of large amounts of wind (or tidal)
energy in an electricity grid. Power output variability is
inherently present due to the unsteady characteristics
of the flow, from which the turbines extract kinetic
energy. The necessary fill-in power to compensate for
the power output variability and the need for stronger
components increase the global cost of this kind of
renewable energy.
Major works combining in-situ measurements, experimental and numerical developments are being carried out but still suffer today from many limitations
due to the strong assumptions resulting from the lack
of knowledge of the response of the tidal turbine
under extreme conditions. A more precise resource
assessment can be obtained by a better environment
knowledge as performed by [6] accounting for the
turbulence, but also by taking into account the specificity of the used turbines. It is then necessary to
be able to characterize the response of the machines
for realistic operating conditions in order to define as
much as possible the most representative and precise
transfer functions linked to the flow characteristics. Energy production can also be optimized by identifying
the energy losses encountered under such operating
conditions. These data can be obtained after full-scale
deployment but with high risks and investment costs.
In order to limit the risk, lab-scale experiments can be
conducted to reproduce realistic ocean conditions and
to quantify the magnitude of these sub-surface forces
prior to the full-scale deployment of a device.
From various experimental databases obtained in
the wave and current circulating tank of I FREMER, we
present a spectral method to determine the generic
transfer function of a 1/20 scaled model tidal turbine,
for several realistic operating conditions. Various flow
configurations is investigated: high turbulence rate encountered on sites with strong currents (1.5 % to 15 %
of turbulence intensity with current up to 1.2 m/s),
presence of large vortex structures, and combined
wave and current interactions. The experimental setup is first described and the transfer function determination methodology is detailed. Results obtained
for the various flow conditions previously cited are
compared and a discussion is leaded on the accuracy
of the method. A comparison of the recorded and
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reconstructed power fluctuations using this transfer
function is carried out under flow conditions with
bathymetry generated turbulence before to conclude on
the limitations and possibilities of such a method.

sine wave: [fw ; Aw ]
d

This first section is divided in two parts with the
description of the experimental set-up and the methodology leading to the transfer function determination.
A. Experimental set-up
The experimental datasets used in this study correspond to trials which have all been carried out
in the wave and current flume tank of I FREMER at
Boulogne-sur-mer, France (Fig. 1). Dimensions of the
testing area are 18 m long, 4 m wide and 2 m deep.
Two pumps generate a turbulent flow with a speed
range between 0.1 to 2.2 m/s. The turbulence intensity
can be reduced by the use of a flow straightener,
leading to a turbulence intensity of I∞ ' 1.5 %. When
the flow straightener is removed, the intensity reaches
values of I∞ ' 15 %. A wavemaker can be positioned
in the upper part of the testing area to create wave
with or against the current. Because this wavemaker is
intrusive, it modifies the vertical velocity profile as well
as the turbulence intensity. More information about the
flume tank can be found in [7].
Travelling crane (6T)
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Fig. 1. Schematic of the wave and current flume tank of I FREMER,
with the testing area highlighted in red line

Two databases are used, based on the same test
set-up represented on Fig. 2, but with various inflow
conditions: flow speeds, velocity profiles, turbulence
intensities and wave-current combinations. The same
turbine model (Fig. 3) is fixed in the very centre of the
testing area and a flow measurement is taken using a
Laser Doppler Velocimeter (LDV) located at a distance
d upstream of the rotor. The different inflow conditions
are summarized in table I for the two databases. In this
table, U∞ and I∞ stand for the far upstream velocity
and turbulence intensities respectively, and fw is the
wave frequency when available. References to previous
works where these databases were initially used are
given as well.
The three-bladed horizontal-axis turbine model has
been developed by I FREMER and is shown on Fig. 3.
The turbine is 0.724 m in diameter (D) and is speedcontrolled using a motor speed-control unit. The blades
are designed based on a NACA 63-418 profile. This
model is equipped with a dedicated load-cell in each
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Fig. 2. Schematic of the test set-up in the wave and current flume
tank. It includes the Laser Doppler Velocimeter (LDV) located at
a distance d from the turbine model and successively used with
current only: two magnitudes U∞ and two turbulent rates I∞ and
with current and regular wave: frequency fw and amplitude Aw .
The acquisition of the upstream flow velocity by the LDV is always
carried out in synchronization with the turbine parameters.
TABLE I
I NFLOW CONDITIONS OF THE DATABASES USED IN THIS STUDY
Name

U∞ [m/s]

I∞ [%]

fw [Hz]

Ref.

Database A
Database B

0.6 to 1.2
0.8 and 1.0

1.5 and 15
1.5

no wave
0.5 to 0.7

[8]
[9], [10]

blade root and with a torque and thrust transducer
measuring forces on the main rotation axis of the rotor
(Fig. 4). This waterproof transducer is positioned upstream of the seals of the machine to prevent measuring
friction effects. The shielded cables coming from these
transducers are routed through a slip-ring enabling
the free rotation of the cables while prevent their
entanglement. These low voltage signals are amplified
by an electronic signal processing unit, located outside
of the turbine and on the dry. The signal amplification
is not possible inside the turbine because of the restricted volume. However, the shielded cables and the
the slipring quality limit the noise in the low-voltage
analogue signals. The motor shaft is connected to
the turbine shaft through a motor-gearbox facilitating
the acquisition of suitable torque and rotation speed
ratings.

Fig. 3. Picture of the turbine model outside the water. The rotor
diameter is D = 0.724 m.

All signals are acquired using National Instruments
hardware and in-house electronics developed by I FRE MER staff. The signals are sampled at a frequency of
128 Hz. The acquisition duration changes depending
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Fig. 4. Schematic of the turbine transducers: 2 forces and 3 moments
are measured on each blade root as well as global torque and thrust
on the main rotor axis.

on the turbulence intensity for the convergence of the
results. This last parameter is summarized in table
II. As explained before, because the wavemaker is
intrusive, the acquisition duration is longer even if the
turbulence intensity is low for database B (see table I).
The turbulence rate is actually I∞ ' 10 % at the turbine
depth when the wavemaker is inside the water [9].
Note that this turbulence rate is processed when the
wavemaker is parked, i.e. with no wave and no orbital
motion.
TABLE II
A CQUISITION DURATION DEPENDING ON THE INFLOW CONDITIONS .
T HE SAMPLING FREQUENCY IS CONSTANT AT 128 Hz.
Inflow conditions

acq. duration [s]

I∞ = 1.5 %
I∞ = 15 %
With wavemaker

180
360
256

According to previous results [8], [9], the designed
tip speed ratio of the turbine is:
T SR =

ω×R
=4
U∞

(1)

with ω the rotation frequency and R the turbine radius.
This target T SR is achieved by setting the desired
RPM to the motor for a given inflow velocity U∞ .
In the following, all data extracted from databases A
and B correspond to acquisitions while the turbine
rotates at this specific designed T SR. The main other
parameter extracted from the databases is the turbine
power, which is classically processed from:
P =ω×Q

(2)

with Q standing for the rotor torque. Note that the rotation frequency ω is measured from the motor controller
and is recorded as well as the other turbine parameters.
The incoming velocity is measured using the LDV
located at a distance d = 2D upstream of the rotor and
at the hub height of the turbine, corresponding to the
mid-depth of the water column (Fig. 5). This facility
enables velocity measurements to be taken at a single
point in the flow field, with high temporal resolution.
LDV is non-intrusive because the distance between the

Fig. 5. LDV probe measuring the flow velocity upstream of the
turbine rotor. The distance between LDV and the turbine model is
d = 2D. Measurements are carried out at the hub height of the
turbine, corresponding to the mid-depth of the water column.

probe and the measurement point, i.e. intersection of
the laser beams, is 530 mm into the water. The measurement volume is 2.51 mm long by the laser beams
thickness of 0.12 mm, which makes VLDV ' 0.01 mm3 .
This 2-component system is composed of 4 laser beams
with 2 different wave lengths: 514 nm and 488 nm.
Whenever a reflecting particle entrained in the fluid
passes through the measurement point, the scattered
light received from the particle fluctuates in intensity.
LDV makes use of the fact that the frequency of this
fluctuation is equivalent to the Doppler shift between
the incident and scattered light, and is thus proportional to the component of the particle velocity in the
direction of the beam. The water in the tank is seeded
with particles which are spherical and composed of
silver coated glass. The size of particles used in the
I FREMER flume tank is 10 µm.
The data-rate depends on the number of particles
detected by the system. In this study, the average detection frequency is typically of the order of 130 Hz for
database A and 350 Hz for database B. In the following,
only the streamwise component of the velocity u, i.e.
following the ex direction (Fig. 2), is considered. For
the post-processing done hereafter, velocity records are
interpolated and down-sampled at the same frequency
than the turbine acquisitions, i.e. 128 Hz.
B. Response Amplitude Operator determination
The Response Amplitude Operator (RAO) is processed between the upstream flow measurement (input) and the turbine parameters (output). In this study,
the output is chosen as the turbine power P (see
equation 2). However, the rotor thrust or root blade
forces can be selected in the same way.
The Power Spectral Density (PSD) of the velocity u(t)
is classically expressed by equation 3, with F standing
for the Fast Fourier Transform, fs the sampling frequency and n the number of acquired samples.
1
|F(u(t))|2
(3)
fs × n
PSD of the incoming velocity and of the turbine
power are shown on Fig. 6, for two far-upstream
Guu (f ) =

4

GuP (f ) =

1
F(u(t)) × F(P (t))
fs × n




(4)

From equations 3 and 4, the coherence function
between the input velocity u(t) and the turbine power
P (t) can be processed through equation 5.
CuP (f ) =

|GuP (f )|2
Guu (f ) × GP P (f )

10−1

Guu [(m/s)2 /Hz]

10−2

10−3

10−4

10−5

10−6

The coherence functions corresponding to the same
flow conditions are displayed on Fig. 7. These coherence functions are quite similar for the two farupstream velocities. As already observed by [14], the
coherence function is relatively high, i.e. higher than
0.6, for the lowest frequencies. Coherence then sharply
decreases between f = 0.2 and 1 Hz to fall to very low
values, i.e. lower than 0.1. According to [12], [15] who
performed a similar study on a single wind turbine,
the rotor behaves as a low-pass filter: it ignores the
small-scale fluctuations and only responds to larger
coherent structures. [11] introduced a critical frequency,
expressed by fc = U∞ /(D/2) as the highest flow
frequency influencing the turbine. For the highest frequencies (higher than fc ), the power appears to be
insensitive to the turbulent flow structure. In our case,
fc ' 3 Hz. This is in agreement with what is observed
on Fig. 7. From f = 1 Hz, CuP ' 0 means u(t) and P (t)
are completely unrelated.
On the contrary, because CuP (f ) > 0.5 for the lowest
frequencies, P (t) is partially linearly related to u(t).
The causality between these two signals can be studied.
From that point, we make the following assumption:
when CuP (f ) > 0.5, a linear relation exists between
u and P . In the presented example, this is true for
f ≤ 0.4 Hz. The transfer function between input and

100
f [Hz]

101

(a)
104
103
102
101
100
10−1
10−2
10−3
10−4

(5)

U∞ = 1.0 m/s
U∞ = 1.2 m/s
C0 · f −5/3
10−1

GP P [W2 /Hz]

velocities U∞ = 1.0 and 1.2 m/s and for the highest
turbulence intensity in the tank I∞ = 15 % (database
A in table I). These PSDs are processed using a
window length of 212 points overlapping by 50 %. u
and P are re-phased before to process their PSDs,
accounting for the distance d = 2D between the LDV
measurement point and the turbine rotor. The intercorrelation between both signals is calculated and the
average phase lag, corresponding to the maximum of
the inter-correlation, is time compensated. The classical
Richardson-Kolmogorov energy cascade is clearly observed on the PSD of the velocity in the inertial range
(Fig. 6a), i.e. between f = 0.2 and 20 Hz, with the -5/3
energy decay. The power law is different for the turbine
power (Fig. 6b), close to -11/3 as already observed
and described by [11]–[14]. The PSD of the power
is especially marked by the blade passing frequency
peak, centred at f = 5.2 Hz and f = 6.2 Hz respectively
for U∞ = 1.0 m/s and U∞ = 1.2 m/s, and corresponding to three times the turbine rotation frequency. TSR
is constant and equal to 4 for the two far-upstream
velocities, which means the turbine rotation frequency
differs for the two velocities.
In the same way, the cross-spectral density GuP (f )
is defined by equation 4, with the over-line standing
for the complex conjugate.

U∞ = 1.0 m/s
U∞ = 1.2 m/s
10−1

100
f [Hz]

101

(b)
Fig. 6. Power Spectral Densities of: (a) the input velocity Guu and (b)
the turbine power GP P , for two far-upstream velocity magnitudes
U∞ = 1.0 and 1.2 m/s and for high turbulence rate I∞ = 15 %. The
turbine rotates at the designed T SR = 4.

output can then be determined. This transfer function
is often named Response Amplitude Operator (RAO).
In the offshore industry, these RAOs are typically calculated to predict linear wave induced loads on large
volume structures [16], on the basis of potential theory.
In our case, the RAO is defined by equation 6, based
on previous formulas 3 and 4.
RAO(f ) =

GuP (f )
= A(f )eiϕ(f )
Guu (f )

(6)

From this last formula, the magnitude (modulus) and
phase (argument) of the turbine transfer function can
then be processed.
In the following section, we compare the RAO
magnitude A and phase ϕ obtained for the turbine
when submitted to the different flow configurations
described in section II-A.
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0.6

200
150
100

CuP

50
0
150

0.4

100
ϕ [°]

50
0.2

0
-50
-100
-150

0

10−1

100
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A. Velocity effect
When looking at the velocity effect on the RAO
results (Fig. 8a), the magnitude clearly differs between
both the velocities. Highest magnitude is noticed for
the highest velocity, with a constant difference of more

0.6

0.8

(a)
300
A [W/(m/s)]

250
200
150
100
I∞ = 1.5 %
I∞ = 15 %

50
0
150
100
ϕ [°]

50
0
-50
-100
-150
0.0

0.2
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0.6

0.8

f [Hz]

(b)
300
A [W/(m/s)]

250
200
150
100
50
0
150

fw = 0.7 Hz
fw = 0.6 Hz

100
50
ϕ [°]

Magnitudes and phases of the turbine power RAOs
obtained for the different flow configurations are
shown on Fig. 8. For an easier comparison of the
results, RAOs are presented with only one changing
flow parameters by plot. The effect of the flow velocity
is first presented on Fig. 8a, with U∞ = 1.0 and 1.2 m/s,
from the spectra previously shown on Fig. 6. The effect
of the turbulence intensity is then displayed on Fig.
8b, with I∞ = 1.5 and 15 %, for the same velocity
magnitude U∞ = 1.0 m/s. Finally the last plot (Fig. 8c)
shows the results for two wave frequencies and the
same combined flow velocity U∞ = 1.0 m/s.
These results are plotted against a linear x-scale on
the contrary to the figures presented in the previous
section II-B. As shown on Fig. 7, the frequency range
where the coherence function is higher than 0.5 is
limited to the lowest frequencies only, i.e. always lower
than 1 Hz. This explains why a linear x-scale is chosen
to display RAOs on Fig. 8.
When comparing all the results together, it clearly
appears that the RAO magnitudes globally decrease
when the frequency increases. The highest amplitudes
are reached for the lowest frequencies, with values
between 150 and 250 W/(m/s) for f ' 0.2 Hz. These
values are in agreement with the standard-deviation
ratios reported on table III: σ(P )/σ(u) = 146 and
219 W/(m/s), for U∞ = 1.0 and 1.2 m/s respectively.
On the contrary, phases are quite constant versus the
frequency, with values close to 0° whatever the frequency. That means the turbine response always stays
in phase with the velocity fluctuations.

0.4
f [Hz]

Fig. 7. Coherence functions CuP between the input velocity and the
turbine power for two far-upstream velocity magnitudes U∞ = 1.0
and 1.2 m/s and for high turbulence rate I∞ = 15 %. The red line
at CuP = 0.5 stands for the causality threshold.

III. R ESULTS

0.2
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-100
-150
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(c)
Fig. 8. Response Amplitude Operator (RAO) of the turbine power,
when rotating at T SR = 4, for: (a) two velocity magnitudes
U∞ = 1.0 and 1.2 m/s for high turbulence rate I∞ = 15 %,
(b) two turbulence rates I∞ = 1.5 and 15 % for a flow velocity
U∞ = 1.0 m/s and (c) two wave and current conditions with
fw = 0.7 and 0.6 Hz for a flow velocity U∞ = 1.0 m/s.
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TABLE III
T IME AVERAGE AND STANDARD - DEVIATION OF THE INCOMING
VELOCITY AND TURBINE POWER FOR THE HIGHEST TURBULENCE
RATE I∞ = 15 %

Inflow conditions

P [W]

σ(P ) [W]

u [m/s]

σ(u) [m/s]

U∞ = 1.0 m/s
U∞ = 1.2 m/s

84
153

19
35

0.96
1.15

0.13
0.16

than 50 W/(m/s). That means that for the same amplitude of velocity fluctuation, the turbine power shows
larger variations when the average flow velocity is
higher. In addition, the frequency range where the
RAO is defined is slightly larger for the highest velocity: until f ' 0.4 Hz for U∞ = 1.0 m/s and f ' 0.5 Hz
for U∞ = 1.2 m/s. This corresponds to what is shown
on the coherence function in Fig. 7. The phase angle
stays constant and always close to 0°. It is not affected
by the difference of the flow velocity.
B. Turbulence effect
Focusing on the effect of the turbulence intensity
(Fig. 8b), decreasing the turbulence does not affect the
RAO magnitude. The evolution of the RAO magnitude
versus the frequency is similar between I∞ = 15 and
1.5 %. The frequency range where the RAO is defined
is however twice as small as for I∞ = 1.5 % with
a maximum frequency of f ' 0.2 Hz, comparing to
I∞ = 15 %. This is explained by the coherence function
which is smaller in amplitude for I∞ = 1.5 % (not
shown here) and by the cutoff which occurs for a
lower frequency comparing to I∞ = 15 %, as already
observed by [17]. As previously observed, the phase
angle stays constant and close to 0°.

measurement point. As explained in section II-B, this
distance is time-compensated by removing the average
time lag between both signals u(t) and P (t). However,
this distance and its corresponding time lag does not
correspond to an integer multiple of the wavelength
of the chosen waves. That is the reason why a nonzero phase is shown between the wave orbital velocity
component and the turbine power in the presented
RAO.
The transfer functions of the turbine power obtained
for all these various flow conditions are more or less
similar, excepted for the flow velocity variation and
for the wave frequency components. The quality of this
method is questioned and discussed in the next section
to verify its confidence level.
IV. D ISCUSSION
A. Quality of the method
To check the accuracy and the robustness of the
method, the RAO is processed using the same procedure as described in section II-B, on a repeated acquisition. Such repeated acquisition is especially useful
in the highly turbulent flows to further investigate
experimental uncertainties. The generated flow corresponds to a constant velocity of U∞ = 1.0 m/s, with
the wavemaker in position, i.e. immersed in the water,
but inoperative (parked). This flow is quite similar to
the one obtained downstream from a wall-mounted
obstacle, which has been intensively described in [18],
with large scale vortices shed downstream from the
obstacle (wavemaker). The corresponding acquisitions
are related to the database B (see table I). The results
are shown on Fig. 9.
300

When comparing RAOs obtained for the two different wave-current conditions (Fig. 8c), the magnitude
shows a similar trend as the previous one measured
for U∞ = 1.0 m/s, for frequencies lower than 0.5 Hz.
Some peaks clearly appear however for the highest
frequencies with the main ones corresponding to the
wave frequencies of 0.6 and 0.7 Hz. Wave response is
consequently visible on RAOs magnitude with values
close to 250 W/(m/s) for wave at 0.6 Hz and close to
275 W/(m/s) for wave at 0.7 Hz. According to this last
result, the shortest wave (0.7 Hz) has a stronger impact
on the turbine power fluctuation. It is worth noting that
these two wave peaks are even higher in amplitude
than the values observed for the lowest frequencies,
corresponding to the largest turbulent structures in the
flow. Again, the wave effect shows a stronger impact
on the turbine power fluctuation than the turbulence.
This impact is however focused on a narrow band of
frequency, i.e. around the the wave frequency, on the
contrary to the turbulence which affects the lowest
frequencies from 0 to 0.5 Hz. The phase angle stays
again close to 0° for f < 0.5 Hz, but varies for the wave
frequencies: ϕ ' −120° for f = 0.6 Hz and ϕ ' −75°
for f = 0.7 Hz. This phase variation depends on the
distance d between the turbine rotor and the LDV

250
A [W/(m/s)]

C. Wave-current effect

parked wavemaker 1
parked wavemaker 2

200
150
100
50
0
150
100

ϕ [°]

50
0
-50
-100
-150
0.0

0.2

0.4

0.6

0.8

f [Hz]

Fig. 9. RAO of the turbine power for T SR = 4 and for U∞ =
1.0 m/s with the parked wavemaker for two successive identical
records

According to these results, the RAOs’ magnitudes
are quite similar to the previous ones presented on Fig.
8 for U∞ = 1.0 m/s. The amplitude decreases when
the frequency increases and values are quite identical.
The blue and yellow curves are very close to each
other as well (Fig. 9), but far from being identical
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when comparing their variations versus the frequency.
For example, a peak is visible for the blue curve at
f = 0.22 Hz while nothing corresponds to that peak
for the yellow curve at the same frequency. On the
contrary, a sharp increase is noticeable for the yellow
curve at f = 0.45 Hz whereas the blue curve is undefined because the corresponding coherence function is
lower than 0.5 for the same frequency. Finally, according to these observations, we can conclude the small
amplitude variations noticed on the magnitude of the
presented RAOs are not directly related to the response
of the turbine in the flow. They can be attributed
to the PSD processing, more especially the window
size (212 ) or the overlapping (50 %), to the acquisition
duration (256 s), to the sampling frequency (128 Hz)
or to the convergence of the time series, mainly for
turbulent flows. Because RAOs are only defined in the
low frequency range, RAO results are better defined
when acquisitions are longer and the convergence of
the time series increases.
B. Generic transfer function determination
According to the previous results and observations,
and supposing the turbine RAO is only dependent on
the flow velocity, we try to define a generic response of
the turbine power. All RAOs’ magnitudes and phases,
obtained for the same U∞ = 1.0 m/s are plotted together on Fig. 10 and fitted.
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regression depicted in orange. Finally, this best fit curve
is expressed as:

−170 × f + 180 if 0 < f ≤ 180/170
A(f ) =
(7)
0
if f > 180/170
For the phase angle, because we noticed it is always
close to zero, we impose:
ϕ(f ) = 0, ∀f

(8)

Based on these two simple equations 7 and 8, we can
first formulate the function RAO(f ) as expressed by
equation 6. The turbine power fluctuations P 0 (t) can
then be reconstructed, based on a velocity measurement u(t) using the following formula:
P 0 (t) = F −1 [RAO(f ) × F(u(t))]

(9)

C. Turbine power reconstruction
As an example, this reconstruction is applied on a
particular flow condition for U∞ = 1.0 m/s: the turbine
(rotating at T SR = 4) is immersed in a bathymetry
generated turbulence (see Fig. 11). This flow condition has not been used to process the generic turbine
RAO previously determined. This flow is intensively
described in [18] and its effect on the turbine is studied
in [14], [19], [20]. As depicted in Fig. 11, two distances
between the wall-mounted obstacle and the turbine
rotor are tested: 16H and 23H, with H = 250 mm the
obstacle height and H ' D/3.
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x = 23H

d = 2D
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parked WM
wave
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Fig. 10. RAO of the turbine power for every flow velocity case with
U∞ = 1.0 m/s and the corresponding best fits for the magnitude
and phase, without accounting for the wave peaks at 0.6 and 0.7 Hz
for the wave cases

On this figure, results obtained for the two different
turbulent rates as well as results obtained for the
parked wavemaker as well as results obtained for
the wave and current combinations and their corresponding repeated acquisitions are all plotted together.
From this plot, a linear tendency clearly appears in
the frequency range between 0 and 0.6 Hz for the
magnitude. The highest peaks at f = 0.6 and 0.7 Hz
(blue curves) corresponding to the wave response are
not accounted for the processing of the least-squares

5

10
x/H

15

20

Fig. 11. Schematic representation of the experimental set-up with
the obstacle and the turbine located at the two positions x/H =
[16; 23] in the obstacle wake extension. According to [18], the black
line stands for the wake extension: U = 0.9 × U∞ and the dotted
line represents the recirculation zone: U < 0. The turbine is always
centred at mid-depth (z/H = 4) and the LDV (only represented here
when the turbine is at 16H) is always located at d = 2D upstream
of the rotor.

An upstream velocity measurement is recorded during these experiments as well, with the LDV probe
located at d = 2D from the turbine rotor, i.e. at
about 10H and 17H from the wall-mounted obstacle
respectively. This velocity measurement is acquired in
synchronization with the turbine parameters, so it is
used to reconstruct the turbine power from the generic
turbine RAO. The fluctuating part of the recorded velocity as well as the recorded and reconstructed power
fluctuations are shown on Fig. 12 for both distances.
The reconstructed response is very close to the
recorded power fluctuation for the highest distance
(Fig. 12b) but significantly differs for the shortest one
(Fig. 12a). The corresponding correlation coefficients
between both power signals are 0.57 and 0.80 for
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turbine is consequently immersed in the wake but the
flow velocity measurement is not, because its distance
to the obstacle is about 10H only (2D upstream of
the rotor). On the contrary, for the highest distance
(23H), both the turbine and the LDV probe are in the
wake of the obstacle. As a result, the flow measured
by the LDV is quite similar to the one perceived by
the turbine. According to these last observations, when
applying such a reconstruction from the turbine RAO,
it is consequently important to use a flow velocity
measurement acquired at the nearest possible position
to where the turbine rotor is expected to be located.
In addition, when determining the turbine RAO, a
particular attention to the flow evolution has to be
done for a better accuracy of the transfer function.

140

160

180

200

(b)
Fig. 12. Fluctuating part of the recorded upstream velocity and
comparison of the corresponding recorded and reconstructed turbine
power history, when the turbine is immersed in a bathymetry
generated turbulence. Distances between the wall-mounted obstacle
and the turbine rotor is 16H (a) and 23H (b). The corresponding
correlation coefficients between both power signals are 0.57 for (a)
and 0.80 for (b). The generic response defined in equations 7 and 8
from the least-squares regression is used as power turbine RAO.

16H and 23H respectively. Looking at the standarddeviation of the signals, we get the results summarized
in table IV. For the shortest distance, value is lower
for the reconstructed power with a difference of about
40 %. On the contrary, the standard-deviation is very
close for the highest distance. Such a difference on the
reconstructed power between the turbine locations is
explained by the evolution of the flow downstream
from the wall-mounted obstacle. Such an evolution
can generate some significant differences between the
flow measured by the LDV and the flow perceived by
the turbine located 2D ' 6H downstream from the
velocity measurement point. As shown in [18], [20]
and on Fig. 11 for this particular flow configuration,
the wake of the obstacle is perceived from a distance
of about 15H downstream from the obstacle at the
turbine depth. For the shortest distance (16H), the

distance to the obstacle

σ(Precorded )

σ(Preconstructed )

16H
23H

12.6
15.4

7.5
15.7

Another reason explaining this difference is however linked to the frequency reconstruction of the
turbine power with this method. Applying such a RAO
method exactly corresponds to a low-pass filter, due
to the coherence function threshold limiting the frequencies to the lowest ones only. As explain in section
II-B, the turbine acts as a low-pass filter concerning
its fluctuations, which follow those of the velocity in
the low-frequency regime only [21]. This is clearly
confirmed with Fig. 13 showing PSDs of the velocity
and of the recorded and reconstructed turbine power
for this particular flow example and for both turbine
locations. As already observed by [21], the spectral
functions of the turbine power show the existence of
three distinct regions: a low-frequency regime in which
power fluctuations follow those of the velocity, an
intermediate regime, often coinciding with part of the
inertial sub-range, in which the power fluctuation scale
as f −11/3 , and a high-frequency regime containing
the blade-passing frequency and harmonics. With the
presented RAO method, only the first regime is fully
reproduced. This corresponds to a linear response of
the turbine parameter to the flow fluctuation which is
provided by the coherence function (see Fig. 7) for the
lowest frequencies only. As shown on Fig. 13 differences appear between the recorded and reconstructed
PSDs from f ' 0.5 Hz which roughly corresponds to
the end of the first regime. To better reproduce the
turbine response, and especially to better predict the
power peaks, this RAO method needs to be improved,
accounting for these highest frequencies.
Finally, this method could easily be coupled with a
dynamic wake model (e.g. as presented in [22], [23])
representing the velocity fluctuations or the velocity
spectra measured in a turbine wake, to be extended to
a tidal plant. The global power fluctuation of the plant
linked to the site turbulence could then be predicted
and anticipated for a better grid integration. In addition, this method constitutes a simple tool to predict the
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Fig. 13. PSDs of the incoming velocity and comparison of the
PSDs of the recorded and reconstructed turbine power for the same
corresponding cases as in Fig. 12

fluctuations of the turbine parameters (power, torque,
thrust or blade forces) to better quantify the occurrence
and the loading of extreme events, versus the incoming
velocity variations.

9

rates and wave-current interactions, shows a decrease
in its magnitude when the frequency increases. On
the contrary, the corresponding phase stays constant
and close to 0° whatever the frequency. A difference
is observed in the magnitude when the flow velocity
changes, with higher values for higher velocities. Peaks
with high values corresponding to the wave frequency
appear for the wave and current cases, showing the
regular wave effect is locally higher on the turbine
parameters fluctuations than turbulent structures. No
significant variations is however noticed in the magnitude for f ≤ 0.6 Hz for a given flow velocity, whatever
the turbulence rate. A least-squares regression of the
various transfer function magnitudes and phases is
proposed enables a generic turbine response to be
defined. A reconstruction of the turbine power fluctuations is carried out on a particular turbulent flow with
a bathymetry generated turbulence, using this generic
response, based on the simultaneously acquired flow
velocity upstream of the rotor. The accuracy of the
reconstruction strongly depends on the flow conditions
which must be the same than the one perceived by
the turbine. A particular attention to this last point is
furthermore required during the RAO determination
when the turbine and the velocity measurement point
have to be separated for an acquisition in synchronization. Improvement is however required accounting for
the highest frequencies turbine response, particularly
in the corresponding inertial sub-range of the flow velocity and for the regime containing the blade-passing
frequency. This method should soon be applied on
various type of tidal turbines: vertical and horizontal
axis as well as rotors with various blade solidity. It
should enable a comparison of the turbine response
to the lowest frequencies variations of the flow to be
carried out.
Bearing in mind these limits we have shown, this
spectral transfer function model could be used for the
structural design of a tidal turbine enabling the loading
of the extreme events to be predicted and anticipated.
Finally, coupling this model to a turbine wake model,
power fluctuations of an entire tidal plant could be
simulated and used for a better grid integration.
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V. C ONCLUSION
A method is proposed in this study to predict the
unsteady fluctuations of forces and moments of a
tidal turbine, like power, torque, thrust or blade root
forces. This method is based on a spectral analysis
of the incoming flow velocity measurement and the
considered turbine parameter, i.e. the power here, both
acquired in synchronization. A corresponding turbine
transfer function is established on a frequency range
where the causality between these signals is proven
using the coherence function. Because the coherence
function only shows linearity between both signals
for the lowest frequencies, the turbine transfer function is only valid on this low frequency regime, i.e.
for f ≤ 1.0 Hz. The transfer functions obtained for
various flow configurations, i.e. velocities, turbulence
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