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Abstract :   
 
To understand the influence of complex hydrodynamic loads on tidal turbines, laboratory testing is 
necessary as a first approach. Previous laboratory work undertaken gave an indication that the use of 
speed control strategies may disguise the associated loading range that a turbine may be subjected to 
when this is operated with a variable speed control strategy. However, the preceding work was undertaken 
in a highly controlled environment without the influence of turbulent flows. The focus of this paper is 
directed towards the study of wave-induced loads on tidal turbines when these are controlled using two 
strategies and the impact that these parameters have on the turbine’s performance when this is operated 
in a recirculating flume. Laboratory tests were undertaken with a 0.9 m diameter horizontal axis tidal 
turbine subjected to combined wave and current conditions with both regular and irregular waves. 
Constant speed and constant torque control strategies have been considered, for which rotor thrust, 
torque and blade root bending moment have been measured. Results show that similar to previous 
studies, average loads and power capture values remain unchanged between control strategies and the 
superposition of waves to the current. However, signal fluctuations are 2 to 3 times higher for torque 
control than for constant speed control strategy. A phase difference between the periodic signals of the 
turbine thrust and the incoming waves was also identified, in this case, the phase variation was lower 
when using torque than speed control. This work thus demonstrates the implication of studying strategies 
to control a marine converter from early stages of development. 
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► Recirculating tank testing demonstrated the loading and performance effects when using two control 
methodologies. ► Thrust, torque and root bending moment fluctuations are higher when using torque 
control than speed control. ► Phase differences between the periodic signals of the turbine thrust and 
the incoming waves is analysed. ► The effect of combined turbulent flows and regular and irregular wave 
interaction is presented. 
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remain unchanged between control strategies and the superposition of waves

to the current. However, signal fluctuations are 2 to 3 times higher for torque

control than for constant speed control strategy. A phase difference between

the periodic signals of the turbine thrust and the incoming waves was also iden-

tified, in this case, the phase variation was lower when using torque than speed

control. This work thus demonstrates the implication of studying strategies to

control a marine converter from early stages of development.

Keywords: Tank testing, torque control, speed control, tidal turbine,

wave-current interaction, marine energy

1. Introduction

In real sea conditions, tidal turbines have to withstand complex hydrody-

namic loads. This complexity can be attributed in some cases to the combined

wave and current nature of the ocean. The current-induced loads have already

been studied in the past [1–4], and lately, attention has been given to the effects

produced by wave-induced loading on the devices, as seen in [5–12].

The dynamic nature of these loads are responsible for fluctuations on the

turbine’s torque and thrust loads by up to 2-3 times the average values [5].

These wave-induced fluctuating loads are also the cause of eccentric loading on

the drive-train bearings [13] and has a direct effect on the fatigue life of the

blades [14]. Understanding these fluctuations could potentially help with the

implementation of more efficient power conditioning methods, facilitate the inte-

gration of these turbines into the electricity grid [15] and increase the reliability

and resilience of these marine converters.

The majority of the real sea states are characterised by irregular waves,

meaning that the effect of these wave climates should be studied in detail.

However, studies contemplating these sea climates are currently scarce in the

literature with only a few studies reported [16–18]. Even more, the majority of

the investigations focused on wave-current research at small scale are often char-

acterised by using a speed control strategy to set the operational point of the
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scaled prototype. Other studies have also explored the use of innovative trans-

mission approaches and novel control strategies and more specifically control

algorithms to mitigate loading [19–21] or to enhance power capture [22, 23] but

these have not looked into the effect of combined wave and current conditions.

A first attempt to look at the effects of regular and irregular waves on tidal

turbine models working under both speed and torque control strategies at a

towing tank was presented in [17, 18]. These studies gave the bases for the

present study, which now includes the presence of turbulence and shear flows

in combination with regular and irregular waves at a recirculating tank. There-

fore, the aim of this study is to understand if features such as load fluctuation

magnitudes and load phasing in more realistic flows are comparable to those

that have been quantified at more controlled environments; i.e. tow tanks.

2. Experimental set-up

The turbine was mounted on a 0.105 m diameter stanchion connected to

a supporting structure above the 4 x 2 x 18 m wave and current flume of

IFREMER as seen in Figure 1 [24]. The turbine was mounted 1 m below the

water surface, and centred in the cross stream direction, at 2 m from the side

walls (Figure 1b).

The tank setup for the turbine and characterisation tests is shown in Figure

2. The flow speed was measured with an Laser Doppler Velocimeter (LDV)

mounted 1 m upstream of the turbine at different vertical positions and an

Acoustic Doppler Velocimeter (ADV) was mounted 1 m below the water surface

in line with the rotor plane 1.05 m from the centre of the rotor.

Two different wave makers configurations depending on the waves generated

have been used: the wave makers submerged at a water depth of 0.3 m and 0.5

m.

The wave height was measured with a resistive wave gauge. It was placed

in line with the rotor plane at 0.78 m from the centre of the rotor.

An extra set of flow characterisation tests were performed once the turbine
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(a) (b)

Figure 1: Figure (a) showing the laser Doppler velocimeter was placed 1 m upstream of the

turbine (1), a wave gauge (2) was installed in line with the turbine and with an acoustic

Doppler velocimeter (3) on the opposite side. The current flowed left to right as pointed out

in (b).

Figure 2: Top view of tank setup during turbine testing (left) and flow characterisation tests

with the turbine removed (right).
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was removed from the tank. In this case, the LDV position was moved to the

rotor plane (Figure 2 right).

2.1. Turbine model

The turbine used in this experiments was a three-bladed, horizontal axis

turbine with a 0.9 m diameter at a 1/20th scale. This scales geometrically

to a typical 18 m full-scale tidal turbine. Detail on the development of this

model can be found in [25]. A Bosch Rexroth motor/drive system was used

to control the turbine using an encoder feedback for servo-control. The turbine

control algorithms were integrated in the Programmable Logic Controller (PLC)

associated with the drive system and supplied by Bosch Rexroth [25].

The blade profile design was based on a Wortmann FX 63-137 profile. Fur-

ther information on the blade profile and design can be found in [26–28].

Turbine instrumentation

Rotor torque and thrust signals were logged with an Applied Measurements

transducer. The transducer was fitted between the rotor hub and the dynamic

seals to avoid recording friction forces from the dynamic seals. The factory

calibrated gradient/slope relating electrical signals to loading values was used

to infer torque and thrust magnitudes.

The out-of-plane bending moment was logged with strain gauges mounted

on each of the blade roots. The strain gauges sets were fitted by Applied Mea-

surements. In this work, only the root bending moment data from one blade is

discussed.

Tests where the turbine was stationary and the water was still were per-

formed to record any offset in the instruments readings.

Turbine Control

A major aspect of the research presented was to quantify the effects of two

opposing control strategies on the power production and loads measured under

the wave cases tested. The two control strategies tested, fixed torque control
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and fixed speed control, were both achieved utilising the permanent magnet syn-

chronous machine (PMSM) housed in the turbine nacelle. Each control approach

was implemented via a set of motor drives and an embedded PLC. Specifically,

the goal of the fixed speed control approach was to utilise the embedded PMSM

to maintain a fixed operating rotational velocity for the turbine during the ex-

periments. Conversely, the goal of the fixed torque control case was to maintain

a fixed braking torque applied by the integrated PMSM - allowing the turbine

to accelerate or decelerate in response to changes in the torque developed by

the turbine rotor.

The drive system utilised back-to-back Voltage Source Converters (VSCs)

either side of a DC-Bus. The primary interest in terms of turbine control is the

operation of the PMSM side VSC which operates as an inverter to maintain the

required device winding voltages. The required winding voltages are defined by

the various control strategies detailed below. The voltage targets are fed into

a Pulse Width Modulator (PWM) which in turn defines the inverter or VSC

switching scheme required to achieve the aforementioned target voltages.

The required winding voltages are developed via the torque and speed con-

trol loops. Torque control, whereby the drives and PMSM implement a con-

stant braking torque, was undertaken via Vector Oriented Control (VOC). VOC

utilises current measurements and rotor position and velocity measurements to

maintain the AC current in the PMSM windings to achieve a specified braking

torque. The reference currents required to achieve a specific set-point braking

torque, which in the direct-quadrature axes (dq) reference frame, are presented

in equation 1.

idref
iqref

 =

 0
3

2
· 1

P · ψ

 τref (1)

In Equation 1, idref , iqref are the required direct and quadrature axis cur-

rents in Amps, respectively. τref is the braking torque set-point for the given

test case, P is the number of pole pairs and ψ is the magnetic flux linkage of

the permanent magnets of the PMSM rotor in Weber (Wb). Error signals can
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be defined as Ed = idref − id and Eq = iqref − iq, for the direct and quadra-

ture axes, respectively. The error signals, which define the discrepancy between

the actual current in the motor windings and the required current in the mo-

tor windings, are generated and input into a PI controller to define the required

voltages. The voltage references generated via the PI controller, which are input

into the PWM, are defined in Equation 2.

Vdref
Vqref

 =

Ed

∫
Ed · dt −Lq · iq

Ed

∫
Ed · dt (Ld · id + ψ)



Kp

Ki

ω

 (2)

In Equation 2 Kp and Ki are the proportional and integral gains, respec-

tively; ω is the rotational speed of the turbine and PMSM in Rads−1. The

reference voltages, Vdref and Vqref , are converted into the three phase voltages

which are fed into a PWM to generate gate-pulses for the 6-IGBT based VSC.

Speed control, whereby the PMSM attempts to maintain a near constant

rotational velocity of the turbine rotor, is achieved by an addition of an outer

velocity control loop to the previously described VOC current control loop. This

control loop utilises encoder measurements of the rotational velocity of turbine

or PMSM to define the following error signal, Eω = ωref − ω, which is also

fed into a PI controller. In this case the error signal defines the discrepancy

between the rotor rotational velocity and the target rotational velocity. In this

way the output of the speed control PI controller defines the required braking

torque required to maintain the ωref set for the given test. In this way Equation

1 can be altered to give Equation 3 which defines the require winding currents

which will develop a PMSM braking torque to minimise the aforementioned

discrepancy between the actual and required rotational velocity .

idref
iqref

 =

 0
3

2
· 1

P · ψ

(Kpω · Eω +Kiω ·
∫
Eω · dt

)
(3)

In Equation 3, Kpω and Kiω are the proportional and integral gains for the

speed control loop.
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The two control loops were tuned to achieve critical damping. Figure 3

shows a schematic of the setup described, indicating the cascaded loop structure

utilised to achieve the two control strategies. It should be noted that for the

torque control cases the outer speed control loop is not utilised and the τref

value in the schematic and in Equation 1 are set directly and not by the output

of the speed control loop.

Figure 3: Schematic of the control implementation utilised for speed and torque control of the

model HATT.

2.2. Test programme

Flow conditions tested included current-only cases as well as regular and

irregular wave-current cases. The current speed was kept constant for each

case, and was chosen to provide approximate Reynolds independent conditions

based on the blade chord length at 0.7 r/R (Rechord ≈ 6.4× 104) [25, 28]. This

means that at these conditions the Reynolds Number insensitivity is achieved

and therefore all non-dimensional characteristics presented in this research can

be considered independently of the Reynolds number, as stated by [29]. Wave

parameters were selected to match the ones used in [17] and [18]. The wave
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height (H) and wave frequency (F ) of the regular waves selected are shown in

Table 1. For the irregular wave cases, a JONSWAP spectrum was selected. The

irregular waves significant wave height (HS) and peak wave frequency (FP ) was

selected to match with the wave height and wave frequency of the regular waves

(HS = H and FP = F , respectively). Table 1 shows the input test parameters

for all cases. The difference between the current cases C1, C2, C3 and C4 is the

depth of the wave maker.

All cases have been tested under speed control strategy. Cases C3W3R and

C3W3J have also been tested in torque control. The turbine was operated at

a range of tip-speed-ratios (TSR) from 0 to 8. TSR is defined as the ratio

between the tangential speed of the tip of a blade and the actual speed of the

water:

TSR =
ωR

U
(4)

Table 1: Testing matrix used for the experiments

Case Wave Flow Wave Wave Full Full Control Tested at

type speed height freq. scale scale strategy CNR-INM

U [m/s] H [m] F [Hz] H [m] F [Hz] (see [18])

SC-C1A - 1.0 - - - - Speed yes

SC-C2B - 1.0 - - - - Speed no

SC-C2W1R Regular 1.0 0.11 0.7 2.2 0.15 Speed no

SC-C3C - 1.0 - - - - Speed no

SC-C3W2R Regular 1.0 0.09 0.5 1.8 0.11 Speed no

SC-C3W3R Regular 1.0 0.19 0.7 3.8 0.15 Speed yes

TC-C3W3R Regular 1.0 0.19 0.7 3.8 0.15 Torque yes

SC-C3W3J JONSWAP 1.0 0.19∗ 0.7# 3.8 0.15 Speed yes

TC-C3W3J JONSWAP 1.0 0.19∗ 0.7# 3.8 0.15 Torque yes

SC-C4A - 1.1 - - - - Speed no

Ano wave maker mounted

Bwave maker at 0.3 m

Cwave maker at 0.5 m

∗Significant wave height (HS)

#Peak wave frequency (FP )
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All the data from the turbine’s instrumentation and flow measurement in-

struments was synchronously sampled at 100 Hz.

After this experimental set-up description, the paper is divided into two

parts. The first part covers a flow velocity analysis and how this impacts the

loading and performance of the turbine. The second part discusses the results

measured from the turbine’s instrumentation, as time-averaged loading and per-

formance followed by angle-averaged loading, load fluctuations, signal phasing

and finally an analysis of the load fluctuations in the frequency domain.

3. Flow analysis and its effects on turbine performance

3.1. Flow velocity characteristics

The LDV data was obtained with and without the turbine in the flume tank.

The measurements for when the turbine was not mounted were recorded in the

rotor plane. For the cases where the turbine was mounted, the measurements

were recorded 1 m upstream of the turbine. In Figure 4, the LDV velocity depth

profiles are shown. The dashed lines represent the flow characterisation tests

performed with the turbine mounted (TM) and the solid lines represent the flow

characterisation with the turbine removed from the tank (FC). There is a small

deficit between the TM and FC data. When the turbine is mounted, it slows

down the incoming flow up to 1m upstream, where the LDV probe is fixed [30].

At hub height, the presence of the turbine can slow down the flow up to 5% the

flow without turbine.

From Figure 4, it is possible to see how the presence and the depth at which

the wave maker is mounted influences the flow speed as well. When the wave

maker is not mounted (Figure 4a) the flow is closest to the set speed of 1 m/s

and 1.1 m/s, respectively. When the wave maker is mounted at a depth of 0.3

m (Figure 4b), a velocity profile starts to develop with the flow speed beginning

to slow towards the top section of the water column while a decrease in flow

velocity is noticeable in the central and lower sections of the water column.

Finally, when the wave maker is mounted at a depth of 0.5 m (Figure 4c), the
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flow is far from the set point and the biggest change in velocity profile was

observed. At the top section of the water column, the flow speed is up to 23%

slower than at the bottom section. The mounting depth of the wave makers

represent an approximate blockage of the tank’s cross-section of 15% for the 0.3

m depth and 25% for the 0.5 m depth.

Figure 4: Comparison of flow velocity depth profiles with error bars using the LDV data.

The dashed lines are 1 m upstream of the turbine (TM). The solid lines correspond to the

measurements taken at the rotor plane (no turbine mounted) (FC). The greyed area represents

the rotor’s position within the water column and for each of the following cases: a) C3 and

C4 cases, b) C1 cases, c) C2 cases.

The turbulence intensity (TI) depth profiles (Figure 5) present a high vari-

ability for the cases where the wave maker was installed. The TI goes from

a steady 2% across the water column when the wave maker is not mounted

(Figure 5a), to a curve increasing in TI towards the top of the water column to

a value close to 20% (Figure 5c), showing the effect of the wave maker on the

flow characteristics.

Comparing the flow characterisation tests with real sea data, Figure 6a shows
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Figure 5: Comparison of turbulence intensity (TI) depth profiles with LDV. The dashed lines

correspond to the measurements taken at 1 m upstream of the turbine (TM) and the solid lines

to those obtained at the rotor plane (no turbine mounted) (FC). The greyed area represents

the rotor’s position within the water column and for each of the following cases: a) C3 and

C4 cases, b) C1 cases, c) C2 cases.
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four velocity depth profiles from the west coast of the UK at the same location

at different times of the year. A 1/8th power law approximation is added for

reference. When comparing Figure 4c with Figure 6a, it is clear that features

of the flow velocity in the laboratory and in the ocean are inverted. Similarly,

the TI shows no similar trendlines for both locations, the west coast of the UK

site (Figure 6b) and the tank the wave makers (Figure 5c). Even if the site

presented here follows more appropriately an 1/8th power law approximation

instead of a 1/7th power law which is a common practice [31–33]; it has been

proved by [34] that a power law of 1/8th has no significant effect on the turbine

performance.

The non-dimensional coefficients that measure the thrust and power gener-

ated by the rotor are given by:

CT =
T

1
2 · ρ ·A · U2

0

(5)

CP =
P

1
2 · ρ ·A · U3

0

(6)

where P is the power generated, T is the rotor thrust, ρ is the water density,

A is the rotor area and U0 is the spatial average of the flow measurements done

within the rotor area. The average and instantaneous power is quantified using

Equation 7:

P = τ · ω (7)

where τ relates to the rotor torque. τ and ω are derived from an encoder

and a torque transducer, respectively. In this study, either the speed or torque

remain stationary, at some extent, depending on the control strategy employed.

3.2. Wave characteristics

For the regular waves, average wave heights of 0.17, 0.12 and 0.08 m were

calculated with the zero-up crossing method for the cases C3W3R, W2-C1 and

W3-C2, respectively. An average wave height standard deviation of 0.002 m
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(a)

(b)

Figure 6: ADCP data from the west coast of the UK at different dates. a) velocity depth

profiles and a 1/8th power law approximation for reference, b) TI depth profiles.
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between tests was recorded for all regular wave cases. The average wave fre-

quency for cases C3W3R and W2-C1 was 0.69 Hz and 0.50 Hz for case W3-C2.

Respective wave frequency standard deviations of 0.0001, 0.00005 and 0.0076

Hz between tests were observed.

For the irregular wave tests, the zero up-crossing method was used to define

and calculate the wave height and period of each of the waves throughout the

time series.

According to the flow conditions selection criteria presented in Section 2.2,

the significant wave height of the irregular wave cases should be equal to the

average wave height of the C3W3R (0.19 m) case (HS = H). Similarly, the

peak wave frequency of the irregular wave cases (0.68 Hz) should be equal to

the average wave frequency of the C3W3R (0.7 Hz) case (FP = F ). Figure

7 shows the power spectra density of wave height for all a) regular (C3W3R)

and b) irregular (C3W3J) wave cases available. It can be seen that the largest

peaks in both figures fall very close to each other. As shown in Table 2, the wave

height criteria did not match. However, the frequency criteria had a very good

match. Perhaps, the duration of the tests did not allow for the wave spectrum

to fully develop.

Table 2: Average values between repeat tests of wave parameters for all regular (C3W3R)

and irregular (C3W3J) wave cases available using zero up-crossing method

Metric C3W3R C3W3J

Duration [s] 200 300

f [Hz] 0.70 N/A

f∗P [Hz] N/A 0.68

H [m] 0.17 0.06

σH [m] 0.018 0.027

HS [m] N/A 0.09

σHS [m] N/A 0.017

∗taken from Figure 7
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(a)

(b)

Figure 7: Power spectra density of wave height for all a) regular (C3W3R) and b) irregular

(C3W3J) wave cases available
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4. Waves effects on turbine performance

4.1. Average loading and performance

The turbine’s CP is shown in Figure 8 for all flow conditions and control

modes. A reduction is seen for the current-only case SC-C1 at 1.0 m/s and no

wave maker installed.

Figure 8: Mean power coefficient (CP ) with SD error bars on all points against tip-speed-ratio

(TSR) for all cases.

In Figures 9, the variation of CT with TSR is plotted. The CT presents

a similar behaviour than the CP for TSR ≥ 4, where the CT for case SC-C1

progressively decreases up to 10% from the other cases.

The data for blade 3’s root bending moment (RBM3) for all the cases against

TSR is shown in Figure 10. In this case, a difference of about 15% between the

highest velocity case (SC-C4), the highest waves cases (C3W3R) and the rest

of the cases can be seen at TSR ≥ 4.

The agreement observed between the different cases in Figures 8-10 indicated

that neither the control mode nor the addition of either regular or irregular

waves had a significant influence in the average values of CP , CT nor RBM , as

previously reported in [17] and [18].
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Figure 9: Mean thrust coefficient (CT ) with SD error bars on all points against tip-speed-ratio

(TSR) for all cases.

Figure 10: Mean root bending moment (RBM) of blade 3 with SD error bars on all points

against tip-speed-ratio (TSR) for all cases.
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4.2. Angle averaged loading

In order to understand the loading dependency on the rotor’s angular posi-

tion, with the aid of the encoder, the loading were averaged by 1◦ bins. Figure

11 shows the front view of the rotor with the blades, stanchion (or supporting

mast) and the rotational direction identified. All polar plots in this section use

this view as a reference.

Figure 11: Front view of the rotor identifying the blades, the stanchion and rotational direc-

tion. This schematic is used when analysing polar plots.

Figure 12 shows the angle-averaged RBM data for current-only case SC-C3

and wave case SC-C3W3R. In both cases, there is an angular shift at TSR = 2.

This behaviour could be associated to the slope that happens just before τMAX

at TSR ≈ 3.

Figure 13 explores the influence of the wave makers’ presence on the thrust

data. The data for cases SC-C2 and SC-C3, both with the wave makers installed,

present a three-lobed shape. The case with no wave maker installed (SC-C1)

shows a smaller variation range with the three-lobed shape not as well defined

as in the other cases. The smaller lobe is located in the region 0◦ − 240◦ for

all cases. The vertical elongated shape of the curves could be associated to the
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Figure 12: Angle averaged RBM for a) current-only case SC-C3 and b) regular wave case

SC-C3W3R for TSR = 1 − 7. Both figures use the same radius range for ease of comparison

velocity depth profiles shown in Section 3.
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Figure 13: Angle averaged thrust for current-only cases in speed control at TSR = 4

In Figure 14, the polar data of the root bending moment (RBM) for blade

2 is plotted. As a reference, the stanchion is situated on the line between the

centre of the plot and the 0◦ tick, as seen in Figure 11. The data for the cases of

TSR = 5 and TSR = 7 are shown in Figure 14a and b, respectively. The upward

facing notch seen in both figures is associated to the tower shadow effect. This
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tower shadow effect, although small, has an influence in the loading depending

on the angular position of each blade. It can be seen that the notch is not

completely vertical but a lag can be seen as it was experienced in [35–38]. This

lag can also be seen on the thrust curves from Figure 13. The eccentricity seen

in this figures will be transmitted to the rotor shaft and consideration should be

taken when designing mechanical components. The eccentricity that each of the

blades produce is reflected on the thrust curves and the particular three-lobed

shape observed in each of them.

0°

30°

60°

90°

120°

150°

180°

210°

240°

270°

300°

330°

-10%

0%

10%

(a)

0°

30°

60°

90°

120°

150°

180°

210°

240°

270°

300°

330°

-10%

0%

10%

(b)

Figure 14: Front view of the rotor with angle averaged RBMs for cases SC-C3, SC-C3W3R

and TC-C3W3R. a) TSR = 5 b) TSR = 7. Shown as a percentage of the averaged values.

Figure 15 shows the angle-averaged rotational speed (a,b) and torque (c,d)

and compares them between regular (a,c) and irregular waves (b,d) in both

control modes. The polar plots represent the front view of the rotor with the

stanchion located on the line between the centre at 0◦ (refer to Figure 11).

Under torque control (TC), the oscillations on the rotational speed (top figures)

under regular waves (a) are higher than under irregular waves (b). For both

wave conditions, the fluctuations between control modes is highly observable.

The bottom figures show the torque under both control strategies. Under

torque control, the torque signal fluctuations remained close to 0% off the mean

value. Under speed control (SC), the torque has larger fluctuations but with
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lower frequency. The shape of the torque’s behaviour from W3 is similar to the

thrust behaviour seen in Figure 16. The difference between the torque behaviour

under speed control between wave conditions (orange data on Figures 15c and

15d) could be associated to the random nature of the irregular waves and the fact

that the maximum wave height of the irregular case is lower than the average

wave height of the regular wave case.
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Figure 15: Front view of the rotor with angle-averaged rotational speed (top figures) and

torque (bottom figures) in speed and torque control for TSR = 7. Plotted as a percentage of

the mean values. (a,c) regular waves (C3W3R), (b,d) irregular waves (C3W3J). Current-only

case SC-C3 added for comparison.
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In Figure 16 the thrust (a) and torque (b) data are angle-averaged for two

cases: current-only and combined waves and current in speed and torque control.

From these results, it is clear that the thrust behaved in a similar manner for

the speed control cases. For the torque control case, thrust fluctuations stay

close to 0% during a full revolution. The torque data presents the three-lobed

shape in the speed control case but not for the current-only and torque control

cases. In both sub-figures the data present the notch at around 240◦.

Although the variation ranges were small (±3%) the thrust fluctuations in

the presence of waves were 2-3 times higher than the ones under current only.
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Figure 16: Angle averaged a) thrust and b) torque for current-only case SC-C3, wave case

C3W3R in speed and torque control at TSR = 7

4.3. Loading fluctuations

Following analysis from [17] and [39], the loading fluctuations in the time

domain are analysed in this section. From Sections 4.1 and 4.2, it was observed

that the average turbine loading were insignificantly influenced by the addition

of waves or the control strategy selected.

Fluctuating loads have an impact in power control, grid integration and

structural and mechanical design of the different components that comprise a

turbine. This analysis looked into the frequency and amplitude of these fluctu-

ations.
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In Figures 17, 18 and 19 the variation with TSR of the average loading

ranges (a) and average maximum and minimum values (b) of the rotational

speed, torque and thrust, respectively, are presented for all tests.

The range of the rotational speed as a function of the average rotational

speed is shown in Figure 17a for all cases. In the torque control cases, the rel-

ative rotational speed fluctuations decreased as the TSR increased, but both

maximum and minimum RPM values increased as TSR increased (Figure 17b).

The range of fluctuation of the rotational speed under speed control was kept

well below 10% for the regular wave cases. For the current-only cases it de-

creased steadily from a maximum of 6% to a minimum of 1% as TSR increased7.

For the torque control cases the rotational speed range went up to around 70%

of the average rotational speed for regular waves and 30% for irregular waves.

Similar findings were reported in [18].

The range between maximum and minimum values was of around 80 RPM

for the torque control cases and around 4 RPM for the speed control cases.

Under torque control, the irregular wave cases showed a range half of the regular

wave cases.

In Figure 18 the fluctuations in the torque signals are presented. For the

current-only cases the torque range seems to decrease for TSR < 3 and increase

up to 45% for TSR > 3. For the speed control cases, there is an increase in the

torque fluctuation range with increasing TSR (Figure 18a). At TSR = 7 there

is a fluctuation range of 100% of the mean torque value for the highest waves

(C3W3R), 55% for the irregular waves (C3W3J) and 45% for the current-only

case (C3). Similar behaviours between regular and irregular waves were found in

[17, 18]. There is a clear correlation between wave height and fluctuations range.

As wave height increases, the fluctuation range increases. In torque control, for

both regular and irregular waves, the torque range went up to around 60% from

the mean torque values at the higher TSR. Comparing control strategies, the

difference between speed and torque control for case C3W3R goes up to 55%

at TSR = 5. In Figure 18b, the average torque range under speed control was

around 20 Nm and 5 Nm for the torque control cases. Although the range
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(a)

(b)

Figure 17: Average rotational speed fluctuation per wave period (speed and torque control

cases) a) fluctuation range as a function of the average rotational speed. b) average rotational

speed values with error bars representing maximum and minimum values.
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increases as TSR increases in Figure 18a, the maximum and minimum values

decrease as TSR increases in Figure 18b.

Figure 19 shows the thrust fluctuations for all the tests. Similar to torque

(Figure 18a), for the current-only cases, thrust range decreases for TSR < 3

and increases for TSR > 3. For the torque control cases, relative thrust range

decreases as TSR increases The cases with the largest wave (C3W3R) have

the strongest influence in the thrust fluctuations. In torque control, the range

observed (Figure 19a) is 75% of the average thrust. In contrast, under speed

control this range is only 40%. At approximately TSR ≈ 7 the ranges of torque

and speed control of wave C3W3R appeared to match. From the slopes, it is

anticipated that for TSR > 7, the thrust fluctuations for speed control could

be higher than for torque control. It is unknown how high and low these values

could reach. At around TSR = 5 the thrust range for the torque control cases

was found to be 35% higher than the speed control case. At TSR ≈ 3 (max

CP ), a thrust range of 35% is observed for the highest waves. In contrast,

[18] reported a higher thrust range of 50% with the same turbine but with

different pitch angles at a towing tank. Similarly, [16] reported a range of 65%

at TSR ≈ 7 (max CP ) with a different turbine at FloWave. This differences in

the thrust range could be due to the different flow characteristics linked to each

facility but also to the different turbine models.

For regular waves cases, recirculating tank testing shows twice the rotational

speed and thrust ranges than the towing tank testing under torque control [18].

This difference could be associated to the turbulent nature of the flow in the

recirculating tank. It was not possible to make a full comparison of the torque

control tests as the TSR values used in each of the studies did not fully overlap

due to the turbulence-induced stall.

For irregular waves cases, the quantified parameters show fluctuation ranges

values similar (within 10%) between recirculating tank data and towing tank

data. However, the recording time at the towing was was half of the duration at

the recirculating tank. Towing tank results may have presented wave reflection

effects.
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(a)

(b)

Figure 18: Average torque fluctuation per wave period (speed and torque control cases) a)

fluctuation range as a function of the average torque. b) average torque values with error bars

representing maximum and minimum values.
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(a)

(b)

Figure 19: Average thrust fluctuation per wave period (speed and torque control cases) a)

fluctuation range as a function of the average thrust. b) average thrust values with error bars

representing maximum and minimum values.
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Figure 20 shows theRBM fluctuations and range of blade 3 in similar fashion

to Figures 17-19. Comparing the RBM fluctuations (Figures 20a) with the

thrust fluctuations from Figure 19a, it is possible to see the close resemblance

in behaviour. Case SC-C3W3R is the one with strongest disagreement between

RBM and thrust. For the thrust, the data has a smooth concave shape whereas

for the RBM the data is flatter with gaps between repeat values at TSR = 2

and 4. This difference is yet to be understood. The main difference between

RBM and thrust values in Figures 20b and 19b is the operational range. SD

values behave similarly for both signals. Under speed control, SC increases as

TSR increases and decreases as TSR increases under torque control.

The relation between average wave height and average thrust range is ex-

plored in Figure 21. It is clear that the average thrust range increased with

the average wave height. Under torque control, the thrust range fell further

away from the average thrust than the homologous speed control cases. This

difference between control strategies is still an unknown. The vertical scatter

seen at each average wave height is related to the TSR of each run as seen on

Figure 19a. Meaning that the influence of the rotational speed on the thrust

fluctuations was higher than the influence of the wave height.

4.4. Phasing of loading patterns

Similar to the procedure described in [39], the relation between periodic

signals or here referred as ”phase difference” is analysed in this section. The

phase difference between the thrust and the water surface elevation is plotted in

Figure 22 for the wave case C3W3R at all TSRs. Using zero-up and zero-down

methods, it can be seen that regardless of the method used, the phase difference

observed was positive with a mean phase difference of about 20◦. This positive

phase difference means that the thrust was being sensed by the rotor before the

wave had reached the rotor plane.

The phase difference between thrust and water surface elevation for case

C3W3R under speed and torque control is plotted against TSR in Figure 23.

The high standard deviation values indicated by the error bars agree with the
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(a)

(b)

Figure 20: Average RBM fluctuation per wave period for blade 3 (speed and torque control

cases) a) fluctuation range as a function of the average RBM of blade 3. b) average RBM

values with error bars representing maximum and minimum values.
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Figure 21: Average thrust range as a function of average wave height for all wave cases.

Figure 22: Zero up-crossing and zero down-crossing histograms of phase difference between

rotor thrust and water surface elevation signals for all regular wave cases.
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spread shown in the histogram of Figure 22. For the speed control case, the

phase difference has a concave shape, with the highest value of 30◦ at TSR = 2.

Phase difference values decrease with TSR down to 10◦ at TSR ≈ 4. For

TSR > 4, the phase difference slowly increases with TSR up to 15◦ at TSR > 6.

There is a ∼5◦ phase difference between control strategies.

The phase difference shown in Figure 23 means that each peak in the thrust

signal occurred between approximately 5◦ and 30◦ before the peak in the surface

elevation signal. This difference represents a significant lag between the two

measurements.

These results fall short from the average values presented in [17], where they

reach an 80◦ lag between the surface elevation and the thrust signals under speed

control and 65◦ under torque control. This differences could be attributed to

the fact that the waves generated in the recirculating tank show more variability

but are also influenced by wave-current interaction effects.

Figure 23: Phase difference between surface elevation and thrust for different TSR values

with error bars. For same wave in different control mode: SC-C3W3R and TC-C3W3R.

The random nature in the wave period of the irregular wave cases did not

allow for phase averaging as with the regular wave cases. In Figure 24, the
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phase difference in the signals is investigated by plotting the time series of the

signals side by side. To facilitate comparison of the time series the signals have

been re-scaled.

Similar to findings in [39], it is not possible to see any evident phasing

between the water surface elevation with irregular waves and thrust signals as in

[17]. One possible explanation is that the velocity depth profiles and turbulence

intensity of the flume tank masked the phasing feature in comparison to the

more uniform flow in the towing tank tests from [17].

Comparing control strategies, it is possible to see a difference with the con-

trolled signal. Under torque control, the torque signal seems to be out of phase

of the wave height signals by around 180◦. Similar behaviour is seen for the

rotational speed signal under speed control. In both cases, the uncontrolled pa-

rameters follow the water surface elevation signal. When the surface elevation is

at a crest, the wave particle velocity is at its highest and therefore, the control

system has to actively change the values of the controlled parameter to keep the

turbine running the same way (i.e. the uncontrolled parameters following the

water surface elevation signal).

In Figure 25 a comparison between TSR values for the case SC-C3W3J is

shown. At TSR = 2, the turbine operates in its stall region and it is possible to

see how the signals behave differently that at TSR = 7. In the stall region, the

torque signal shows a phase difference from the water surface elevation but also

its shape is closer to the rotational speed signal shape than to the thrust’s as it

is perceived at TSR > 3. At TSR > 3, when the rotational speed is controlled

to keep it constant as the wave orbital changes.

Looking into the phasing between the instantaneous power and the wave

height and flow velocity, it is clear that both have an effect on the power gener-

ated. Figure 26 shows how the power follows the flow velocity changes in time

and at the same time the fluctuating nature of the waves is also noticeable in

the instantaneous power.
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(a)

(b)

Figure 24: Comparison of water surface elevation, rotational velocity, rotor thrust and torque

signals in irregular waves under a) speed control b) torque control. TSR = 7
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(a)

(b)

Figure 25: Comparison of water surface elevation, rotational velocity, rotor thrust and torque

signals in irregular waves at a) TSR = 2 b) TSR = 7.
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(a)

(b)

Figure 26: Comparison of water surface elevation, flow velocity signals and instantaneous

power in irregular waves under a) speed control b) torque control
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4.5. Frequency domain analysis

A Fast Fourier Transform (FFT) was undertaken to analyse the fluctuation

of the turbine loads in the frequency domain. Figure 27 groups the thrust

spectra of all the wave cases under speed control at TSR = 4. The frequency

(horizontal) axis is normalised by the rotational frequency. Apart from the

SC-C2W1R case, the rest of the cases follow a very similar trend staying close

to each other. This difference appears to be linked to the difference in the

turbulence and velocity depth profiles associated to the presence of the wave

makers presented in Section 3. The first large peak in each curve is the one

associated to the wave frequency. The difference between wave frequencies is

noticeable, especially for the irregular waves, where the peak is wider, with less

amplitude and not as defined as the regular wave cases. The peak at 1f/f0 is

the one associated to the rotational frequency of the rotor that happens once

per revolution and the peak at 3f/f0 is the one associated to the three rotor

blades. From these results, it can be deduced that regardless of the incoming

waves, the thrust loading behaved in similar manner.

Figure 27: Thrust signal in the frequency domain for all wave cases on speed control at

TSR = 4.
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Figure 28 looks at the influence of TSR on the thrust spectra for case SC-

C3W3R. In Figure 28a, the thrust spectra are plotted against frequency. In this

case the first peak on each signal matches in all the TSR signals. The different

peaks on the right hand side of these peaks associated to the wave frequency

represent the rotational frequency and the blades passage frequency. These

peaks are easier to identify on Figure 28b, where the frequency is normalised

by the rotational frequency of the rotor. It is possible to see how the rotational

frequency was half the wave frequency at TSR = 1. At TSR = 2 wave and

rotational frequencies shared the same value and at TSR = 4 the rotational

frequency was double the wave frequency. It is worth noting that having the

same frequency of rotational velocity as the wave frequency does not lead to

the amplification of the wave induced thrust load oscillation. In all cases, the

blades passage frequency at 3f/f0 was present.

Now, the difference between control modes and wave type is explored. Fig-

ure 30 shows the power spectra in speed (purple) and torque (orange) control

modes for regular waves (solid) and irregular waves (dashed). Overall, all of the

cases show a similar behaviour. The torque control cases have a lower energy

content than the speed control cases of about one order of magnitude. The main

difference is that the peaks associated to the rotational frequency and blades

passage (f/f0 = 1 and f/f0 = 3) were visible for the torque control cases. The

lack of presence of these fluctuations in the power under torque control indicate

that the power generation is not affected by the mechanical artefacts associated

to the turbine’s rotation.

Figure 31 explores how the control mode influences the controlled parameter

and how the parameter that is not controlled behaves. Figure 31a is for regular

waves (C3W3R). The frequency axis is normalised by the rotational frequency.

In this case, torque signals (solid lines) behaved very differently depending on

the control mode. In torque control, the frequency response was almost flat.

The gap between the torque control signals is about three orders of magnitude

at lower frequencies. This behaviour repeated for the rotational speed cases but

in this case, the flat signal is the one under speed control. This means that the
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(a)

(b)

Figure 28: Thrust signal in the frequency domain for case SC-C3W3R. U=1 m/s; H=0.19 m;

F=0.7 Hz. a) frequency normalised by the wave frequency, b) frequency normalised by the

rotational speed
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Figure 29: Ratio of the peak associated to the wave frequency and the maximum value and

ratio of CT from Figure 28 over their respective maximum values.

Figure 30: Power signal in the frequency domain for cases SC-C3W3R, TC-C3W3R, SC-

C3W3J, TC-C3W3J. TSR ≈ 7.
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parameter that is under control had very little frequency response compared to

the uncontrolled parameter. The irregular wave case (C3W3J) on Figure 31b

followed the same trend as in Figure 31a. The main difference is the definition

of the peaks. An interesting artefact to consider is how flat the torque spectra

under torque control is. Neither the peaks associated to the waves nor the peaks

associated to the rotation of the turbine are present. Unlike with the rotational

speed spectra under speed control that all these peaks are very visible. This

artefact was also observed in [18].

5. Conclusions

This work reports on an experimental campaign on a three bladed hori-

zontal axis tidal turbine performed at the recirculating wave flume located at

the French institute IFREMER. The model was subjected to current-only and

combined regular and irregular wave and current conditions. The highest wave

case (W3R) and the irregular wave case (W3J) were tested in speed and torque

control. The rest of the flow conditions were tested under speed control only.

Rotor thrust and torque and blade root bending moment were recorded along

with flow velocity and wave height. The main conclusions from the study are:

1. Under torque control, the average thrust range was around 75% higher

than the mean value.

2. Applying a constant torque significantly increased the thrust fluctuations.

There was a 35% increase in the fluctuations magnitude compared to

constant speed tests.

3. The rotational speed signal under speed control and torque signal under

torque control have standard deviation values below 10% of the average

values.

4. The rotational speed signal under torque control and torque signal under

speed control have standard deviation values up to 25% and 50% of the

average values, respectively.
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(a)

(b)

Figure 31: Torque and rotational speed in the frequency domain. TSR ≈ 7. a) regular wave

case C3W3R in speed and torque control, b) irregular wave case C3W3J in speed and torque

control.
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5. The addition of waves and the control strategy have an impact of 5% on

the average loads from the current-only cases.

6. Beside the wave-induced and turbulence-induced loading, the rotor also

experiences three fluctuations each revolution associated to the blades

passing in front of the stanchion. These fluctuations are characterised by

a three lobed shape with each lobe 120◦ apart from each other.

7. Each blade experienced a dip in the RBM signal when passing in front of

the stanchion.

8. Fluctuations ranges are two times higher for regular waves under torque

control than for towing tank tests. For irregular waves, values are within

10%.

9. The influence of the rotational speed on the thrust fluctuations was higher

than the wave height changes.

10. Turbine loading had a positive phase difference with the water surface

elevation, meaning that the turbine sensed the waves before they reached

the rotor plane. Around the optimum TSR, the phase difference was the

lowest.

11. Phase difference for torque control was about 5◦ smaller than for speed

control.

12. When comparing control strategies in the frequency domain, the controlled

parameters contained three times less energy than the uncontrolled param-

eters at the lower frequencies.

Future work includes the use of blockage correction factors to allow direct

comparison between the different testing campaigns that are part of the project.

Longer testing time for irregular waves would allow for better convergence so the

criteria H = HS is met. Further testing would allow an extended test plan to

include repeats of tests already conducted, the study of other control strategies

in the performance of turbines and array testing. These results will serve to

validate the numerical models developed as part of the DyLoTTA project as

well as providing new insights and confirming previous knowledge into wave-
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current loading on tidal turbines.
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