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A B S T R A C T

Tidal turbines operate in unsteady and non-uniform flows and thus experience large load fluctuations. In this
study, we explore the effects of changes in freestream velocity and yaw misalignments on the performance of a
turbine equipped with passively pitching blades. We compare the experimental results from a 1.2-m-diameter
turbine in a recirculating open channel facility and numerical results based on blade-element-momentum
theory. The thrust remains approximately constant with increasing free stream speed, meaning that the
structural load on the turbine is minimised. While not held constant, the power increases at less than half
of the rate of a turbine with fixed pitch blades. This finding shows that power can be controlled effectively
by changing the tip speed ratio, allowing, for example, the power to be capped at a rated value by marginally
increasing the angular velocity. Furthermore, the power and thrust are found to be negligibly sensitive to
yawed incoming flow compared to a fixed-pitch turbine. Overall, these results demonstrate that passive pitch
is a viable alternative to active pitch, and pave the way for further development of this technology.
1. Introduction

Tidal energy is a predictable and reliable renewable energy source
that can greatly contribute to energy security [1]. The slow variations
of the tidal flow velocity over the timescale of a day are highly
predictable because they depend predominately on the relative position
of celestial bodies and on the geography of the tidal site [2]. Tides
can be described through the superimposition of waves, of which the
most significant is the semi-diurnal lunar constituents with a period of
12.421 h. At the most energetic tidal sites such as, for example, the
Pentland Firth, flow velocity switches from more than 5 m s−1 in one
direction to the same amount in the opposite direction twice a day [3].
The wide range of operating conditions means that turbines typically
adopt an active collective pitch control system [4], where all blades
pitch simultaneously. Active pitch systems of this kind ensure that the
turbine can self-start when the flow speed is slow, cap the maximum
power to protect the generator when the flow speed is high, and stop
the turbine in case of emergency.

Tidal turbines also experience large variations in inflow speed and
direction over shorter time scales than can be mitigated with collective
pitch control [5,6]. Unsteadiness in the flow may arise due to wave-
induced current [7], yaw, shear and turbulence [8]. The mean flow
speed of a tidal stream varies with depth, resulting in a vertically
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sheared flow profile such that the blade experiences a variable load de-
pending on its polar position. Turbulence intensities are as high as 20%,
correlated to vortical structures with scales of tens of metres generated
at the seabed [9]. In addition, there may be variations in blade loading
due to blockage, interaction with neighbouring turbines [10,11], tower
passing perturbations, angular velocity fluctuations, and flow-induced
structural vibrations. In contrast to the wind energy sector, blockage
due to side-by-side arrangement of the turbines is desirable because
it increases the energy flux through the rotor-swept area [12–14].
Model scale measurements [11] have demonstrated that constructive
interference can enable up to a 20% uplift in power.

Earlier studies have characterised the effect of flow unsteadiness
on the blade root bending moment, thrust and torque of tidal turbines
through experiments and numerical simulations. For example, experi-
ments conducted in a towing tank [15,16] show phenomena consistent
with delayed separation and dynamic stall for blade rotations at low
tip speed ratio. These effects result in a significant increase in the
root bending moment that exceeds the steady load by up to 25% with
significant hysteresis, while tests in a wave tank indicate a maximum
load range of 100% and 175% of the in-plane and out-of-plane bending
moments, respectively [17].
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Nomenclature

𝑎 Axial induction factor
𝑎′ Tangential induction factor
𝑐 Sectional blade chord [m]
𝐶𝑑 Sectional drag coefficient
𝐶𝑙 Sectional lift coefficient
𝐶𝑚 Sectional moment coefficient about the

quarter-chord point
𝐶𝑃 Power coefficient
𝐶𝑇 Thrust coefficient
𝐷 Rotor diameter [m]
𝑑 Sectional drag [N m−1]
𝑓 Blade thickness [m]
𝑓𝜓 Sectional force along the polar direction

[N m−1]
𝑓𝑋 Sectional force along the streamwise direc-

tion [N m−1]
𝑓𝑥 Sectional force along the chordwise direc-

tion [N m−1]
𝑓𝑦 Sectional force along the chord-normal

direction [N m−1]
𝑘 Spring constant [N m r ad−1]
𝑙 Sectional lift [N m−1]
𝑚 Sectional moment about the quarter-chord

point [N m−1]
𝑀𝑃 Moment on one blade about the pitching

axis [N m]

Several active control systems for unsteady load reduction have
been developed for wind turbine rotors [18], such as trailing edge
flaps [19–21], leading edge slats [22,23], and microtabs [24,25].
Trailing-edge flaps can decrease fatigue loads by 5% to 15% for most
components of wind turbine blades [26]. Actively controlled flaps
and trips have also been tested on a model-scale tidal turbine [27]
nd shown to alleviate fluctuations in thrust and torque, respectively.

Individual pitch control, where every blade can pitch independently
by the other blades, can decrease load peaks by 30% on both rotating
and non-rotating components [18]. However, the need for complex
engineering systems such as blade pitch control systems, and gearboxes
an increase the operational costs, need for frequent maintenance

and potential for failure [24]. Additionally, seabed-mounted turbines
equire a minimum of three cable cores to connect to the shore for
ontrolling the active pitch system, and the reliability of these cores is

a significant challenge [28].
Recently, there has been an increased focus on developing passive

ontrol systems for unsteady load mitigation. Passive control can be
chieved either by modifying the blade camber or by introducing
hanges in the blade twist, known as aeroelastic tailoring or passive

adaptive blades. The blade camber can be changed, for example, by
deploying a flap, which attenuates blade vibrations and increases fa-
tigue life [29]. Arredondo-Galeana et al. [30] showed theoretically
and experimentally that the load alleviation of trailing edge flaps is
proportional to the ratio of the flap length to the chord length.

Adaptive camber airfoils were demonstrated to reduce fluctuating
oads by up to 60% while generating more mean lift than a rigid
eference airfoil [31]. Bio-inspired hyperflexible turbine blades can

reduce flow separation and stall. A reduction in the structural loads by
5% and in the blade thrust by 20% compared to an equivalent rigid
lade was demonstrated experimentally [32].

Passive adaptive blades with bend-twist coupling are designed to
mooth load fluctuations by twisting towards feather when a gust
2 
𝑚𝑃 Sectional moment about the pitching axis
[N m−1]

𝑀𝑠 Elastic moment of the torsional spring [N m]

𝑁 Number of samples
𝑃 Power generated by the turbine [W]
𝑃rated Maximum power at rated flow speed [W]
𝑃ref Power at reference conditions [W]
𝑄 Torque on the rotor about the turbine axis

[N m]
𝑄𝑏 Torque on one blade about the turbine axis

[N m]
𝑟 Radial coordinate [m]
𝑟hub Hub radius [m]
𝑟tip Radial coordinate of the blade tip [m]
𝑅𝑒 Reynolds number
𝑅𝑒𝑐 Chord-based Reynolds number
𝑇 Thrust on the rotor [N]
𝑡 Time [s]
𝑇ref Thrust on the rotor at reference conditions

[N]
𝑇𝑏 Thrust on one blade [N]
𝑢rated Rated flow speed [m s−1]
𝑢∞ Freestream flow speed [m s−1]
𝑤 Weighting factor
𝑋 Streamwise coordinate [m]
𝑥 Chordwise coordinate [m]
𝑥tr Chordwise coordinate of the laminar-to-

turbulent transition point [m]
𝑥𝑃 Chordwise coordinate of the pitching axis

[m]
𝑦 Chordnormal coordinate [m]
𝑦𝑃 Chordnormal coordinate of the pitching axis

[m]
𝒆𝝍 Unit vector in the polar direction
𝒆𝑿 Unit vector in the streamwise direction
𝑾 Inflow flow velocity vector [m s−1]
𝛼 Angle of attack [°]
𝛽 Pitch angle [°]
𝛽pre Spring preload angle [°]
𝛾 Yaw angle [°]
𝜆 Tip-speed ratio
𝜆rated Optimum tip-speed ratio at rated flow speed

𝜈 Kinematic viscosity [m 2 s−1]
𝜔 Angular velocity [revmin−1]
𝜔rated Optimum angular velocity at rated flow

speed [revmin−1]
𝜓 Polar coordinate [m]
𝜌 Fluid density [k g m−3]
𝜎 Standard deviation
𝜏 Tidal period [s]
𝜃 Twist angle [°]

causes increased loading, and away from feather when the loading
drops [33]. Model-scale experiments showed up to 11% lower peak
hrust loads and a 15% reduction in peak power compared to a turbine
ith rigid blades. Passive adaptive blades can be combined either
ith overspeed control or active pitch control [34]. Experiments have

shown that the passive adaptive blade combined with overspeed control
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can produce constant torque with minimum thrust increments. While
the blade twist dominates thrust changes, flapwise blade deformations
ave a significant impact on the power performance [35], and can be

exploited for power capping above the rated flow speed.
Unsteady load alleviation can be achieved by a foil through pas-

sively pitching in response to onset flow changes. The foil can be kept
at a mean angle of attack by a torsional spring or by applying a constant
xternal torque. Numerical simulations showed that an optimum choice

of the pitching axis could result in a reduction of the lift fluctuations of
more than 80% [36]. A mathematical framework for the identification
of the pivot point location that maximises unsteady load mitigation was
developed by Otomo et al. [37]. The concept of a passive pitching foil
was first explored by Viola et al. [38], who conceptualised the use of a
assive pitch system on a turbine to maintain either constant thrust or
orque. The first theoretical model was proposed by Pisetta et al. [39].

The authors showed that the thrust fluctuations can be mitigated by
passively and elastically adjusting the pitch, resulting in no change
to the mean torque and, thus, to the harvested power. This model
was investigated numerically by Dai et al. [40], who performed a CFD
analysis on a turbine with blades that were each attached to the hub by
a torsional spring, allowing each blade to pitch passively about its axis.
The rotor operated through a shear layer and the passive pitch showed a
ower amplitude thrust and torque fluctuation than a fixed pitch blade.
xperimental tests were performed by Gambuzza et al. [41] on a 1.2 m-

diameter turbine in the FloWave Ocean Energy Research Facility, a
30-m-diameter 2-m-deep recirculating open channel. The blades were
connected to the hub through a torsional spring. The torque and thrust
fluctuations due to turbulence and shear were significantly mitigated by
the passive pitch. The spring stiffness and preload were chosen to match
the hydrodynamic time-averaged pitching moment, such that the time-
averaged pitch angle was the same as the pitch angle of an equivalent
fixed-pitch blade.

The above-mentioned studies demonstrated the mitigation of fluctu-
ations due to shear and turbulence. These fluctuations have a period of
the order of seconds. The passive pitch system investigated in these ear-
lier studies could be used, for example, together with an active system
hat varies the pitch over the tidal period. However, the slow changes in
low velocity happening over a tidal cycle correspond to low-frequency

fluctuations happening over hours. Turbines typically adopt an active
pitch system that adjusts the rotational speed to maintain rated power
when the flow speed exceeds a threshold.

The present study focuses on the ability of the passive pitch system
to replace an active pitch system, viz. to mitigate fluctuations within a
eriod of the order of hours, such as due to changes in the mean flow
peed over the tidal period. Therefore, the present tests are performed
n a low turbulence facility with a uniform onset flow without shear.
urthermore, this experimental setup allows complementing previous
tudies on the mitigation of high-frequency fluctuations by considering
oad variations due to yaw misalignment with a uniform flow stream.

Specifically, this study aims to address the following questions. (1)
ow would a turbine equipped with a passive pitch system perform at
ifferent flow speeds when the angular velocity is adjusted to keep the
ptimum tip speed ratio? (2) What is the effect on thrust and power

of a change in the angular velocity? (3) Can this effect be exploited to
urther control the loads on the turbine beyond the passive pitch by

actively adjusting the angular velocity and, for example, to maintain
rated power when the flow speed exceeds a threshold? Therefore, can a
passive pitch system entirely replace an active pitch control system? (4)
How would such a system behave when the turbine is misaligned with
the free stream by a yaw angle? (5) finally, can the performances of the
turbine equipped with a passive pitch system be accurately predicted
with a low-order model such as, for example, blade element momentum
theory?

The rest of the paper is organised as follows. In Section 2, we
describe the experimental facility, the turbine, and the low-order model
based on Blade Element Momentum Theory that we used to design
3 
the passive pitch system. In Section 3, we describe the design of the
passive pitch system. Here, passive pitch is achieved by means of a
orsional spring that allows the blades to pitch along an axis parallel to

the spanwise axis of the turbine. The optimal position of the pitching
xis with respect to the blade is discussed in this section (Section 3).
n Section 4, we present the results of the experimental campaign with

the model scale tidal turbine, where the effect of freestream velocity,
tip speed ratio, and yaw angle on the thrust and torque is investigated.
Finally, in Section 5, we use the experimental results to analyse the
performance of a hypothetical turbine equipped with passively pitching
blades over a tidal cycle and compare the energy yield with that of a
turbine equipped with state-of-the-art active pitch control.

2. Methodology

2.1. Facility

The experimental campaign was carried out in the recirculating
open water channel at the Institute for Marine Engineering of the Italian
National Research Council (CNR-INM), in Rome, Italy. The facility
is often used for model-scale tests of propellers and ships (see, for
nstance, [42,43]), and has a test section with a rectangular cross-

section of size 3.6 × 2.25 m2 and a useable length of 10 m; previous studies
have found a turbulence intensity of 4% and negligible shear [42,44].
The water temperature is measured by an immersed thermocouple; this
measurement is then used to estimate the water density 𝜌 and kinematic
viscosity 𝜈 according to the relations presented by [45,46], respectively.

2.2. Turbine and pitching system

The turbine used in this experimental campaign is a speed-
ontrolled, three-bladed turbine with a rotor diameter 𝐷 = 1.2 m. The

turbine shaft is connected to that of a DC machine, which is an in-house
system to allow testing of rotor systems at CNR-INM. The system allows
itch and yaw rotations and vertical displacements of the turbine.

The turbine hub was submerged at a depth of 0.8 m = 0.67𝐷 from
he free surface, and the blade tips were submerged by 0.2 m = 0.17𝐷
t their uppermost position. The turbine was tested with freestream
peeds 𝑢∞ of between 0.4 m s−1 and 0.7 m s−1; resulting in a range of
iameter-based Reynolds number, 𝑅𝑒 ≡ 𝑢∞𝐷∕𝜈, from 2.4 × 106 to
.2 × 106.

The main components of the turbine are outlined in Fig. 1, where
we also define the main reference frame used during this work. This is a
cylindrical reference frame rotating with the turbine, having as its axis
the turbine rotor axis: distances along this direction are represented by
the coordinate 𝑋, with its origin on the rotor-swept plane; the radial
coordinate is denoted with 𝑟 and the polar coordinate (out-of-plane in
Fig. 1) is labelled 𝜓 . As the blades used here are free to pitch, the rotor-
swept plane is defined as the plane swept by the pitching axes during
the turbine rotation; in this reference frame, the pitching axis of the first
blade is the straight line at 𝑋 = 0, 𝜓 = 0, while the axes of the other
two blades are at 𝜓 = 2𝜋∕3 and 𝜓 = 4𝜋∕3 respectively. Each turbine
blade (A) is mounted on the pitching system (B), (see Fig. 2 for detail),
and the pitching system is attached to the turbine hub (C). The hub
s, in turn, directly mounted on a bespoke load transducer. The signals
rom the transducer are then routed through the slip-ring assembly (E),
o a cable connected to a data acquisition board. Further details of the
cquisition chain and the data reduction stage are given in Section 2.3.

The passive pitching apparatus is shown in Fig. 2 in exploded view,
to give a clear view of all the components. The turbine blade (A)
is mounted on a spacing arm (B), which sets the distance between
the blade and the pitching axis (E); by changing the mounting arm
it is possible to change the position of the blade with respect to the
pitching axis, and thus the performance of the system. The rotation
of the pitching axis (and, therefore, of the blade) is constrained by

two components: the torsional spring (C) and a retention and limiting
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Fig. 1. Sketch of the turbine used during this experimental campaign with annotated components: (A) turbine blade; (B) passive pitching system; (C) turbine hub; (D) load cell
and transducer; (E) slip ring assembly; (F) brushless DC generator. Fairings are shown in sectioned view for clarity.
Fig. 2. Exploded view of the passive pitching mechanism, with annotated components:
(A) turbine blade; (B) spacing arm; (C) torsion spring; (D) preload spur gear; (E)
pitching shaft; (F) mechanism frame; (G) mounting plates; (H) ball bearings; (I)
retention and limiting screw; (J) preload worm mounting frame; (K) preload worm.
4 
screw (I). The torsional spring is manufactured so that its legs extend
axially: these engage at the top end with a hole in the mounting arm,
and at the bottom end with holes on the top face of a spur gear (D);
this gear, in turn, engages with a worm (K), which locks the rotation
of the spur gear. The worm is mounted on the frame (J) by means
of a bolt (not pictured), to which it is secured. The bolt is turned
manually by means of a key: this turns the worm and consequently the
spur gear and the bottom leg of the spring, thus setting the preload of
this system. The shaft (E) is constrained by the retention and limiting
screw, which is engaged on a threaded hole on the shaft: as the shaft
rotates, the screw moves in a slot cut in the two frame halves (F),
constraining the shaft rotation to a range of 25◦ in each direction.
Alternatively, the screw can be fastened until the screw head engages
on a flat surface cut on the frame halves: under this configuration, the
shaft is prevented from rotating and the system behaves as a fixed-pitch
blade. The torsional spring used during these tests is manufactured from
a spring steel wire with diameter 2.05 mm; the spring has 5 coils and a
external diameter of 40 mm, and has a winding height of 24 mm. The
estimated spring constant for this geometry and Young’s modulus of
200 GPa is 𝜅 = 0.276 N m r ad−1. The torque can be accurately modelled
as constant because its variations are small within the operational
range. In fact, the torque generated by the spring varies linearly with
the angular position of the blade, 𝛽. This varies by less than 8◦ within
the operational condition range, as discussed in Section 4.1. The spring
preload is 𝛽pre = 447.5◦, and thus the torque variations are estimated
in less than 1%.

The turbine blade geometry is reported in Table 1: this reports,
for a number of radial stations along the blade at a distance 𝑟 from
the turbine axis, the local chord 𝑐, the local twist 𝜃 (measured as the
angle between the local chord and the rotor-swept plane, positive if the
leading edge is upwind), the local thickness 𝑓 and the position of the
section quarter-chord point relative to the pitching axis of the turbine
𝑥𝑃 and 𝑦𝑃 . These last quantities are measured as the schematic in
Fig. 3: 𝑥𝑃 is the distance along a direction parallel to the section chord
between the section quarter-chord 𝑄 and the pitching axis 𝑃 , while 𝑦
𝑃
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Table 1
Blade table, reporting the radial position of each section 𝑟, the local chord 𝑐, twist 𝜃,
nd thickness 𝑓 , along with the position of the quarter-chord of each section relative
o the pitching axis 𝑥𝑃 and 𝑦𝑃 .
𝑟∕𝐷 𝑐∕𝐷 𝜃 [◦] 𝑓∕𝑐 𝑥𝑃 ∕𝑐 𝑦𝑃 ∕𝑐

0.115 0.112 17.62 0.24 −1.00 0.11
0.125 0.112 15.66 0.24 −1.00 0.08
0.150 0.111 12.35 0.23 −1.00 0.03
0.175 0.108 10.87 0.23 −1.00 0.01
0.200 0.105 9.96 0.22 −1.00 0
0.250 0.099 8.91 0.20 −1.00 0
0.300 0.093 8.00 0.19 −1.00 0
0.350 0.088 7.03 0.17 −1.00 0
0.400 0.086 6.21 0.16 −1.00 0
0.450 0.083 5.74 0.14 −1.00 0
0.495 0.073 5.50 0.13 −1.00 0

Fig. 3. Definition of the section-based reference frame, along with 𝑥𝑃 and 𝑦𝑃 for a
blade section (defined positive as in the figure): 𝑄 is the quarter-chord of the particular
section and 𝑃 is the intersection between the pitching axis and the section plane.

Fig. 4. Three-dimensional representation of the blade sections (in black) and their
osition relative to the pitching axis (in red.

is similarly measured in a direction perpendicular to the local chord;
𝑃 is positive if the pitching axis is behind the quarter-chord (going
owards the foil trailing edge), and 𝑦𝑃 is positive if the pitching axis is
bove the chord (going towards the suction side of the foil). As 𝑥𝑃 is
egative for all blade sections, the blade pitches around an axis located
head of the blade. Note that Fig. 3 also defines a reference frame in the

section plane, whose coordinates are denoted by lowercase letters: in
his, 𝑥 represents the coordinate along the chordwise direction, positive
rom the trailing to the leading edge, and 𝑦 represents the chord-
ormal coordinate, positive from the pressure to the suction side. This
oordinate system has its origin on the quarter-chord of each section,
nd moves with the section as it pitches. All sections of the turbine
lade are aerofoils belonging to the NACA 63-8XX family, where the
ast two digits are, in hundredths, the thickness-to-chord ratio 𝑓∕𝑐. The
lade geometry is shown in Fig. 4, in which a selection of the blade

sections has been plotted, along with the location of the pitching axis
with respect to the blade in solid red; a full 3D model of the blade is
available in the dataset associated with this publication.

2.3. Acquisition chain and data reduction

The data acquired in this experimental campaign consists in the
thrust 𝑇 and torque 𝑄 generated by the turbine at different values of
 b

5 
either freestream speed 𝑢∞ or turbine tip-speed ratio 𝜆 ≡ 𝜔𝑟tip∕𝑢∞,
where 𝜔 is the turbine angular velocity and 𝑟tip = 𝐷∕2. All data is
available on the Edinburgh DataShare at the hyperlink https://doi.org/
10.7488/ds/7842.

Data are acquired by a force and torque transducer (component (D)
in Fig. 1) mounted on the DC machine shaft, to which the turbine rotor
is bolted on; thus, the measured loads are those generated by all three
blades, with no information on the loading of each individual blade.

hen these loads are presented as functions of the tip-speed ratio,
hey are reported as the thrust 𝐶𝑇 and power coefficient 𝐶𝑃 , which
re defined as 𝐶𝑇 ≡ 2𝑇 ∕(𝜌𝑢2∞𝜋 𝑟2tip), and 𝐶𝑃 ≡ 2𝑄𝜔∕(𝜌𝑢3∞𝜋 𝑟2tip), (with
he mechanical power generated by the turbine estimated as 𝑃 = 𝑄𝜔).
he force and torque transducer is a bespoke load cell manufactured
y Applied Measurements: this is rated for a maximum load of 1300 N
n the axial direction and a maximum torque of 100 N m about the
ame axis; the maximum loads generated by the turbine during this
xperimental campaign have been a thrust of 145 N and a torque of
1.5 N m, well below the transducer limits. Calibration of the transducer
as been carried out by the manufacturer, and no further efforts to
alibrate it have been carried out; the relationship between the load
ell current output and the acquired forces is linear.

The load measurements were acquired from the load cell by taking
the difference in the output of the load cell under load and its mean
utput under no load, (i.e., the zero reading, which was taken at least
nce per day with the facility stopped and no flow circulating in the
est section). The load cell output consists of two 4 mA to 20 mA signals
hat were transferred, via the slip-ring, to a data acquisition board
a National Instruments cDAQ system with a NI-9203 analogue input

card). Data were acquired at a frequency of 500 Hz for a duration of
60 s for the load cell zero readings and 300 s for the force and torque

easurements under load.

2.4. Blade element-momentum theory

As will be seen in Section 3, knowledge of the expected inflow
onditions and of the blade performance is necessary to prescribe the
orrect distribution of pitching axis coordinates, 𝑥𝑃 and 𝑦𝑃 , along the
lade. As is customary in wind and tidal energy applications, this
esign work was carried out using a low-order code implementing
lade Element-Momentum Theory (BEMT). In the case of this work,
he software suite transTide [7,8] was used to estimate the flow around
he turbine blade under operation; transTide implements the approach
f [47] to solve the BEMT equations and find the induction factor.

While the transTide code used here allows for estimating the perfor-
mance of the blade under a turbulent, sheared inflow, this functionality
was disabled for the results here presented, and the flow around the
turbine blade was instead estimated for laminar, uniform inflow only.
The stopping criteria of the BEMT is such that the relative difference
between the induction factors computed at the last and second last
iterations is lower than 10−5. The BEMT equations are solved with the
inclusion of Glauert’s root- and tip-loss correction factors [48]. For high
axial induction factors, the empirical formula of Buhl [49] is used to
approximate the real behaviour of the turbine at high induction factors.
The solution of the BEMT equations is computed on 100 equally spaced
sections along the turbine blade. Time-advancement of the solution is
arried out by assuming a constant induction factor. It is assumed here
hat the lift and drag coefficients vary quasi-steadily with the angle
f attack 𝛼 and no effect of the angle of attack history is seen on the
erodynamic coefficients. The simulations are run for five full rotations
f the rotor.

This code takes as inputs the polar curves of each section of the
blade, which were computed via Xfoil [50]. Two polars were computed
or each section of the blade: a low-Reynolds-number polar is obtained
y imposing 𝜆 = 𝜆 = 4 and a forced transition of the boundary layer
1

https://doi.org/10.7488/ds/7842
https://doi.org/10.7488/ds/7842
https://doi.org/10.7488/ds/7842
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Fig. 5. Thrust (a) and power (b) versus tip-speed ratio as measured experimentally and estimated from the BEMT code. Error bars show the 95% confidence interval of the
xperimental measurements and BEMT simulations.
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at 𝑥tr∕𝑐 = 2∕3 on both sides of the hydrofoil, while a high-Reynolds-
number polar imposes 𝜆 = 𝜆2 = 8 and 𝑥tr∕𝑐 = 1∕4. The chord-based
Reynolds number for each section was computed as

𝑅𝑒𝑐 ≡
𝑢∞

√

1 +
(

𝜆𝑟
𝑟tip

)2
𝑐

𝜈
, (1)

where 𝑢∞ = 0.5 m s−1. The lift coefficient of any section at a given tip-
speed ratio 𝜆 was obtained by a weighed sum of the two computed
polars: defining 𝐶 (1)

𝑙 to be the lift coefficient computed at 𝜆 = 4 and
(2)
𝑙 to be that at 𝜆 = 8, the final 𝐶𝑙 is found as

𝐶𝑙 = (1 −𝑤)𝐶 (1)
𝑙 +𝑤 𝐶 (2)

𝑙 , (2)

where

𝑤 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

0 𝜆 < 𝜆1
1
2

(

1 − cos
(

𝜋
𝜆 − 𝜆1
𝜆2 − 𝜆1

))

𝜆1 < 𝜆 < 𝜆2
1 𝜆2 < 𝜆

. (3)

The same procedure was repeated for the drag and quarter-chord
moment coefficients 𝐶𝑑 and 𝐶𝑚.

Fig. 5 shows the thrust and power coefficients 𝐶𝑇 and 𝐶𝑃 of the
turbine used in this work, both measured in the facility and estimated
from the BEMT code. The data shows that there is good agreement
etween the experimental data and the predictions for all values of
𝜆. The maximum difference in 𝐶𝑇 between experiments and BEMT
is nearly 3% at 𝜆 = 5, while the uncertainty in 𝐶𝑃 is nearly 3.5%
at 𝜆 = 8. The 95% confidence interval is shown with error bars in
Fig. 5. The uncertainty of the experimentally measured thrust and
ower coefficients is computed, assuming a normal distribution, as

2𝜎∕
√

𝑁 , where 𝜎 is the standard deviation and 𝑁 is the number of
amples. Because this formulation is strictly valid only for independent
amples, 𝜎 and 𝑁 are computed for a time history resampled at a
requency 𝑢∞∕𝐷. The uncertainty in the BEMT simulations is based the
ethod of Liu et al. (2024). Monte Carlo simulations are performed
sing a normal distribution of lift and drag coefficients with a standard
eviation equal to three times the difference between the coefficients
omputed with Xfoil and CFD for 2D blade sections. The uncertainty on
he BEMT estimates of thrust and power is about 6% in 𝐶𝑃 and 2.7%
n 𝐶𝑇 at 𝜆 = 8.

3. Passive pitch system design

The purpose of this section is that of offering a mathematical
framework with which to estimate the optimal position of the blade
with respect to the pitching axis. Referring to the schematic of Fig. 3,
 𝛽

6 
Fig. 6. Schematic diagram of a blade section undergoing pitching, before (in black)
and after (in red) a change in the observed freestream velocity from 𝑾 0 to 𝑾 1. The
dashed line shows a direction parallel to the rotor-swept plane.

this means finding a distribution of 𝑃 (𝑟) = (𝑥𝑃 (𝑟), 𝑦𝑃 (𝑟)) to guarantee
that a certain performance is achieved. The purpose of this section is
o give a mathematical framework for the estimation of the optimal
osition of the pitching axis for a given performance requirement,

i.e., finding the distribution of 𝑃 (𝑟) = (𝑥𝑃 (𝑟), 𝑦𝑃 (𝑟)). For instance, one
might distribute the sections to ensure that the thrust transferred from
each blade to the turbine structure be constant before and after a
change in freestream speed. To achieve this aim, we will introduce
an algorithm to estimate the performance of a pitching blade after a
change in the inflow conditions, having fixed 𝑃 (𝑟); as this is computa-
tionally inexpensive, a suitable 𝑃 (𝑟) can be found by iterating over this
algorithm via exhaustive search.

Fig. 6 is a schematic of the forces and moments generated by a
blade section undergoing a pitching motion as a result of a change in
blade loading; in this diagram, the subscript 0 refers to the steady state
onditions before the change, and the subscript 1 refers to those after
he change. Note that the cause of the change in blade loading is not
pecified. For example, it could due to a change in the freestream speed
∞ during a tidal cycle, a change in the turbine yaw or in its angular

velocity 𝜔, or due to the blade section rotating through a sheared
inflow. As a result of the loading change, the blade pitches by an angle
: this value is a function of the loads on the blade before and after the
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change in inflow, as well as the position of each section of the blade
ith respect to the pitching axis, which is the design consideration.

To estimate the loading and position of the blade before and after
the change, one can follow the BEMT approach outlined in Section 2.4.
In this, the total inflow velocity 𝑾 seen by a section is
𝑾 = 𝑢∞(1 − 𝑎(𝑟, 𝜆, 𝛽)) 𝒆𝑋 + 𝜔 𝑟(1 + 𝑎′(𝑟, 𝜆, 𝛽)) 𝒆𝜓 , (4)

where 𝑎 and 𝑎′ are the axial and tangential induction factors, respec-
tively, 𝒆𝑋 and 𝒆𝜓 are the unit vectors in the axial and polar directions,
and 𝛽 is the uniform pitch angle of the blade, which is initially zero. The
induction factors are a function of the position along the blade span 𝑟,
the tip-speed ratio 𝜆, and the blade pitch 𝛽. Each section of the turbine
blade generates a moment 𝑚 around an axis perpendicular to it, and
two forces applied on the quarter-chord point. These can for instance
be expressed as the lift 𝑙 and drag 𝑑, with the drag being parallel to the
local velocity 𝑾 and the lift perpendicular to it; their magnitudes are

𝑙(𝑟) = 1
2
𝜌 𝑊 2(𝑟) 𝑐(𝑟)𝐶𝑙(𝛼 , 𝑟) , (5)

𝑑(𝑟) = 1
2
𝜌 𝑊 2(𝑟) 𝑐(𝑟)𝐶𝑑 (𝛼 , 𝑟) , (6)

𝑚(𝑟) = 1
2
𝜌 𝑊 2(𝑟) 𝑐2(𝑟)𝐶𝑚(𝛼 , 𝑟) , (7)

where 𝜌 is the fluid density, 𝑊 = |𝐖|, 𝑐 is the blade chord at a given
span, and 𝐶𝑙, 𝐶𝑑 , and 𝐶𝑚 are the lift, drag, and moment coefficients of
ach section, as a function of the angle of attack 𝛼 seen by each section.
ote that these forces and moments are per unit span and are denoted
y lowercase letters. Alternatively, one can consider the projection of
he forces onto the turbine reference frame, as shown in Fig. 6, for
hich

[

𝑓𝑋
𝑓𝜓

]

=
[

cos(𝛼 + 𝜃) sin(𝛼 + 𝜃)
sin(𝛼 + 𝜃) − cos(𝛼 + 𝜃)

] [
𝑙
𝑑

]

. (8)

With these, the total thrust 𝑇𝑏 and torque about the turbine axis 𝑄𝑏
generated by each blade can be expressed as

𝑇𝑏 = ∫

𝑟tip

𝑟hub

𝑓𝑋 d𝑟 , (9)

𝑄𝑏 = ∫

𝑟tip

𝑟hub

𝑟 𝑓𝜓 d𝑟 , (10)

where 𝑟hub is the radial coordinate of the blade section closest to the
urbine axis. The mathematical notation for this framework is made
impler by choosing to express the forces in the section reference plane
efined in Fig. 3:

[

𝑓𝑥
𝑓𝑦

]

=
[

− sin(𝛼) cos(𝛼)
cos(𝛼) sin(𝛼)

] [
𝑙
𝑑

]

. (11)

These forces can be estimated with knowledge of the induction
coefficients 𝑎 and 𝑎′, which can be obtained, for each tuple (𝑟, 𝜆, 𝛽),
rom a BEMT solver such as the one outlined in Section 2.4. Note that

these solutions only require knowledge of the blade geometry and the
aerodynamic properties of each blade section: no knowledge of the
position of each section with respect to the pitching axis is necessary,
and these steps can be carried out prior to any consideration on 𝑃 (𝑟).
Therefore, knowing the solution of the BEMT problem for a range of tip-
speed ratios and blade pitch angles, one knows the forces and moments
generated by each section of the blade

𝑓𝑥 = 𝑓𝑥(𝑟, 𝜆, 𝛽 , 𝑢∞) , (12)

𝑓𝑦 = 𝑓𝑦(𝑟, 𝜆, 𝛽 , 𝑢∞) , (13)

𝑚 = 𝑚(𝑟, 𝜆, 𝛽 , 𝑢∞) . (14)

These contribute to the moment per unit span about the blade pitching
axis, which can be expressed as

𝑚𝑃 (𝑟) = 𝑓𝑥 𝑦𝑃 − 𝑓𝑦 𝑥𝑃 + 𝑚 , (15)
𝑃

7 
Table 2
Changes in inflow and operating conditions.

𝑢∞ [m s−1] 𝜔 [r ad∕s] 𝜆

Before 0.5 5.375 6.45
After 0.7 5.375 4.61

while the blade as a whole generates a total pitching moment

𝑀𝑃 (𝜆, 𝛽 , 𝑢∞) = ∫

𝑟tip

𝑟hub

𝑚𝑃 d𝑟 = ∫

𝑟tip

𝑟hub

(𝑓𝑥 𝑦𝑃 − 𝑓𝑦 𝑥𝑃 + 𝑚)d𝑟 . (16)

In addition to this, the blade sees an elastic moment applied by the
torsional spring which can be assumed to be a linear function of pitch
angle 𝛽

𝑀𝑠(𝛽) = 𝜅 (𝛽 + 𝛽pre) (17)

where 𝛽pre is the preload of the spring, which is set so that at the initial
steady-state the elastic moment balances the blade pitching moment

𝑀𝑠(0) = 𝜅 𝛽pre =𝑀𝑃 (𝜆0, 𝛽0, 𝑢∞,0) , (18)

where 𝛽0 = 0. To simplify the calculations, one can assume that the
pring elastic moment be constant, instead of linearly varying with 𝛽,
hich is a reasonable assumption if 𝛽pre ≫ 𝛽. The experimental results
resented in Section 4 have been obtained with a spring preloaded by
𝛽pre = 447.5◦, while the value of 𝛽 is limited by the pitch mechanism
to ±25◦, and so this assumption is reasonable. Labelling 𝜆1 the turbine
ip-speed ratio after the change in inflow conditions, the final geometric
itch of the blade can be obtained as the value of 𝛽 = 𝛽1 for which the
otal pitching moment is equal to the initial one

𝑀𝑃 (𝜆1, 𝛽1, 𝑢∞,1) =𝑀𝑃 (𝜆0, 𝛽0, 𝑢∞,0) , (19)

which can be solved numerically to yield 𝛽1 and, once this is known,
he total forces generated by the blade can be found, and thus the
erformance of the turbine after the change in inflow conditions.
omputationally, this framework requires knowledge of both the BEMT
olution over a suitable subspace of (𝜆, 𝛽), and a one-dimensional root-
inding algorithm to determine the performance of the blade given a
articular choice of 𝑃 (𝑟). In particular, as the solution of the BEMT
roblem does not depend on 𝑃 (𝑟), in order to estimate the performance
f the blade after a change in inflow for different distributions of
(𝑟), one only needs to solve Eq. (19) for each proposed 𝑃 (𝑟). As this

only requires numerical integration and a one-dimensional root-finding
algorithm, it is computationally inexpensive, and the optimal position
of the blade with respect to the pitching axis can be found, for instance,
y exhaustive search.

For this work, we are interested in the particular case for which
the turbine presented in Table 1 undergoes a change in the freestream
speed 𝑢∞ during the tidal cycle, while keeping its angular velocity
constant. In particular, for this, we impose the operating conditions
before and after the change in inflow as specified in Table 2. In this
work, the distributions of 𝑃 (𝑟) have been constrained such that 𝑥𝑃 ∕𝑐
and 𝑦𝑃 ∕𝑐 are constant along the blade span. This simplifies the BEMT
analysis, but is not strictly necessary, as one could have computed the
final position of the blade after a change in the inflow velocity based on
the equilibrium of the total moments acting on the three-dimensional
blade.

Fig. 7 shows the values of thrust and power generated by the turbine
after the change in inflow conditions, normalised by the loading before
the gust, as a function of 𝑃 (𝑟). It can be seen in the figures that the
alues of thrust and torque after the change in operating conditions

are only minimally affected by the actual position of the blade with
espect to its pitching axis, especially if the axis is located upstream
f the blade leading edge (𝑥𝑃 = −0.25, 𝑦𝑃 = 0). In fact, it can be
een that there is a large region, that for which 𝑥𝑃 ∕𝑐 < 0, where the
hrust and power after the gust are insensitive to the actual values of

(𝑟). The largest change in 𝑇1 and 𝑃1 with the pitching axis position is
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Fig. 7. Thrust (a) and power (b) after a change in operating conditions according to Table 2 with a change in the position of the blade with respect to the pitching axis.
concentrated in a narrow band roughly above and below the turbine
blade; in particular, there is a clear locus of points for which the thrust
after the inflow change is equal to that before the change. While a
turbine designer might therefore choose to place the blade sections so
that 𝑇1∕𝑇0 = 1 or 𝑃1∕𝑃0 = 1, one must note the high sensitivity of the
turbine loads after the gust to the pitching axis location near the lines
for which the load ratio is 1. In fact, any wrongful estimation of the
inputs to the mathematical framework here described will move these
loci significantly; such an error might come for instance from a mis-
estimation of the lift, drag, or moment coefficients of the individual
blade sections; from non-linearity of the spring used to counteract the
pitching moment seen by the blade; from manufacturing tolerances
in the construction or assembling of the turbine; or from a change
in inflow conditions which does not mirror that under which these
maps have been computed. Given these uncertainties, it was chosen
in this work to manufacture and employ three blades that are allowed
to pitch around an axis for which 𝑥𝑃 ∕𝑐 = −1, 𝑦𝑃 ∕𝑐 = 0, in order to take
advantage of the relative lack of sensitivity around this location.

4. Experimental results

The model-scale tidal turbine was been tested under different oper-
ating conditions, as summarised in Table 3. A first set of measurements
was carried out by keeping the freestream speed 𝑢∞ constant and equal
to 0.5 m s−1, while the turbine angular velocity was changed to obtain
tip-speed ratios in the range of 3 to 10, as shown in the top part of
Table 3. Afterwards, the turbine angular velocity 𝜔 was kept constant
at 51.3 revmin−1, which resulted in 𝜆 = 6.45 at 𝑢∞ = 0.5 m s−1, and the
freestream speed was varied in the range of 0.4 m s−1 to 0.7 m s−1, with
the tip-speed ratio changing as shown in the bottom part of Table 3.

This test matrix was repeated for four different configurations. In
the first one, the turbine was not yawed with respect to the incom-
ing flow, and the blades were prevented from pitching by fastening
the pitch retention and limiting screw on the pitching mechanism
chassis; under this configuration, the turbine acts as a canonical speed-
controlled, fixed-pitch bladed machine. In the second configuration,
the turbine yaw is still kept to zero, but the blades are allowed to
pitch: this is obtained by loosening the retention screw, such that each
blade is allowed to pitch independently from the fixed-pitch reference
as described in Section 2.2. For the second configuration, each spring
8 
Table 3
Test matrix carried out during the campaign.
𝑢∞ [m s−1] 𝜔 [revmin−1] 𝜆

0.4 51.3 8.06
0.5 51.3 6.45
0.6 51.3 5.38
0.7 51.3 4.61

0.5 23.9 3
0.5 31.8 4
0.5 39.8 5
0.5 47.8 6
0.5 51.3 6.45
0.5 55.7 7
0.5 63.7 8
0.5 71.6 9
0.5 79.6 10

was preloaded by an angle 𝛽pre = 447.5◦. The conditions of the third and
fourth configuration were the same as those of the first two, but with
a yaw angle of 15◦ between the direction of the freestream speed and
the turbine axis. The performance of the turbine will first be presented
for the test cases without yaw in Section 4.1, and a comparison to the
predictions obtained by the reduced-order code presented in Section 3
will be carried out. The performance of the pitching turbine in yawed
conditions is then reported in Section 4.2.

4.1. Non-yawed conditions

The first dataset shown in this section is the thrust and power gener-
ated by the turbine with varying freestream velocity. The performance
of the turbine at 𝑢∞ = 0.5 m s−1 fitted with passively pitching blades is
taken as reference to normalise the thrust and power values from both
turbines: this defines 𝑇ref and 𝑃ref as the values of thrust and power
respectively attained by the turbine fitted with pitching blades.

Fig. 8 shows the thrust and power generated by the turbine when
fitted with fixed-pitch blades and with passively pitching blades; in
addition, the performance predictions for the passively pitching blades
obtained using the BEMT code described in Section 3 are shown (see
Fig. 5 for the BEMT results for the fixed pitch turbine). One can readily
observe that at 𝑢 the thrust and power of the turbine equipped
ref
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Fig. 8. Thrust (a) and power (b) generated by the model-scale tidal turbine when subject to an inflow having different values of 𝑢∞ in non-yawed conditions. Data for fixed and
pitching blades, and synthetic data from the BEMT code described in Section 3.
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with fixed-pitch blades and passively pitching blades do not match:
his difference is likely due to an erroneous estimation of the preload
n the spring used to constrain the motion of the blades. Setting the
rong preload will have resulted in a non-zero pitch of the blades at
∞ = 𝑢ref and therefore in a slight change in performance for the passive
itch turbine. This might be due to uncertainty in the spring elastic

constant, which has only been estimated with an engineering formula.
onetheless, the observations that can be gathered from these results
re not affected, as the spring preload 𝛽pre was not changed during the
ourse of the tests.

From the trends of thrust with freestream speed reported in
Fig. 8(a), it is evident that for the passive pitch turbine, the thrust
is minimally affected by the actual freestream speed for 𝑢∞ > 𝑢ref,
with the total thrust generated by the turbine being slightly reduced
by an increase in the current velocity. In particular, for a 𝑢∞∕𝑢ref = 1.4,
this turbine generates a 𝑇 ∕𝑇ref = 0.97, or an essentially constant value
when compared to the more than 60% increase seen for the fixed-pitch
bladed turbine operating at the same freestream speed. For freestream
speeds lower than the reference one, instead, it can be seen that thrust
generated by the passively pitching blade is larger than that of the
equivalent fixed-pitch blade, although the quasi-linear relationship that
held for 𝑢∞ > 𝑢ref does not hold true; in fact, the thrust generated by
the turbine is at its lowest value. This shows that a turbine equipped
with passively pitching blades can intrinsically limit the amount of
thrust transferred to the turbine structure without any active control,
as the maximum value of thrust is the one attained at 𝑢∞ = 𝑢ref and
an increase or decrease in freestream speed results in a reduction in
rotor thrust. The power that is generated by the turbine in the same
conditions is plotted in Fig. 8(b): from this, it is evident that the
power generated by the turbine still follows an increasing trend with
freestream speed 𝑢∞; however, the slope of this trend is smaller than
that of its fixed-pitch bladed counterpart, and the generated power is
therefore less sensitive to the inflow conditions for a turbine equipped
with passively pitching blades, as predicted by the maps in Fig. 7(b).

The thrust and torque predicted by the BEMT code are included
n Fig. 8 as blue lines. In both the case of thrust and of power, the
redictions of the reduced-order code match the experimental results
ell: this is particularly the case for the turbine thrust at freestream

peeds larger than 𝑢ref, with a maximum difference of 2.6% at 1.4 𝑢ref,
hile a slight overestimation of the power generated by the turbine is
btained for the same conditions, with a maximum difference of 13% at
.4 𝑢ref. For velocities lower than 𝑢ref the predictions are less accurate:

for example, the low-order code approach cannot accurately capture
the departure from the linear trend of 𝑇 (𝑢∞) at low velocities. Here, the
maximum difference in thrust is 16%, while the difference in power is
55% at 𝑢∞ = 0.8𝑢r ef . This discrepancy is unlikely to be due to friction
from the bearings securing the pitching axis in place, as was the case
9 
in Gambuzza et al. [41]. In fact, we estimated the mechanical damping
from dry tests of the oscillating system to be negligible compared
to the hydrodynamic damping. Instead, experimental data is affected
by bias and random errors, including, but not limited to, instrument
calibration, estimate of the mean velocity due to the non-uniform and
non-constant velocity field through the rotor swept area, fluctuations
in the turbine angular velocity, blade misalignment, inexact linearity
of the spring, etc.

Fig. 9 shows the values of thrust and power coefficient generated
y the turbine as the tip-speed ratio 𝜆 is changed while keeping 𝑢∞

constant and equal to its reference value. It can be seen that allowing
he blades to passively pitch changes the trend of the thrust coefficient
rastically: for instance, the maximum value of 𝐶𝑇 is attained at 𝜆 = 7
or passively pitching blades, while the thrust generated by its fixed-
itch bladed counterpart plateaus at high values of 𝜆. Some more
mportant observations can be drawn from the trend of the power
oefficient 𝐶𝑃 with 𝜆. Firstly, one can observe that, apart from a limited
ange of tip-speed ratios between 5 and 7, the power coefficient of the
urbine is less than that of its equivalent fixed-pitch bladed counterpart,
nd outside this range the power coefficient curve is more sensitive
o 𝜆 than a canonical turbine. This suggests that a passively pitching
urbine blade needs to be carefully designed to ensure that it operates
n the narrower range of 𝜆 for which a smaller sensitivity to the actual
ip-speed ratio is achieved. Fig. 9 also shows the thrust and power

coefficients predicted by the reduced-order code informed by BEMT.
he maximum difference between the experimental results and those
redicted by BEMT is about 9% in thrust and nearly 7% in power at 𝜆
6.
As an additional remark, one can observe that for the passively

pitching blades, 𝐶𝑃 tends to negative values as the tip-speed ratio
decreases. This suggests that particular care can be given to the design
of the pitching mechanism to ensure that, at low speeds, down to and
including 𝑢∞ = 𝜔 = 0, the turbine generates positive power (and
therefore torque) and can self-start. This negative torque generation is
due to the constant balancing moment exerted by the spring: as the
tip-speed ratio decreases, the spring pitches the blade progressively
to higher negative values of 𝛽, as shown in Fig. 10(a). It is noted,
however, that a turbine does not need to self-start, as it can be started
by providing power to the generator, using it as a motor until the
ngular velocity is sufficient to invert the torque. If one wants to design
 self-starting turbine, then a mechanical limiter to the minimum pitch

can be adopted, such that the pitch angle is always sufficient to ensure
self-start. For example, an end stop can be adopted to ensure that the
minimum pitch angle is the design pitch at power rated, such that the
blades keep the same pitch angle at any flow velocity below rated speed

and pitch to feather only above rated speed.
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Fig. 9. Thrust (a) and power (b) coefficients generated by the turbine when changing the tip-speed ratio in non-yawed conditions. Experimental data for fixed and pitching blades,
and numerical data from the BEMT code described in Section 3.
Fig. 10. Blade section pitch (a) and angle of attack (b) at a section at 𝑟∕𝑟tip = 0.75 of the blade as predicted by the low-order code as a function of the tip-speed ratio, for the
itching blade and the fixed-pitch blade.
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In the present experiments, at the limiting condition 𝑢∞ = 𝜔 = 0,
he blade pitches under the effect of the spring alone and the rotation
s only constrained by the pitch limiting screw (part I on Fig. 2). Under

this configuration, the blade pitch is, therefore, the minimum possible
−25◦). To ensure the turbine generates torque at low inflow velocities
nd 𝜔 = 0, one shall limit the minimum value of pitch the blades can
ttain. This can be achieved by a straightforward modification to the
itch limiting system: for the turbine discussed in this paper, the length
f the slot in which the limiting screw moves can be changed in the
anufacturing step to ensure a minimum value of 𝛽 that guarantees
ositive torque at zero 𝜔.

As a result of the changes in pitch, the angle of attack along the
blade increases more rapidly for a pitching blade than it does for a
fixed-pitch-bladed turbine with decreasing 𝑢∞ and with decreasing 𝜔.
Therefore, a turbine equipped with pitching blades may enter stall at
higher values of 𝜆, as shown briefly in Fig. 10(b).

4.2. Yawed conditions

This section reports the thrust and power generated under yawed
inflow conditions (𝛾 = 15◦) for both fixed and passively pitching blades.
Again, the performance of the case with no yaw and pitching blades is
sed as a reference (i.e., the values of 𝑢ref, 𝑇ref and 𝑃ref are not changed
rom those of Section 4.1). The spring preload is also unchanged from
he previous section.

The effect of yawed inflow is to reduce the average speed seen at the
rotor plane by cos 𝛾, and to introduce a once-per-revolution variation
n the angle of attack on the blade sections. In fact, for a positive yaw
 y

10 
angle, and a positive angular velocity about the streamwise axis, the
aw acts to increase the angle of attack when the blade is at the top of

its rotation, and reduce it when the blade reaches its lowest position.
hen the blade is horizontal, the yaw produces a spanwise flow but

does not affect the angle of attack.
Fig. 11 shows the thrust and power generated by the turbine with

fixed-pitch blades and by the one with passively pitching blades operat-
ng under yaw, along with the performance figures previously reported
n Fig. 8 for the pitching and fixed blades under no yaw. Immediately,

it can be seen that the performance of the turbine equipped with
the passive pitching system is only minimally affected by the non-
zero yaw conditions: this is evident both in the thrust and the power
measurements, both for different 𝑢∞ (Fig. 11) and for differet 𝜆 values
(Fig. 12). In comparison, the thrust and power generated by the turbine
quipped with fixed-pitch blades have decreased by a constant factor
f cos2(15◦) and cos3(15◦) respectively (Fig. 11). This suggests that the

passive pitch is able to counteract the angle of attack perturbation due
to the yawed inflow. Some minor differences between the two pitching
est cases, however, are present: for instance, it can be seen that the
hrust generated by the turbine slightly increases with increasing 𝑢∞

for the case where yaw is present, while this is not observed for the
= 0 case; however, this increase is minor, amounting only to 3% of

𝑇ref at 𝑢∞∕𝑢ref = 1.4. Instead, with passive pitch, differences between
he power harvested at different yaw angles are negligible at every
. The results shown in this section suggest that the passive pitch
ystem is capable of mitigating flow fluctuations at frequencies at least
p to and including the turbine rotational speed. Note that, for the
awed test cases, no comparison with BEMT predictions is offered as
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Fig. 11. Thrust (a) and power (b) generated by the turbine when subject to an inflow having different values of 𝑢∞ in different yaw conditions.
Fig. 12. Thrust (a) and power (b) coefficients generated by the turbine when changing the tip-speed ratio in different yaw conditions.
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the theoretical background presented in Section 3 does not account for
the presence of yaw.

4.3. Performance during a tidal period

Having observed the performance of the passive pitch system, and in
articular the trends of power and thrust as functions of the freestream

speed 𝑢∞, we can estimate the loading and performance of a turbine
equipped with passively pitching blades in a realistic inflow. To gauge
how this passive control system compares to the current state-of-the-
art in terms of speed- and pitch-controlled turbines, we use the BEMT
data previously shown to simulate two hypothetical turbines harvesting
power from an idealised, sinusoidal flow representative of the flow seen
by a tidal turbine during a tidal cycle. The sinusoidal flow follows the
time history
𝑢∞(𝑡)
𝑢ref

=
𝑢rated
𝑢∞

− 0.2 cos
(

2𝜋 𝑡
𝜏

)

𝑡 ∈ [0; 𝜏] , (20)

where 𝜏 is the tidal period, 𝑢rated is chosen to be 1.2 𝑢∞ and the
amplitude is chosen so that 𝑢∞∕𝑢ref ∈ [1; 1.4] to match the available
xperimental data from the tidal turbine equipped with pitching blades.

The state-of-the-art is represented by a speed- and pitch-controlled
turbine, whose controller aims to keep the harvested power below
 maximum value, 𝑃rated, which is itself computed as the maximum
ower the turbine can harvest when 𝑢∞ = 𝑢rated. For freestream speeds
elow 𝑢rated, the controller sets both the tip-speed ratio 𝜆 and the

blade pitch 𝛽 to maximise the generated power; for higher speeds, the
controller keeps 𝑃 = 𝑃rated by mandating a constant angular velocity

rated and increasing the blade pitch. The angular velocity 𝜔rated is the
value of 𝜔 at which the turbine operates for 𝑢 → 𝑢 .
∞ rated

11 
The passively pitching turbine is modelled as a speed-controlled
urbine in which the pitch angle 𝛽 is not mandated by the controller,

but inferred for each operating condition from Eq. (19). As with the
state-of-the-art device, the controller of the passive pitch turbine max-
imises the power generated for 𝑢∞ < 𝑢rated, and keeps 𝑃 = 𝑃rated for
𝑢∞ > 𝑢rated by increasing the pitch angle; as direct control of the pitch
is unavailable, the increase in 𝛽 is obtained indirectly by increasing
the turbine angular velocity, and therefore by increasing 𝜆. The spring
preload is set so the blade has a pitch angle 𝛽 of 0◦ when 𝑢∞ = 𝑢rated
and 𝜆 = 𝜆rated.

The time-histories of the angular velocity and the generated loads
for the two devices are shown in Fig. 13. It can be seen that the turbine
equipped with passively pitching blades is able, by means of only
controlling the turbine angular velocity, to track the power generated
by the actively controlled turbine, as shown in Fig. 13(c): in fact, the
wo time-histories of generated power match well over the whole tidal
eriod, except when 𝑢 ≈ 𝑢ref, where a slight loss in power is observed.

Conversely, the thrust time-histories of the two devices are visibly
different, as seen in Fig. 13(d): the passively pitching turbine manages
to generate both a lower maximum value of thrust and a lower standard
eviation of it over the whole tidal period. This reduced thrust loading
omes at a cost of a more complicated angular velocity controller: as

can be seen in Fig. 13(b), the rotor speed is not constant for 𝑢∞ > 𝑢rated:
as 𝑢∞ increases, 𝜔 must increase in order to increase the blade pitch and
ultimately keep the power constant.

5. Discussion and conclusions

This paper has shown the effectiveness of passive pitch in re-
ducing fluctuations in torque and thrust on a tidal turbine due to
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Fig. 13. Time-history of the freestream speed (a) during a simulated tidal cycle, and timeseries of the angular velocity 𝜔 (b), generated power (c) and thrust (d) for a turbine
equipped with a fully active controller and one with passive pitch and active speed controller.
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quasi-steady changes in inflow and operating conditions. Furthermore,
assive pitch has been shown to mitigate the power reduction due to
aw misalignment with the free stream.

The main conclusion of this paper is that the passive pitch system
ould entirely replace the active pitch system while achieving the same
nergy yield over the tidal period and a lower thrust force on the
upport structures. This would allow lighter and cheaper structures,
educing CAPEX and OPEX, while simplifying the turbine design and
ontrol, increasing reliability. Furthermore, these results show that the

passive pitch systems decreases the sensitivity to the yaw and thus
alleviates the requirement of the yaw control system. Finally, it is also
noted that for seabed-mounted turbines, controlling the active pitch
system requires at least three cores of the cable which connects the
turbine to the shore, and the reliability of each core and connector is a
critical technical challenge for the sector. Overall, these results directly
contribute to addressing three of the ten areas that have the greatest
potential for reducing the LCOE [28]: increasing reliability and de-
creasing costs of pitch control systems, increasing lifetime performance,
and increasing turbine diameter. These together could contribute to a
35% LCOE reduction [28], resulting in a step increase in tidal energy
competitiveness and accelerating the transition to a sustainable and
resilient net zero future.

A low-order code based on Blade Element Momentum Theory was
used to identify the optimal pitching axis location to limit the variations
in the thrust and torque transferred to the turbine structure in the
presence of changes in freestream speed and direction. The optimal
pitching axis was found to be parallel to the blade span, upstream in
the chordwise direction and upstream in the chordnormal direction. Its
exact position can be chosen to minimise either the thrust or the torque
(and thus power) variations due to changes in the freestream speed

or direction. For the specific foil sections of the blades chosen for this t

12 
study, a pitching axis through a point about one chord upstream of the
quarter-chord point in the chordwise direction with no chordnormal
displacement allows a substantial reduction in both thrust and torque
variations. Furthermore, the sensitivity to the exact position of the
pitching axis on the thrust and torque unsteady mitigation is marginal.

Experimental tests were performed on a model-scale turbine in a re-
circulating open water channel. The freestream speed, turbine angular
elocity and turbine yaw angle with the free stream were all varied
ystematically. The predictions of the reduced-order model matched
ell with the experimental results, both for the turbine with fixed pitch,
nd those with passive pitch. The agreement was less good at low 𝑢∞
 attributed to high friction around the pitch mechanism shaft – and at
ow 𝜆, where substantial flow separation is likely.

The thrust generated by the turbine equipped with passively pitch-
ing blades was insensitive to changes in the freestream speed: an
increase of 40% in the current speed induced a reduction in the gener-
ated thrust of 3%. The effect of 𝑢∞ changes on the power generated by
the passive pitch turbine was more pronounced, although the power
curve was seen to be less sensitive to variations in freestream speed
than that of a turbine equipped with fixed-pitch blades. It was also
observed that the maximum pitching angle allowed by the passive
system can be limited to ensure good performance at low angular
velocity and enable self starting.

The turbine was also tested with yawed inflow, which was set to
15◦ for this study. Without changing the spring preload and therefore
he settings of the pitching apparatus, the performance of the turbine
quipped with pitching blades under yaw matches the performance of
he same turbine under no yaw: this shows that a turbine equipped with
his passive system is insensitive to moderate misalignment between the
urbine axis and the freestream.
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Finally, the experimental results were used to model the operation
of a turbine through an entire tidal cycle. Because the blades pitch to
feather as the angular velocity increases, it is possible to control the
power harvested indirectly through the angular velocity. Specifically,
a turbine equipped with a passive pitch system can provide the same
power output as a turbine with active pitch, although a marginal
increase in the angular velocity is required in order to keep the power
constant. Furthermore, the maximum thrust experienced by a turbine
with active pitch is substantially lower for a turbine with passive pitch.

Overall, this research demonstrates that a passive pitch control is
a viable alternative to active pitch control for tidal turbines. It allows
the same energy yield over a tidal cycle and comparable control on
the power output than an active pitch control. Passive pitch also has
the advantage of allowing a lower maximum thrust over the tidal
cycle, lower thrust and power fluctuations, and lower sensitivity to yaw
misalignment.
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