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Morphing blades for passive load control of

tidal turbines

Weidong Dai, Gabriele Pisetta, Ignazio M. Viola

Abstract—A passive load-control system is proposed to
reduce the load fluctuations on tidal turbine blades. Load
fluctuations may result in fatigue failures, and thus they are
one of the main factors that affect the reliability of tidal
turbines. In this paper, we analyse the fluid-structure
interaction of surface-morphing blades. While the results
can be equally applied to wind and tidal turbines, a tidal
turbine blade is chosen as a test case. We consider a bi-
dimensional model that can represent two possible physical
designs: (1) a blade with a flexible trailing edge from root to
tip and, (2) a rigid blade that can passively rotate around its
pitch axis. We show that both designs are capable of almost
perfect cancellation of the load fluctuations without
affecting the mean power generated. The optimal structural
parameters are identified by a mathematical model based on
first principles. The morphing blade is modelled with a
mass-damper-spring system which is weakly coupled to a
hydrodynamic model. The optimum blade design is then
tested with unsteady Reynolds-averaged Navier-Stokes
simulations. The CFD results show that 97% of thrust
fluctuations can be cancelled for the same amount of energy
extracted than rigid blades.

Keywords—gust alleviation, load control, morphing
blade, passive pitch.

L. INTRODUCTION

Xial-flow horizontal-axis tidal turbine experience
significant fatigue loading due to the inherent
unsteadiness of the flow. The shear layer, the high

turbulent kinetic energy in the tidal stream [1, 2] and the
wave-induced currents [3] represent critical loading
conditions in the design of the turbine’s blade. The
uncertainty associated with these unsteady loads is
mitigated by designing blades with high safety factors
which leads to over-engineered blades and high capital
costs [4]. Therefore, reducing the fluctuations of the loads
experienced by the blades will reduce their cost and the
levelized cost of energy.

Individual pitch control is the most advanced active
control system employed at a commercial scale both for
wind and tidal turbines [5, 6]. Individual pitch control
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would significantly mitigate load fluctuations, however, it
is seldomly used in the tidal industry because of the
increased complexity and the consequent loss of reliability.

Moreover, with the scale up to larger devices, the
turbine diameter becomes closer to the size of the most
energetic turbulent eddies in the flow stream [7] and the
increase in the blade flexibility leads to higher aeroelastic
coupling [8].

Different load-mitigating technologies have been
investigated in the aeronautical industry, and trailing-
edge flaps, whether with a rigid or a flexible structure are
indicated as the most promising device [9-12]. Therefore,
we believe that morphing blades could prove very
effective to alleviate fatigue loads on the blades of a tidal
turbine.

Research about load alleviation systems for tidal
turbines is limited, with a few studies about individual
pitch control [13] and camber control [14-16]. To our
knowledge, Tully and Viola [14] are the only ones who
studied how to alleviate loads on tidal turbines using
morphing blades. They found that, under current and
opposing wave conditions, the passive deflection of a
blade section can reduce the loads fluctuations up to 30%.

In this paper, we present a novel passive load control
system inspired by this morphing blade concept and we
show that it cancels almost completely the loads
fluctuations.

A. A simple model of a morphing blade

Morphing blades are regarded as a camber control
system. A passive morphing blade works by aligning part
of its structure towards the instantaneous flow direction,
similar to a wind vane. Fig. 1 shows that when the angle of
attack is increased by Aa due to unsteady inflow
conditions, the fluid loading increases, and the pressure
generates a moment that bends the morphing blade
upwards. The deformation has a decambering effect on the
blade, hence the effective angle of attack is reduced by AS.
The change of the angle of attack is thus Aa — Af, therefore
the load increase is mitigated. The load-alleviating
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performance of the morphing blade is determined by the
flexibility of its material.

We present a simple model of a passive morphing foil
where the flexibility of the foil is represented by a torsional
spring of stiffness x (Fig. 1). The foil is considered rigid
and the spring controls its angular position around a
chosen axis. The change of the foil camber is represented
by a change in the actual angle of attack caused by the
passive pitching of the blade. As long as the effect of the

Morphing foil

Equivalent model

Fig. 1. Morphing foil and the equivalent passive pitch model. The foil
compliance is modelled by a torsional spring with stiffness .

thickness and the exact shape of the foil on the unsteady
lift are negligible, the two models in Fig. 1 are equivalent.
This is a reasonable approximation when flow separation
does not occur. Hence, the validity of the model breaks
down near the root, where dynamic stall might occur.

We analyze the performances of this load control system
for a 2D section of a tidal turbine blade subjected to load
fluctuations due to the shear flow. We investigate whether
it is possible to mitigate the load fluctuations without
affecting the mean power generated. Firstly, we identify
the optimal structural parameters using an analytical
model based on first principles. Then, the optimum blade
design is tested using unsteady Reynolds-averaged
Navier-Stokes (RANS) simulation.

1L METHODOLOGY

The passive pitch system is described in Fig. 2, where a
is the angle of attack, U is the inflow velocity, 8 is the pitch
angle, 5, is the geometric twist of the blade, 8 = 6, + 60 is
the extension of the spring and ¢ = a + § is the inflow
angle. We adopt a linear spring with constant stiffness .

The blade rotates about the axis at x, = 0.1c, where c is
the chord. Under steady inflow conditions, the foil
experiences constant inflow velocity U and constant angle
of attack @ that generate a positive hydrostatic moment

1 —2 _
My = EprZU CM(a)' (€Y)

where p,, is the water density and Cy is the moment
coefficient, which depends on a.

We define the preload angle 6, as the spring
deformation required to balance the hydrostatic moment:

1/1 _
0, = ;<5pwczuzcm<a)>. @)

When considering unsteady inflow conditions, the
spring deformation is composed by two terms: the preload
angle 6, balances the moment arising from the average
inflow conditions, and 86 counteracts the fluctuations
around the mean caused by the unsteadiness of the flow.
The next paragraphs will explain how we defined the
unsteady inflow conditions for the test case and how we
solved the dynamic problem of a passively pitching foil
subjected to inflow fluctuations.

Spring at rest ~

Fig. 2. Passive pitch system. The spring preload angle 8, balances the
moment arising from the mean flow, whereas the deflection &6
compensates the fluctuations around the mean flow.

B. Inflow conditions

We use a code based on blade element momentum
theory to compute the inflow conditions for a 3 blades,
1MW axial flow tidal turbine operating at constant speed
in a shear flow. The inflow for each section of the blades is
determined by two velocity components: the fluid speed
Ur relative to the blade rotation that acts tangential to the
plane of the rotor, and the speed Uy of the tidal current
that travels perpendicular to the rotor plane. The shearing
is due to the boundary layer of the seabed. The velocity
profile is such that during its rotation the blade
experiences a varying velocity Uy (Fig. 2).

As a consequence, the inflow velocity for each section
changes periodically both in its magnitude U = /UZ + U§
and its direction ¢ = atan (z—’;’) We define the average

flow conditions as

= 3)
¢ = atan <#>

where Uy is the average speed of the tidal flow
experienced by a blade section over one revolution and it
is defined as
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where 1 indicates the angular position of the turbine blade
during its revolution.

For a rigidly fixed blade, the average angle of attack is
computed for each section as

a=¢—p, )

where f3, is the geometric twist of the section.

To compute the unsteady loading resulting from the
periodic onset flow velocity fluctuations, we used
Theodorsen’s theory [17]. With this approach, the small
effect of the foil thickness is neglected. Interested readers
could consider improving the current model by
accounting for the effect of the camber following Motta et
al. [18] The inflow fluctuations are approximated with a
sinusoidal shape as shown in Fig. 3. We determined the
oscillations of Uy such that the angle of attack @ would
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Fig. 3. Angle of attack fluctuations. The oscillations generated by the
shear flow are approximated using a sinusoidal shape with the same
mean value and the same amplitude.

fluctuate harmonically, with the same amplitude and the

TABLEI
BLADE PROPERTIES AND FLOW CONDITIONS

Mean angle of attack [deg] a 5.96
Angle of attack fluctuations [deg] Aa +0.80
Twist angle [deg] Bo 5.39
Chord [m] c 1.02
Mean inflow speed [ms] U 6.98
Reynolds number [-] Re 7.11 x 10°
Inflow speed fluctuations [ms] AU +0.019
Pitch axis position [-] xu/cC 0.10
Sea water density [kgm?] Pw 1025
Sea water viscosity [m?2s] v 1.05 x 107
Foil inertia [kgm] ] 278
Fluctuations frequency [rads] ) 1
Fluctuations reduced frequency [-] k= 7 0.073
Foil type NACA 63314427

same mean value as for the inflow conditions due to the
shear flow.

We consider the blade section at 75% of blade span. The
blade section properties and the local flow conditions are
summarized in Table I.

C. Quasi-steady model
Since the unsteadiness of the flow is relatively low

(k « 1), firstly we analyse the problem using a quasi-
steady approach. The spring moment reaction is

M, = —k0, (6)

and the hydrostatic moment is
L o
Mys = Epwc U?Cy(a), )

Since the system is designed to operate around the
average flow conditions, the moment coefficient is
linearized as

Cy(a) = Cua@ + Cyo ®

where the terms Cy, and Cy, are obtained from a linear
regression performed over the range @ + 3 deg. For each
incidence value, the flow field is simulated using unsteady
RANS simulation. Once the simulation has reached a
steady state, we extract the values of Cy to inform the
linear regression.

The equilibrium position of the blade is determined at
each time step by balancing the spring reaction and the
hydrostatic moment, such that

MK+MhS =0. (9)

By noting that f =, + 60, where 60 = 0 —6,, and
recalling that ¢ = a + f and @ = @ + §a, we obtain
a=¢—ﬂ0—9+90. (10)

Using (10), (9) is solved and the equilibrium position of
the blade is evaluated as

1
jpwcz UZ[CM,a(¢ —PBo+6) + CM,O]

K +%pwc2U2CM,a

1
6=- (11)

The angle of attack is readily evaluated using (10) and
the lift L and the drag D on the blade section are computed
as

1
L= 5puUC,(@)
1 (12)
D = 5puUcCy(@)

where C;, and Cj, are the static lift and drag coefficient and
are informed by unsteady RANS simulations. We express
the loads with reference to the plane of the turbine rotor as
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N =Lcos¢ + Dsing, (13)
T =Lsing —Dcos¢,

where N acts in the direction of Uy, and T acts in the
opposite direction of Uy (Fig. 2). The load coefficients are
respectively defined as

o= N
NTT 2
5pwU €
7 Pw
e (14)
Cr=1——"
?pwU ¢
D. Dynamic model
We also quantify the dynamic effects using

Theodorsen’s unsteady linear theory [17].

The position of the blade is determined by balancing the
moments with respect to the pitch axis, where the reaction
of the spring is defined as for the quasi-steady case using
(6). Instead, the hydrodynamic moment is based on
Theodorsen’s equation for the harmonic pitching of a rigid
foil. The original formulation of Theodorsen for the
unsteady loads on a foil was developed for a flat plate at
zero incidence. Hence, the equations are cast for the
fluctuations of the angle of attack around its mean value
éa = a — @, but they also account for the loads due to the
average angle of attack.

The resulting moment is a function of the angle of attack
fluctuations da, the pitch rate §8, and the respective time
derivatives 8a,86. The hydrodynamic moment is thus
computed as

My = X866 + Y380 + W8d + Z8a + My, (15)

where

x=poin (5 (8)
—Pw T\ \p) )

Y = —p,Ub*n (1 + %) ) (1 - zg),

2 b (16)
W = purn(b-2)0
TP T )Y

1
Z= EpWUzczCM,aC(k).

In the above equations, C (k) is Theodorsen’s circulation
function for a given reduced frequency k, b is the
semichord and d = x, — b, in accordance with the original
notation used by Theodorsen [17].

We model the pitching blade with a mass-damper-
spring system, such that the dynamics of the blade rotation
are described by

Mpq + M, — ub = J6, (17)

where u represents the material damping of the foil, and J
is the section inertia to rotation around its pitch axis.

Recalling « = @ + da, (10) is conveniently written as
da = 6¢ — 86, (18)

where 6¢ = ¢ —a — f,. Equation (18) highlights the
dependency of the angle of attack oscillations on the
fluctuations of the inflow 8¢ and the blade pitch 66.
Moreover, using (18) it is possible to express the
hydrodynamic moment as a function of 66 and §¢, hence
the dynamic equation can be cast as

(]—X)65+(W—Y+y)60'+(Z.-I—K)69 (19)
=Wé¢ +Z5¢,

where the only unknown are 60 and its derivatives.

The dynamic equation is solved by transforming (19) to
the frequency domain. The fluctuations induced by the
shear flow are periodic, such that §¢ = % exp(jwt), where
A¢ is the amplitude of the fluctuations, w is the frequency
of the fluctuations and j is the imaginary unit. Hence, we
expect the blade to oscillate with 66 = Azg exp(j(wt +1)).
By substituting 68 = jws6, §6 = —w?80, §¢ = jwS¢p and
8¢ = —w?8¢, (19) is rewritten as

[—w?(J = X)+jo(W =Y + u) + Z + k|66 (20)

= (oW + Z)5¢.

The dynamics of 60 are determined by the algebraic

solution of the above complex equation for each time step.

We compute the evolution of the angle of attack using

(18), hence the loads acting on the foil are evaluated. The
lift is determined according to Thedorsen’s theory as

. dy ..
L = mtp, b? [U(Sa -b (5) 59]
1 dy_.
+2mp,, Ub?C (k) (5 - 3) 56 (21)

2P UR[CUIC (@) + (1 - CO)CL @]

Being based on the assumption of potential flow,
Theodorsen’s theory predicts zero drag, hence the drag is
computed as for the quasi-steady case using (12). The
normal and tangential forces for the dynamic case are
evaluated using (13), and the respective coefficients are
computed using (14).

The analysis is generalized by introducing the non-
dimensional coefficients for the stiffness I' and the
damping C,, respectively defined as

r= K
_1—2_2’
Epwc U
b 22)
C, =

%pwczvzw—l
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E.  Control system optimization

The optimization problem consists in finding the system
design that minimizes the flapwise bending moment
fluctuations on the blade over its revolution, with the
requirement that the mean power extracted from the flow
is the same as for the turbine with rigidly attached blades.
For the bi-dimensional test case, we seek the spring
properties that minimize the fluctuations of the normal
force ACy whilst keeping constant the average value of the
tangential force Cy. The 2D optimization problem is thus
defined as

mKin]A(rc) = ACy
aC; (23)

L —=0.
s ok

We solve the problem using an exhaustive search
algorithm. Hence, we test a wide range of spring and we
select the one that minimizes the load fluctuations. The
requirement of constant C; is satisfied by assuring a
constant pitch angle f = f3, for average inflow conditions
@and U. This method approximates the average loads with
the loads generated by average flow conditions, namely
Cr = Cr(@,U). Using this approximation, we obtain that
the preload angle 6, ensures the compliance with the
optimization constraint, as shown in (2).

The optimization problem stated in (14) is applied to the
quasi-steady model as well as to dynamic model. The
optimal spring parameters determined with the dynamic
model are thus validated via unsteady RANS simulations.

F.  CFD analysis

The computational fluid dynamics calculations are
performed in STAR-CCM+. An unstructured mesh of ca.
106 cells, was constructed with ICEM, and used to

discretize the computational domain 2 = {% € [-20,50] x

%E [—20,20]}. Radial basis functions are used to morph
the mesh at every time step. We use a k —w SST two-
equations turbulence model, and a second order implicit
finite difference Newmark-Wilson scheme is applied to
approximate the blade angular velocity and its position at
time-step N as

Oy =0y_y + [Vézv +(1- ]/)éN—l]At'
. NG 24)
Oy = Oy + Oy, At + [eeN + (E - e) eN_l] At

where At is the time-step, y=1/2 and e=1/4 . To
calculate the angular acceleration of the blade, the classic
mass-spring system with one degree of freedom is used

J6 +Kk6 =M, (25)

where M is the resultant moment acting on the body with
respect to the specified axis of rotation.

11I. RESULTS

We present here the results for the passive pitch control
applied to a 2D foil. The analysis is conducted on the blade
section at 75% of the blade span of a 3 blades, IMW axial-
flow tidal turbine, rotating at constant speed in a shear
flow. For a rigidly fixed blade, Fig. 4 shows the flow field
on the blade section at two different positions. The flow
field is very similar between the two blade positions.
However, the angle of attack varies by more than 1.5 deg,

S—

)2m

Pressure coefficient [-]

-0.60 -0.30 0 0.30 0.60

Fig. 4. Pressure contours and streamlines close to the rigidly fixed foil.
The foil is subjected to inflow fluctuations and it is depicted at the
instants when the angle of attack reaches its maximum (a) and when
it reaches its minimum (b), as shown by the insets.

which generates fluctuations of the normal force
coefficient with amplitude greater than 15% of its average
value.

Figs. 5 and 6 show the CFD loads obtained for the
optimized morphing foil and the rigid foil. We chose the
spring parameters such that a 10% change of the spring
stiffness would cause a negligible improvement of the
system performance. Using a spring with stiffness
I'= 1073 and preload 6, = 222 deg, the fluctuations of Cy
are almost completely cancelled. Nonetheless, the mean
tangential force, and thus the power extracted, is not
affected by the passive pitch system, whereas the
amplitude of the fluctuations of C; are slightly reduced for
the morphing foil.
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TABLEII
LOAD REDUCTION FOR THE OPTIMIZED CONTROL SYSTEM

Normal force fluctuations ACy

% average Cy % reduction
Rigid foil 15.59 -
Morphing foil 0.49 97

The results outlined in the table refer to a passive pitch system that
employs a torsional spring with I'=107% and a preload angle
0y = 222 deg.

Table II summarises the comparison between the rigid
and the morphing foil configuration. We recall that the
normal and the tangential force coefficients are locally
representing the thrust and power coefficients of the
turbine respectively. Therefore, the passive pitch system
alleviates the fatigue loads associated with the blade root
flapwise bending moment without compromising the

power generation of the device.

Fig. 7 shows a comparison of the loads computed with
CFD and the low-order model. The graph shows the
difference between the normal force for the rigid foil
Cylx »» and that for morphing foil Cy. For both methods
the same spring properties have been used and the blade
damping p was neglected. The two methods predict a
similar reduction in the loads.

Given the agreement between the two models, we use
the low-order model to conduct a parametric study of the
effects of the blade stiffness I' and the material damping
C, . Fig. 8 shows the amplitude of the normal force
coefficient ACy for a range of stiffness and damping
values. Each line presents constant €, and it is plotted for
the whole range of I' considered.

For a very stiff torsional spring (high I'), the load
amplitude tends to that of the rigid foil. Instead, by
decreasing the spring stiffness, the load amplitude tends
asymptotically to different values depending on the
damping. A foil that presents high damping values reduce
the load-mitigating capability of the system substantially.
Moreover, the optimal working condition (i.e. the
minimum load amplitude ratio) is achieved with stiffer
springs. The quasi-steady model predicts an optimal
design point where the loads fluctuations are completely
cancelled. This that unsteady effects are
undesirable, although generally small.

With analogy to a mass-spring-damper system, we
define the damping ratio as

shows

_ U
2]rc'

§ (26)

The damping ratio is { « 1 for €, < 107*. Hence, the
two curves for €, = 10~ and 1072 overlap. For C, > 10,
the damping ratio is £ > 1 over almost the entire range of
I, however, the system is highly overdamped (¢ > 1) for
low stiffness values and its response greatly differs from
that of an undamped system. For high spring stiffnesses,
the damping ratio becomes small for any value of C,, the
stiffness dominates the dynamics of the system and all the

1.05 ¢
- - Rigid
o AGEERAN — Morphing
b ,/ \\\
:§ 0.95 )~ . .
= * /,'
g \\\ /l
ZO 0.9+ N /,’
0.85 : — :
0 7r/2 T 37\'/2 2t
¢ [rad]

Fig. 5. Normal force coefficient. The dashed line is used for the rigid
blade, the continuous line is used for the morphing blade modelled
as a passively pitching blade.
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o —Morphing
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Fig. 6. Tangential force coefficient. The dashed line is used for the

rigid blade, the continuous line is used for the morphing blade

modelled as a passively pitching blade.
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© —CFD
E Low-order model
%I 0.05F

=

0 \
z 0
&
S 8 /
. 1
2=
E O -0.05¢
3
ot

-0.1 ‘ ‘ ‘

0 7r/2 ™ 37(/2 2w
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Fig. 7. Comparison between CFD and low-order model results.

The y-axis shows the difference between the normal force coefficient
on the rigid blade Cyl,— and that on the morphing blade Cy.

curves converge. For the intermediate value C, =1, the
system is underdamped (¢ < 1) for high stiffness values
and becomes overdamped (¢ > 1) for ' < 107*.
Theodorsen described the unsteady hydrodynamics by
superimposing the effects of the added mass, the pitch rate
and the quasi-steady loads corrected for the wake
presence. These terms affect the dynamic of the system
with effects analogous to additional mass, damping and
stiffness respectively, as shown in (19). The damping ratio
is computed again to account for these additional effects.
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Fig. 8. Passive pitch system performance for different values of the spring stiffness I' and the material damping C,. The y-axis expresses the
amplitude of the Cy fluctuations as a fraction of the fluctuations on the rigid foil. It takes the value of 1 for ineffective control and 0 for perfect

load cancellation.

The hydrodynamic loads do not change the behaviour of
the system. Hence, its dynamics are determined by the foil
inertia J, the material damping u and the stiffness I'.

IV. CONCLUSIONS

The unsteadiness of the flow in tidal channels is
responsible for premature fatigue failures of tidal turbines
blades. This paper investigated the potential of morphing
blades to passively adapt to the changes of the flow in
order to alleviate the amplitude of the load fluctuations. In
particular, we presented a novel design where a morphing
blade is modelled as a passively pitching system. Such
model describes the blade compliance using a torsional
spring that controls the deflection of a rigid foil.

Using a low-order code based on classic unsteady
aerodynamic theory, we designed an optimal control
system that is capable of almost complete cancellation of
the amplitude of the oscillations of the bending moment
coefficient whilst keeping constant the mean power
generated by the turbine.

The CFD analysis of the system performances revealed
that by using a spring with optimal stiffness and preload it
is possible to almost completely cancel the fluctuations of
the flapwise force on the blade, with no reduction in the
mean power extracted.

The low-order model was then used to investigate the
effect of material stiffness and damping on the
performances of the morphing blade. For low stiffness
values, the system performance is highly affected by the
damping, and high material damping decreases the
effectiveness of the system.
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