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This paper details an aeroelastic study of compliant blades used in the passive power control of
horizontal-axis wind turbines. By designing the blades using fibre-reinforced composite materials,

coupling between bending and torsion can be incorporated. The present work investigates the
capability of a 50 kW constant speed wind turbine to automatically shed power in gusts by feather-
ing the blades, i.e. twisting them towards the relative wind vector thus reducing the angle of attack,
whilst bending away from the wind.

Although the design of compliant or flexible blades is rather more complex than rigid blades, it has
the advantage of reducing the aerodynamic loads at their source, and consequently this reduces the
loads which need to be carried by the power train and the tower. Wind turbine designers have
experienced some difficulty developing active controllers to pitch blades fast enough to control the
power generation, and so in windy gusty conditions such as in hilly New Zealand terrain, one would
expect the power output of fixed speed pitch controlled wind turbines to vary rather more than
desired. Compliant blades may offer a more effective means of power control, and of reducing
fatigue damage.

This numerical study demonstrated that it was difficult to achieve constant power output with com-
pliant blades for a fixed-speed wind turbine because a large amount of twist is required. When a
gust arrives at a blade the relative wind vector is rotated forwards, thus increasing the angle of

attack, and hence the lift coefficient. In order to reduce the power, the blade feather angle had to be
larger than this gust-induced increased angle of attack. This would typically be several degrees,
and meant that induced blade pitch angles need to be at least 15° to be effective.
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1. Introduction resource is insignificant, with only a handful of machines

The development of wind turbines has made a signific ted abovg 50 kW.m operation throughout the cpuntry.
ne recent installation of seven Enercon E-40 wind tur-

contribution to human achievement and technologic . . . .
9 ines at the Hau Nui site near Wellington is the first com-

advancement throughout history. With an ever increas-

ing demand for limited energy resources, and global co 1ercial wind farm in the country, with a rated output of

cern about pollution and environmental damage arisin 5 '\tAW' \I/atn L'fsr:ﬁm (1t993) ?roq%c]?d var!ouNs coszt es-
from fossil fuels, wind turbines may begin to assert ates refating 1o the Set-up of wind-farms in New zea-

. : : nd. The initial capital cost would be in the region of
ever increasing role during the next century and beyon§2$2 000/kW, and ?he operation and maintenaﬁce cost

Recent advances in technology and performance have isetween 2—-5% of the capital cost per annum. The cost to
sulted in current wind turbine designs being increasinglfie consumer could be as low as 8c/kWh if sites with av-
efficient, cost effective, and reliable. The popular size @gfrage wind-speeds 10-11 m/s are used, and the capacity
machines has moved from the small-medium range, 5@ctor is up around the 35% mark. It was also suggested
100 kW, to much larger 200 kW to 1 MW systems. In thehat future costs could fall to as low as 5¢/kWh for excep-
period from the mid 1970s to the mid 1980s, the averagenal sites. Further information on the cost of wind farm
power (kWh) per swept area{nncreased approximately electricity can be found in Collecutt(1994) and Biggar
40% (Spera, 1994). The installed costs have decreased 0995).

average by 83% since the mid 1970’s. Performance im- . _ . : .
. /Ibhmajor problem influencing the design and operation of

the areas of blade construction and durability, control sy‘é’-Ind turbines is fatigue. The lifetimes of most compo-

tems, materials and weight. A greater understanding ?’_ms are gradually reduced by the high number of revo-

the fatigue characteristics of blade materials and the tions that occur at relatively low siress magnitudes.

fect of wind conditions such as turbulence on the rotorurblne blades are the components which exhibit the larg-

and tower, will no doubt improve future designs est proportion of fatigue failure (50%), and the centrifu-
' ' gal and gravity loads are primarily responsible (Eggleston

New Zealand’s location across the prevailing westerlynd Stoddard, 1987). Other contributions to fatigue dam-
winds associated with the ‘Roaring Forties’ provides age arise from, wind shear, turbulence, tower shadow and
plentiful wind resource. The current utilisation of thisnterference from upwind turbines. The affect that each
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) componentV,a, due to the wake effect or retardation
/ plane of rotation

imposed by the blades, whéfg is the upstream undis-

L turbed wind speed. Th@' and aterms represent the ro-
tational and axial interference factors respectively. The
angle of attack is denoted hy the pitch of the blade by
g, and the angle of the relative wind to the plane of rota-
tion, byf. The resultant lift and drag forces are repre-
sented by andD, and directed perpendicular and paral-
lel to the relative wind as shown.

u=rQ(1+a’)

Designing wind turbine blades using strip theory or re-
lated blade element theories requires knowledge of the
characteristics and behaviour of airfoil sections. This in-
formation is presented in the form of data which is usu-
ally obtained from wind tunnel tests on 2-D sections. In
the past, wind turbine designers have relied on airfoil sec-
tions and data intended for aircraft use. NAECA 230XX
seriesNACA 44XXseries, and thRACA 63-2XXseries
airfoils are primarily for aircraft use, but have all been
used extensively in the design of HAWTs. TWACA
63-2XXseries has since proven to provide the best over-
of these factors has on the rotor is difficult to determincgIII perform_ance, ant_j are _al_most insensitive to _surface TOUI'
mg. The increase in efficiency of modern wind turbine

and much research is being conducted to gain an improv, des is a direct result of indenendent research into ne
understanding, such as the work described by Noda (199% es| Ire uft ot incepen ) ' w
sections specifically tailored for wind turbine blades. It

2. Wind turbine design theory is important to remember that much of a turbine blade
he f q fund | q . gel doperates in the stalled region where the angle of attack is
The first and most fundamental aerodynamic mode Fa'rge, and low Reynolds number flows are experienced.

veloped for horizontal axis wind t'urbi'nes, was th.e aF:tu Sircraft wings typically operate at lower angles of attack,
tor disk theory proposed by Rankine in 1895. This high ¥nd in extremely high Reynolds number flow regimes.
idealised model treats the turbine rotor as a non-rotating

homogeneous disc that removes energy available in tBe Composite material wind turbine blades

wind, and converts it into useful mechanical energy. Us- . .
9y ?\/Iodern wind turbine blades are commonly constructed

Ing momentum theory, considering the pressure dr?Pom some form of composite material. A composite
across the actuator, and by applying Bernoulli's equation '

2 material is formed from two or more discrete component
upstream and downstream of the disc it can be shown that, ~ . S : . .
) . - . materials, which in combined form posses different, ide-
the maximum possible power coefficiedf _ is 0.593.

This value is called the Betz limit, and enables the max&|1-IIy improved properties than exhibited i_ndividual!y. _The
mum amount of power that a wind turbine can theoretmOSt com_monly used types of composite material in _the
cally produce to be determined. wind turbine mdusFry are glass ﬂbre—remforceq plast_|cs
(GRP). GRP dominates the market because it provides
This idealised flow theorem was further developed bthe necessary properties at a low cost. The important char-
Glauert [1935], who treated the rotor as a rotating actuaeteristics of GRP are good mechanical properties, good
tor disk, and summed individual effects through a numbeobrrosion resistance, high temperature tolerance, ease of
of annulus stream-tubes. At this stage the effects of wakeanufacture, and favourable cost. More importantly, com-
rotation had also been incorporated into the analysis posite materials enable structures to be designed to pro-
give a more accurate estimation of the power outputide significant advantages such as weight reduction, over
Glauert's optimum actuator disk theory prompted the comtraditional engineering materials, whilst maintaining the
ception oBlade Element Theoywhich further increased required levels of performance and reliability.
accuracy by integrating all properties over radial incr

ments of the blades.

FIGURE 1. Blade element force velocity diagram.

eéy laying up the individual plies at certain orientations,
the laminates can be designed to provide the desired
A section of a blade at radiuss illustrated in Fig. 1, with strength and stiffness characteristics required for specific
the associated velocities, forces and angles shown. Tdplications. Furthermore, the material anisotropy ob-
relative wind vector at radius denoted by, is the re- served in some laminate configurations can be exploited
sultant of an axial component, and a rotational compo- to induce coupling between different deformation modes.
nentu,. The rotational component is the sum of the ve~or example, bend-twist coupling results in twisting of a
structure when a pure bending load is applied. Stretch-
ing-twisting coupling can occur when a tensile load is
ity of the air,rQa’ . The axial velocityl,, is reduced by a applied, and the object deforms both axially and torsionally
about some reference axis. This behaviour is influenced

locity due to the blades motion(), and the swirl veloc-
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both by the material characteristics of the laminate arithe gyroscopic loads were ignored, based on the assump-
geometric properties of the structure to which it is assignetibn that the rotor yaw rate would be sufficiently low as to

Ironically, in the past these cross-coupling effects havg 1€ negligible effects.

posgd §erious difficulties to designer;, who have at'temptsq Requirements for passive power control
to eliminate these undesirable couplings from their mate- . .

rials. However, some industries are beginning to capital- by coupled bend-twist blade pitch

ise on these responses, such as the aeronautical comAdthough passive power control of wind turbine rotors
nity, where the performance of wings may be improvedchieved by exploiting the cross coupling characteristics
by the use of materials exhibiting bend-twist, and tensioff anisotropic fibre reinforced composite materials has
shear couplings. The use of fibre reinforced composigxhibited some potential (Karaolis et al., 1991) the extent
blades enables a number of possible passive aerodynaffidts effectiveness to actual designs requires further in-
control options to be investigated. The three options covestigation. This section presents the required operating
sidered in this study rely on coupled deformation effecgpnditions necessary for the successful application of a
of the composite materials to obtain the necessary twigade feathering control method. These requirements are
or pitch for power control. illustrated by the analysis of a turbine rotor whose blades
. . ) . are twisted by various amounts and then the power output
Traditionally, the major_lty of comp_osne m_aterlal StruCaiculated for a range of wind speeds.
tures are constructed with symmetrical laminates. A sym-
metrical laminate is one that is mirrored about its midFhe specifications of the blade design used for this inves-
plane. Animportant characteristic of all symmetric lamitigation are presented in Table 1. Rotor and generator
nates is that coupling between the membrane and begdficiencies were incorporated in the design so that the
ing modes is effectively zero. Fortunately symmetric lamipplied loads reflected realistic rather than ideal values.
nates are capable of inducing bend-twist coupled deforhe generator and rotor were each assigned an efficiency
mation, whereas to utilise the tension-twist coupling eff 0.9, giving the turbine an overall efficiency of 0.81.
fect, non-symmetric laminates must be used. Having tdherefore in order to generate 50 kW of useful power the
consider the membrane-bending stiffness coupling terrf@for must be directed to produce around 62 kW to allow
not only increases the complexity of the design procedoy the system loses.

but also increases the risk of introducing effects that afgg| £ 1. Specifications of base blade design.

difficult for designers to detect and account for.

Rated power: 50 kW Rated wind speed: 12.0 m/s

4. \Wind turbine loads model and simulation Rotor diameter: 16.0 m Profiled Blade lengthZ.0 m

Root chord: 0.8m Tip chord: 0.30m
The development of software to calculate the loads ona pitch angle:+14.0° Tip pitch angle: 00

turbine blade and the overall performance was necess@idtor speed:  62.0 RPM Tip-speed ratio:  4.33
for the static and dynamic FEM modelling of the bladegJACA airfoil: 4415 Average Reynolds nd.5 x 10
and aided the understanding of the theory and desigh

methodology. The analytical code and associated grapgi—

cal user interface was developed using the mathemati gure 2 displays a tamily of power curves for the simu-

modelling package Matlab™, using its vast library of pre-‘_ﬁt'on model 50 kV‘_’ HAWT operating under ideal QOnd"
ns between cut-in and cut-out speeds. The solid curve

defined operations, and its flexible high level code. Tha? . .
software, although crude, was intended to provide tr{gpresents the response of fixed pitch blades (the base de-

necessary data for the subsequent blade modelling in t ‘gn). The other curves (g.g. the _dian_won_ds <_jenoting —15
grees of twist) have a linear twist distribution, 0 at the

project, and not as a complete design or analysis packa %o't to the specified value at the tip, superimposed on the
A number of forces and moments are experienced bybase design twist distribution. The angle of attack is thus
typical HAWT blade during normal operation. The relareduced as the radius increases, simulating a possible feath-
tive magnitudes of these loads, and the impact on the bladesd blade twist distribution.

make some more critical than others. The loads that were.

identified as being the most significant for subseque sing these data, a plot Qf the ideal twist distributions
analysis and design purposes in decreasing order of il;ﬁguwed for above-rated wind speeds and constant power

portance for a small (50 kW) wind turbine were: output o_f thi; rotor, can be genera_ted 'in terms of the nec-

essary tip pitch angle, as shown in Fig. 3. For example

» Aerodynamic forces and moments in both thehe “passive feathering” line in Fig. 3 was generated by

chordwise and flapwise directions. reading off the wind speeds in Fig. 2 corresponding to the
dixed power of 50 kW for each of the twist angles. It is
obvious from Fig. 3 that large magnitudes of pitch are

required for successful feathering at the wind speeds above
» Centrifugal forces and moments in the flapwise anghted.

axial directions.

» Gravity force and moment in the chordwise, flapwis
and axial directions.

For comparison the corresponding curve for pitch towards
* Pitching moments about the aerodynamic centre dgall is shown and indicates that significantly lower
to the lift force and the blade self weight. magnitudes are required for above-rated wind speeds. The
pitch angle gradient for above-rated wind speeds is simi-
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formance optimisation of aircraft. The
termaeroelastic tailorings commonly

Odeg —— — —- 5deg ------- -10 deg —<©——-15 deg —&—-20 deg —O0—-25 deg ‘

160

»//% used to describe the design and
140 / optimisation process of structures that
120 B //Z;K } are constructed of laminated composite

s 7_.;’%/’&/—* - materials. These structures are used to

5 100 P - ”//A achieve aerodynamic performance ben-
5w o \f/; efits by controlled structural deforma-
g //// / tion. The aeroelastic tailoring of wind
s = ,"t"%// turbine blades using the cross-coupling
2 40 A characteristics inherent in some lami-

i it //f/ nated composites relies on the structure

o W being both the control system sensor and

0 . /5 — A/io - - ;e actuator. The response behaviour is

defined by the blade’s geometric struc-
ture and material properties. A finite
element method (FEM) approach was
used to model the aeroelastic behaviour
of a wind turbine blade, and this was
performed using the commercial pack-
ageslLusas PatranandNastran

Windspeed (m/s)

FIGURE 2. Ideal bend-twist pitch control simulation.

Passive feathering - ------ Active full-span feathering = = =Passive stall ‘

40
The main purpose of aeroelastic analy-

sis is to obtain information describing
the control, stability and strength char-
acteristics of a lifting body or structure.
Modelling the aeroelastic behaviour of
a wind turbine blade required a method
of coupling the aerodynamic load evalu-
ation system with the structural response
10 4 system. Such an analysis system is
diagramatically represented in Fig. 4.
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‘ ‘ Itis generally accepted that higher mean
o a5 . 25 annual wind speeds are likely to be ex-
iG] seed) (/6 perienced at potential sites in New Zea-
land, than at most American or Euro-
pean sites. This claim is supported by a
study of the comparative operating con-
ditions for HAWT generators in New
lar to feathering initially, but then changes sign resultingealand and wind farms in Altamont Pass, California,
in smaller angles as the wind speed increases. Atthe onhere a total capacity of almost 1700 MW has been in-
out speed of 25 m/s, the necessary pitch angle is onlyfalled since 1981. The annual mean wind speed was found
degrees for the stall case, about 18 times less than tbebe almost 4 m/s higher for the former (Van Lieshout,
feathering pitch magnitude. The large pitch magnitudesd91) and as a result, most commercially available wind
required for feathering are characteristic of fixed spee&drbines are not optimally suited for the more adverse and
HAWTS such as the Vestas V27-225 kW machine whickeasonal New Zealand conditions. Research has shown
is designed to vary the blade pitch angle up to 30 degrehat the higher wind speeds are likely to inflict greater
at the tip in order to maintain the rated power levehagnitudes of fatigue damage per cycle, and therefore
(Petersen, 1990). turbine blades primarily designed for European and Ameri-

The “active full-span feathering” line in Fig. 3 shows th&an conditions should exhibit shorter lifetimes (Noda,

required twist angles when the whole blade is twistetP?7):

through the same angle. Thus the required angles are [gag following points were considered during the design
than for “passive feathering” line where the imposed twigirocess for flexible blades:

distribution is linear and the tip is twisted but the root is
not twisted at all. *

FIGURE 3. Simulated pitch requirements for constant power output.

The high strength, low modulus properties of GRP
results in blades with higher thickness to chord ratios

6. Aeroelastic modelling of blades than for other materials.

Aeroelasticity refers to the response characteristics ofa Thin-walled hollow sections are typically used to pro-
flexible structure when coupled with aerodynamic load- Vvide minimal weight blades for a given stiffness, but
ing, and is primarily associated with the design and per- foam cores or internal struts are usually necessary to
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Wind Characteristics

Loading Model

Aerodynamic Loads

*Average Wind *Modified Blade Element Inertial Loads
«Turbulence ﬂ» Theory «Centrifugal
*Wind Shear *Pressure simulation *Gravity

*Wind Direction

Blade Characteristics

Structural Model “Geometry

«Structure

*Materials

Response

. o Performance
Strength/Failure Criterion «Deflections Stability
*Fatigue . Efficiency Flutter

*Max. Stress/Strain «Cost per kW *Divergence

*Operating life-time

FIGURE 4. Aeroelastic model analysis system.

prevent local buckling, especially for low stiffnesstwist in the feather direction (to reduce the angle of attack
blades. of the blades). The tip twist and average deflection for

this configuration were 4.8° and 0.42 m respectively.

Skin fibre-reinforced composite laminates for conven: : .
tional stiff blades incorporate a combination of unidEReSUItS for stiff (zero twist) blades are shown by the full

rectional plies to support radial loads and provide Suzne. The effect of having the blades twist towards stall
ficient bending stiffness, and 45° plies to restrict she

and torsion.

tro increase the angle of attack) was also investigated by
simply reversing the sign of the twist obtained for the feath-
ered blades, and recalculating the power. Previous analy-
An iterative process is typically used to arrive at thees had shown that this approach for the stall calculation
optimum ply stacking sequences that satisfy the derould not introduce significant errors.

i iff h [ . - o
sired stifiness and strength requirements The results presented in Fig. 5 show that the sensitivity of

A current practice for composite wind turbine bladghe turbine performance to relatively small magnitudes of
design is to limit the axial strains in the skins to 0.00&hduced twist is significant. The effect of feathering is to

or 0.2%. This figure corresponds to the conservativemplify the blade loads, and hence the power output, to
value of the linear limit observed for typical glass realmost double the rated power at above rated speeds. Thus
inforced polyester laminates (Mayer, 1996). The linreducing the blade angle of attack by a smaller amount
ear limit is defined as the point at which the stresshan that required would result in undesirable power surges

strain values begin to fall significantly below the lin-

ear tensile modulus line.

The same rotor-blade aerodynamic design v
used for this analysis as for the study in S¢
tion 5 (see Table 1). The rotor-blade desi
was based on a rated power of 50 kW for t
HAWT. Itwas assumed that the site mean wi
speed was 8 m/s at a height of 10m, and
rated wind speed was taken as 1.5 timr
(Collecutt, 1994, Johnson 1985) the mean wi
speed, i.e. 12 m/s. The fixed rotational spe
was specified as 6.5 rad/s or 62.1 RPM.

The line with squares in Fig. 5 displays tt
power output curve for the composite roti
blades. They have been designed with an
timum composite lay-up to achieve maximu
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The levels of induced twist were insufficient for power

control by feathering, and the required levels of pitch are

not attained during high winds or gusts. However pitch-

ing to stall by passive means is likely to maintain the power

below the rated level at high wind speeds but decreases

the power to such low levels that the capacity factor for

the machine becomes too low to make it economical.
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