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CHAPTER 1 INTRODUCTION
1.1 Scope andObjectives

The objective of thisreport is to summarise and evaluate the main innovativeoncepts
proposed by the technical workpackages 2 to 4 for turbines rated at 10MW. The
evaluation will prioritize the best innovations on the basis of the performance indicators
(PIs) proposed irDeliverable [1.22.

The innovative concepts thaare evaluated at the componats levelcomprise:

Threesolutions for blade aerodynamic design (WP2)

Threesolutions for blade structural design (WP2)

Twodifferent drivetrain solutions, asuper conducting anda pseudo direct drive (WP3)
Two offshore support structure concepts one for fixed and another for floating
substructures WP4)

= =4 —a -9

The deliverableis concluded witha comparison of the Plsdqee D1.22) derived for the
proposed innovative concepts against the Pls of the reference design. The emphasis is put
on the Levelized Cost oElectricity(LCOEgand its main entries, researched in INNWIND.EU,
CAPEXand Capacity Factor. Before any Pl evaluation, each concéptassessed for its
structural integrity and its cost performance following the procedures described in
DeliverableD1.23.

1.2 Overview othe report

In the following ten Chapters we present in detail the individual innovative concepts
selected from WPs 2 to 4. In each Chapter there is an introductory section addressing the
state of the art and the motivation for researchinghie concept, a brief description of the
concept and the anticipated pros and cons from its application in the turbine design. In the
next section we investigate the structural integrity of the proposed solution, starting from
the design layout and dimensiomg and proceeding to the load cases considered and its
structural integrity verification according to the recommendations of Deliverable D1.23. In
the next sectionwe appreciatethe impact of the proposed design on LCOE. We investigate
separately its impat on the Annual Energy Production (AEP), on CAPEX and on OPEX.
When relevant, we proceed to an LCOE sensitivity analysis and we conclude its Chapter
with some main findings, conclusions and recommendations.

The ten Chapters that follow address the folldiag innovative concepts:

Chapter 2 LOW INDUCTION ROT@®Rf WP2, CRES and NTUA)

The concept, which has been presented in detail in D2.11, suggest the use
of a larger, less loaded, rotor as a strategy for increasing the wind turbine capacity factor
and reducing the wake losses without burdening rotor and turbine loads. In the present
report the LIR concept has been combined with a newly designed family ofliiairfoils
presented in D2.12.

Chapter 3  TWGOBLADED TURBINRef WP2, DTU)
The concepthas been presented in detail in D2.11 and furtheresearched
combined with an innovative offshore support structurein D1.32. Using integrated
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aero/structural design t is investigated whether a 2-bladed rotor of larger diameter than
the reference can substantially reduce the turbine CAPEX without compromising the
capacity factor or increasing the support structure loads.

Chapter 4 ACTIVE BLADE CONTROL WITH FIR&?8\VP2, DTY

Active flaps are used for load controln the past decade at DTU thdesign
of such a system has been explored and it is oriented towards flexible elastomer trailing
edge geometry, activated by pressure fluid, referred to as Controllable Rubber Trailing
Edge Flap. The aeroelastic optimization of the DTU 10MW RWT blademzpd with active
trailing edge flaps is carried out using a simple individual flap controller close to industry
standards.

Chapter 5 INNOVATIVE INNER BLADE STRUCTRERRVP2 CRES, UP

Theredesign ofthe RWTblade using an internal truss structure ingad of
the traditional sparbox concept is presented in this section. Two designs are presented
using glassepoxy and carborepoxymaterials. Noting thatthe manufacturing cost for the
build-up of internal truss structures, including the joints of the tas members is quite
uncertain for structures of size, the main expected benefit from the concept isggnificant
reduction of blade mass.

Chapter6 BENDTWIST COUPLED BLA®Ef WR2, POLIM)

The 10MW RWT Rotor is redesigned employing bemdst coupling (BTC).
BTC is a passive load control strategy where the blade, when loaded, deforms so as to
induce aerodynamic load reduction. Passive load mitigation by BTC can be obtained by
exploiting the anisotropic mechanical properties of composite matelisa

Chapter 7 INTEGRATED BLADE DESIGN WIBENDTWIST COUWMNG FOR

INDIVIDUAL PITCH CONTROLLED ROReR®/R2, POLIM)

A 10MW BTC blade is designed emplimg an integrated blade design
approach based on constrained optimization Individual pitch contol (IPC)is used in
parallel to further mitigate loads.The possibility offered by the synergetic adoption of BTC
and IPC of lowering the loads allowed to increase as much as possible the rotor diameter,
operation that concerns a worsening of loads, bubat has the main goal of increase the
energy production.

Chapter8 SUPERCONDUCTING GENERARGRNP3, DTU and DEL}T

There are two SC generator optionsonsidered,the MgB2 option and the
RBCO (High temperature superconducting RaEarthdBariumdCopperOxide) one.The
high price for the RBCO tape is indicating that MgB2 is most likely the fastest technology
to be implemented. It should however be said that RBCO is considered to become the
cheapest technology in the long run, because the tapes are producef little and in
expensive materials, but presently using a very expensive production methods.

Chapter9 PDD GENERATORgf WP3, MAGNOMATICS anésHEFFIELP

A magnetic gear is combined with an electrical machine to realize a
magnetically geared driveof high torque density. The magnetic pseudo diredtive (PDD)
generator is realizing the possibility of applying magnetic gears in wind turbines. In a PDD
generator, the magnetic gear and the electrical generator are mechanically as well as
magnetically ntegrated.
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Chapterl0 BOTTOM MOUNTED OFFSHORE SUPPORT STRU®REIR®P4,
RAMBOL)
The concept has been presented in detail in D4.31 and adopted as the
INNWIND.EU 10MW Reference Jacket. Mass and cost functions for this reference have
been established.The assessment of the material, welding and assembly costs has been
performed in D4.12 which results in a cost saving potential of up to 20%.

Chapterll  SEMISUB FLOATER DESI@ef WP4,CENER

A new conceptual design of a floating platform for a 10MWind turbine is
presented for the first time in the projectlt is an asymmetric semsubmersible floater
from steel designed for a sea depth of 200m. The concept has been presented in more
detail in D4.33. This design is adopted as the INNWIND.EU 10MWeRence Floater

FollowingChapters 2 to 11with the presentations of the individual innovative concepts
there is Chapter 12 where their synthesis and crossomparison is attempted with
emphasis on their impact on LCOE.
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CHAPTER 2LOW INDUCTION ROTOR
2.1 Introduction tothe Innovative Concept
2.1.1 State of the at and motivation

The increase in turbine size to levels beyond 10MW is motivated by the drive to reduce the
kWh cost for offshore applications. Thereto it should beealized that for offshore
applications, the rotor cost asa percentageof the total cost of Energy (CoE) is much less
compared to onshore applications. Since the rotor remains the only energy producing
component it is possible to increase the energy production by increasing the rotor
diameter at a favorable overall cost balance. Moreover, increasing rotor diameter for a
constant rated power improves the capacity factor leading to less variability in wind power
which is a major advantage for utilities.

As recent developments indicate, forigen nominal power this design philosophy leads to:
larger diameter, lower solidity and higher tip speed. Such design philosophy leads to long
slender blades with thicker airfoils running at high tips speeds. Moreover active and
passive flow and load contl devices offer interesting design options in order to further
reduce load levels that are investigated in a large number of projects.

This is illustrated inFigure 2.1-1 from [1] where calculations performed with a standard
design tool indicate that less loaded rotors make it possible to increase the rotor diameter
at the same loadsgiving lower cost of wind energy. Hence these rotors would operate at a
lower axial induction factor than 1/3 (i.e. the axial induction factor where maximum power
coefficient CP is found). Instead axial induction factors in the range from 0.19 to 0.28 are
more optimal from a cost of energy point of view.

1.180
1.160 ‘\
1.140

1.120 \

1.100
1080 | SN .
1.060 ——P (Vdes)
1.040 \\

LCE (rotor)
1.020 —
1.000 ——AnEP

0.980
0.960
0.15 0.2 0.25 0.3 0.35

Axial induction factora

Ratio

Figure2.1-1 Characteristic properties of rotors with the same root bending moment designed for different
values of the axial induction factor. Plots arerpsented for the rotor diameter (D), the power production at
design wind speed P (Vdes), the levelized cost of energy (LCE) (rotor contribution only) and the annual energy
production (AnEP). All properties are divided by their corresponding reference valgz = 1/3)
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The concept of low induction rotors(LIR was further assessed in D2.1 Néw
aerodynamics rotor concepts specifically for very large offshore wind turbibeand
presented in [2]. A LIR variant of the INNWIND.EU 10MW RWT was, thus, produced
corresponding to an axial induction factoA=0.2 (as opposed to 0.33, typical for Cp_max
designs). The resulting blade has a radius increased by 13% and operates at a design
CL=0.8, meaning thata new family of airfoils is needed in order to implement the design
properly.Such a lowift family of airfoils has been designed and assessed by the authors
as part of their contribution in D212 Néwairfoils for high rotational speedwvind turbinesb.

Comparison of key performance parameters to the RWT indicated a 3.5% improvement in
AEP compared to the RWT, along with a 10% reduction in thrusarlier analysis has
shown that due to their increased energy capture, at the single turbine but also at thind
farm level, LIRS may be one of the contributing technologies for reducing the levelised cost
of energy of large offshore wind farms. Nevertheless, the viability of the LIR concept can
only be confirmed through detailed structural designs which will sw whether the extra
cost of the larger blades and the extra tower cost, due to its increased hub height, are
compensated by the increased capacity factor that LIRs promise to deliver in large
offshore wind farms.

2.1.2 Brief description of the oncept

It is useful to introduce the background for the design that is proposed. We use the
standard definitions for TigSpeedRatio (TSR oK), blade section lift to drag ratid and the
radius fraction x according to Eq. (1). We denotd/ the ambient wind speed,Hithe
rotational speed andR the rotor radius andB is the number of blades.

- 1 Yo Q 67 w Ty )
We introduce the nordimensional lift distributionlj(K ) as
. O_wo
Q_hw —='Y ()

wherec(K ) i the chord distribution andC. the lift coefficient.

For a pitchcontrolled, variable speed HAWT design and for a given rotor radius the
classical rotor aerodynamic design problem would seek to maximize the energy capture by
maximizing the power coefficienCe. According to the BEM theory this would happearfan
axial induction valueA=1/3 and would correspond to a TSR design valu&which gets
larger (along withCemay as the aerodynamic performance of the bladek gets better
(higher). As desigiKincreases the nondimensional lift distributionlj(K ) gets smaller and,

for the same family of blade profiles, the rotor solidity gets lower.

For a variable speed rotor, the desigi value (and thereforeGema) can be maintained
over a range starting from a minimum wind speed, defined by the l@nd capabilityof the
variablespeed power conversion system, up to a maximum wind speed which is limited by
the rotor maximum tipspeed, either for restraining noise or centrifugal loading. We shall

call this maximum wind speed, wher€ = CGmax, 0 de s i g n . WUsuallydthepitcke e d 6

variable speed turbines have their design wind speed just below their rated speed.

Suppose that we have an initial (reference) wind turbine and we want to add some
freedom in our design by redesigning the rotor, letting its radiuseé, but respecting all
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turbine related constrains (the rated rotational speed and power, the hub loading etc). We
will assume for simplicity that the new rotor will use the same family of airfoils (sarke
considering Reynolds number effects as secondarythe scale of our interest).

letRkhbe the initial rotor radius and | et subscri
with A=1/3 corresponding to maximum G. The new design problem is formulated as:
0 4 OB 6 OVEFS———e p 3)

That i s: Omaxi mize the power outoput up to the
initial aerodynamic root bl ade moment 6. By e
optimization problem(3) can be recast as:

6 _h

PR Cdnw (4)

o _h

The solution of the optimization problen@) for A, givenk=K, is shown at the right ofigure
2.1-2. The resulting value isA=0.187. As a result, the optimal rotor will have a larger
radius; will capture more energy at its design conditions; and will be less loaded than the
initial one (designCr and Gug will be smaller), operating at a lower axial induction value
A~0.20 instead of Ac=0.33. In other words, we can sacrifice €In order to increase energy
capture with a larger rotor diameter, while maintaining the aerodynamic bending moments
at their initial level. This is feasible thanks to the special shape of the &nd Gu() curves,
where moving a little left from the optimun® at the G-curve the power coefficient loss is
milder than the corresponding reduction of bending moments in thex@lot.

This analysis summarizes the justification for moving to higher tip speeds and larger
diameters for the proposed design.
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Figure2.1-2 Plots of nondimensional coefficients, candidates for blade optimization, versus axial induction
coefficient A

2.1.3 Anticipated PROS and CONS

The LIR design assumes chord and thickness distributions which are quite close to those
of the RWTLOMW blade. This makes sense as long as the maximum blade root flapping
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moment is maintained. Then, a first thought is that by @tching the blade by arR/Ro (=
1.13) factor and maintaining the reference sectional properties the normal stresses due to
bending would be unaltered, ensuring the structural integrity of the new design.
Nevertheless, things are not that simple. Apart fropossible local buckling failures, such a
blade stretching would increase its mass bR/Ro, increaseits maximum tip deflection by
(R/Ro)2 and reduce its natural frequencies by 1R/Ro)2. The later would change
significantly the dynamics of a large blade getting, in this case, its first natural frequency
down from 4P close to 3P. The significant increase of the maximum blade deflection is
also problematic. To remedy both problems one shiduincrease the LIR blade stiffness
and a possible way for doing so is, in this case, to replace the glass spar of the InnWind.EU
RWT with a carbon spar. This would definitely increase the cost of the blades more than
the anticipated linear increase byR/Ro. The possibility of slightly increasing the blade
chord is still an option for reducing mass and increasing the stiffness, this however would
put more pressure on the aerodynamic performance.

Earlier analysis has shown that due to their increased engrgapture, at the single turbine
but also at the wind farm level, LIRS may be one of the contributing technologies for
reducing the levelised cost of energy of large offshore wind farms. Nevertheless, the
viability of the LIR concept can only be confirmethrough detailed structural designs
which will show whether the extra cost of the larger blades and the extra tower cost, due to
its increased hub height, are compensated by the increased capacity factor that LIRs
promise to deliver in large offshore wintarms.

To proceed to a proper evaluation of the concept we therefore had to design not only
aerodynamically but also structurally and revaluate its cost. For the reasons mentioned
above the LIR blade is a hybrid desigwith carbon spar and glass skin. Ti& design is
presented and structurally assessed in the following section.

2.2 Assessment of theStructural Integrity of the Proposed Design
2.2.1 Design layout and dnensioning
Aerodynamic design of the LIR blade

The design of the blade planform, for a giveairfoil family, requires the derivation of chord,
thickness and twist distributions that result in optimum energy yield for the wind turbine.
The reference blade was used as a starting point for theesign and the constrains
imposed on the new design weras follows

1 The length of the blade is increased, with a radius of 100.75m, keeping the same
rotating speed.

1 The thrust is constrained to remain less or equal to the thrust of the reference blade
(Y Y ), keeping the tower bending moment levels itheck.

1 Bending moment at the root blade is constrained in a similar manneb (
0 ), so as to keep the loads on the blade similar to the reference blade

1 The maximum torque is also constrained not to exceed the reference value.

The esult is a low induction bladewith reduced power density, but similar loads to the
reference design. For the derivation of the optimum planform design a constrained
optimization problem is setup, where the free variables are:

15| Page
(Innwind.EY Deliverable 1.24, Pbased Assessment on the Results of WR&P4)



1 Chord length at 34 different positions along the span. In this case a distribution that is
very similar to the reference blade is uskwith identical values for maximum chord
and root diameterin order to simplify the structural design.

Blade twist value at 34 different positionsalong the span.

Blade thickness and position where thickness switches to minimum value

Design Tip Speed Ratio. This is used to define the operating schedule for the wind
turbine before pitching.

= =4 =9

For the optimization problem a typical BEM method is usedalculating the operating
envelope from cutin to cutoff wind speeds. The resulting power is weighed based on the
probability for a Weibull function with (c=10.38, K=2.® reference values) The objective
function is then the capacity factor for the givewind conditions.

Optimization is performed using an evolutionary method to calculate optimum values for
the free variables. The resulting blade shape is shown kigure2.2-1 (top). For the same
planform design two different airfoil geometries were used, the original FFA airfoils and
optimised airfoils, as shown irFigure2.2-2. The resulting optimum twist distribution for all
cases is shown irFigure2.2-1 (bottom).

The new airfoils have been designed to exhibit maximum L/D at lower lift valu€sgire
2.2-3), so as to be better suited for the low induction rotor.
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Figure2.2-1 Planform characteristics of the LIR designs. Chord (up) and twist (down) distributions
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Figure2.2-2 The 1090/20 -80 Low Liftfamily profiles used in the present LIR desigi8]
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Figure2.2-3 Performance (L/D) of the 24% LL 190 airfoil for transitional andfully turbulent flow

conditions. The (more conservative) RANS results obtained with MaPHBjare used in
the present context

Structural design of the LIR blade

For the structural investigations performedhe LIR bladeis based on the geometric
characteristics of the reference INNWIND.EU bladeo match the aerodynamic desigrhe
modification concerned the prolongation of the-axis node coordinates (along the blade
length) of the reference blade by a factor of 1.13 resulting ia new blade of 100.758 m
(LIR blade).

The design of the LIR blade complying with the structural integrity requirements (as

described in the following) was achieved with the introduction of carbon uniaxial layers on

selective locations along the blade length to improve the stiffness of the biéteeping at

the same time the mass of the blade as low as possible. Additionally, glass fibre layers

with 90A fiber orientation in relation to the
suction side of the blade to increase strength against transverséasses.

2.2.2 Load cases consideredfrom D1.23) and Results Obtained

The loading of the LIR blade was estimated by the reference wind turbine blade loadasy
this was used during the benchmark exercise within INNWIND.EU WPallowing the
aerodynamic design of the blade the solution to be acceptable for the reference wind
turbine would mean that the root bending moments for the longer blade would be kept the
same as the reference blade. Therefore, for deflection and strengéstimations the LIR
blade was subjected to 13% lower concentratederodynamicloads in both the edgewise
and flapwise directions.
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2.2.3 Structural integrity verification

To verify the suitability of the blade design for the wind turbine, as well as to veriig t
structural integrity, modal analysis, static strength analysis and buckling analysis were
performed. The constraints set in order to have a feasible solution for the reference 10MW
wind turbine, were as follows:

Dynamic behaviour natural frequencies d the blade were to be as close as possible to
the reference wind turbine blade. Avoidance dhe 6p, 9p, etc.
frequenciesof the reference wind turbine.

Stiffness, Strength  Stiffness and strength of the LIR blade should be comparable to
the reference bhade.

Elastic stability The LIR blade should perform comparable to the reference blade or
even better. The loading applied to verify the structural design
against elastic stability is consideredhe same extreme load case
scenarioas that used for the verfication of stiffness and strength.

The analysis procedure used to verify the structural integrity of the blade was identical to
that used in the benchmark study. The results of the analysis tools for the reference blade
were compared with that of the othr partners. Still in order to assure validity of results,
the output data from the structural analysis procedure are compared against those of the
reference wind turbine blade.For reference purposes, modal, stiffness and strength
analysis, as well as elstic stability estimations were performed usindinite elements
commercial code NISA II/JEMRC, while the blade model comprised shfell elemens
suitable for modelling multlayered composite materials.

The results of the final solution proposed are presézd in the following.
Modal analysis:The first six natural frequencies of the blade are presented Trable2.1. It
is clear that all the calculated frequencies of the LIR blade are close to the ones of the

reference INNWIND.EWlade with the LIR blade frequencies however to be below the
reference blade frequency values (except for the first natural frequency which are equal).

Table2.1 -Natural frequencies of the blade (all frequencies in Hz)

Mode No. = LIRblade  INNWIND.EU blade |

1 0.640 0.640
2 0.897 0.959
3 1.807 1.849
4 2.686 2.863
5 3.644 3.763
6 5.469 5.824

Results of the tip displacement in the x (edge) and y (flap) direction can be seemable
2.2. The LIR blade is stiffer both in flapand edgewise direction comparing with the
reference blade.
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Table2.2 -Tip deflection

Blade  Ux (edg¢[m] Uy (flap) [m]
LIR 1.817 15.556
INNWIND.EU 2.322 18.529

Strength analysis was performed calculating the Ts@iu failure index. Contour plots of the
maximum TsalWu value among the various layers for every element is presented-igure
2.2-4 for both sides of the rotor blade (pressure and suction side). Critical part of the blade
comprises the suction side especially in the spar cap, sédgure2.2-4d. More specifically,
the Tsai Wu failure index for the elements from 38.79 m to 61.30 m from the blade root
varies between 1.09 and 1.11. The failure mode igelated to the failure of the carbon
layers in the fiber direction. Reminding that the INNWIND.EU reference blade indicated a
maximum TsaWu failure index equal to 2.756 (using CRES calculationghe current
blade design is considered adequate.

3) PRE/FOST WIDLE

e
Lo

l =
L0
.

d

Figure2.2-4 TsaiWu failure criterion a) at the suction side b) at the pressure side c) a detail in the
inboard part of the suction side d) a detail in the outboard part in the suction sidetbe LIR
blade

Buckling analysis was performed considering safety factors for the stiffness properties of
the glass and carbon fabricsas also done within the benchmarkMore specifically, the
values of the stiffness properties were divided by a factor 2.24 The value of the factor
was adopted following GL requirements. The first critical buckling load factor was
calculated equal to 0.97 while the respective eigemode is presented inFigure2.2-5. The
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critical location comprises the suction side of the blade, sdéigure2.2-5b, as well as the
shear webs (A & B), se€igure2.2-5c. More specifically, buckling is observed in the spar
cap of the blade root and in the spar cap, leading and trailing panels in the outboard part
(near the tip) at the siction side of the blade. Moreover, the shear webs in the outboard
part (near the tip) of the blade also buckle. Regarding the failure in the outboardrp it
should be said that concentrated force®f high value were applied at this location in the
FE bade model and thus the respective failure modeorrespond to this modelling defect

A direct comparison with the reference blade (buckling load factor 0.875) indicates that
the LIR blade is quite adequate considering elastic stability
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Figure2.2-5 First eigenmode of the LIR blade a) left side b) suction side c) shear webs (A & B & C)

The design of the LIR blade that complies with structural integrity requirements resulted in
a blade whid mass (as well as the mass of the carbon layers used in the lamination
schemes) are shown in the first two columns dfable2.3. In the same table, the center of
gravity for the whole blade is also superimposed while a comparison with the reference
blade is also performed. The z axis corresponds to the axis along the blade, x axis
corresponds to the irplane blade axis and y to the oubdf-plane blade axis, followingtte
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global coordinate system introduced in the benchmark of the structural analysis tools
within INNWIND.EU project. It is highlighted that the new blade design is heavier compared
to the reference one about 2415 kg while the ratio of the carbalayer massto the overall
blade mass is 15.92%. Concerning the spar caps, the mass of the carbon layer6382.5

kg close to the mass of the unidirectional glass fabric (6477.95 kg).

Table2.3 - Global blade properties

Overallmass Carbon C.G.z C.G.x C.G.y

(k] k] [m] [m] [m]
LIR blade 4478590 | 7127.89 | 31.69 | -0.21 0.11
INNWIND.EU blade|  42371.20 —| 2880 .16 0.04

It can be concluded that he introduction of carbon fabricgpermits an efficient design of a
100 m rotor blade with respect to modal, stiffness, strength and buckling analysis. At the
same time, the mass of the blade was kept in low valugsncreased only 5.6% in
comparison to the mass of the 9am INNWIND.EU referee blade design.

2.3 LCOE Impact of the Proposed Design
2.3.1 Effect onAnnual Energy Production

Wind turbine capacity factor

The wind turbinecapacity factor calculated for LIR as a result of its planform optimization
procedure is0.545. This is 7.5% higherthan the capacity factor of RWT which for the
reference wind speed Rayleigh distribution with 9.2m/s mean is 0.50 Notable is the fact
that when the same planform optimization is attempted with the original 20MW RWT high
lift FFA profiles, the capacity fetor would be 0.530 corresponding to &.5% improvement
compared to the RWT. Thus, from the totdl.5% wind turbine capacity factoincrease
4.5% comes from the LIR concept and anoth& 0% comes from theuse of dedicatedlow

lift airfoils. The improvementof AEP is a consequence of the increased LIR energy
production below rated wind speed (seEigure2.3-1).
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Figure2.3-1 Power Curves comparison, LIR against RWT. The LIR designs are considered, one with the

original FFA profiles and one with the newly designed low lift profiles
Wind farm wakes

Asalready discussed irff4], LIRs are operating with reduced wake losses due to their lower
thrust coefficients. The calculations presented if#] support a reduction of the wind farm
wake losses from 9% for the RWT to 7.5% for LIR, an improvement whichatly reflects

to the wind farm capacity factor as well.

Other wind farm losses including availability losses

We do not expect the LIR taaffect the reliability of the turbine and, therefore, its
availability losses.

2.3.2 Effect on CAPEX

Using a LIR instead of the original one of the 10MW RWTai$ecting the CAPEX of the
following turbine subcomponents

Blades

As already discussed the need for stiffening the longer blade of the LIR to limit its
maximum deflection and trim its naturafrequencies is satisfie by replacing the original
all-glass blade with a hybrid one with carbon spar. This necessitates the development of a
cost model for hybrid blades, given the fact that carbofibre is three times more
expensivethan glassfibre.
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The costmodel used is weighbased and is based on the combination of the cost model
developed within INNWIND.E[3] as well as the findings ofi6]. The method involves the
estimation of thebaseline costof a full glass blade, as pef5] and then correcting the cost
estimation by the ratio of carbon fibre cost over glass cost. In this method it is assumed
that the manufacturing methodology is kept the same fohé glass and the hybrid blade.
Although not completely true, the technological development in manufacturing technology
does allow the assumption of keeping the same manufacturing cost.

In setting up the cost model the various terms entering the cost ofelblade as presented

in [7]. The addition of carbon fibre in the blade (or replacement of glass fibres) changes
the material cost involved, while leaving unaffected theosts of labour, tooling, etc.Ref.

[7] reports the change of the material cost depending on the size of the blade. The larger
the blade the larger the ratio of the material cost in the cost budget. From data of the said
reference a linear estimation has been made to enable predictiarf material cost ratios
over different sized of blade: The empirical equation used is:

Material cost (%) = 0.18*length +25.3

Yet, introducing carbon fibres in the blade does not affect all material cost, but only that
part that is replacing the glass fibres. Therefore, the cost of adhesives, sandwich cores,
etc. will remain unaffected. In[7] it is estimated that the percentage of fibres within the
weight of the blade is about 60%.

The weight of the carbon fibres in the blade can be estimated using the mass reported for
the carbon/epoxy composite within the blade and assuming that the volume fibratio ()

is ranging from 55% to 60% (for the unidirectional carbon epoxy and based on the material
properties). With this knowledge the ratio of the carbon fibres over all fibres can be
estimated.

Applying the above to the data one has:

Baseline bladecost: 13.084*44785kg -4452.2 = 581,515% (2002)

It should be noted that CRES has estimated a weight for the reference blade of
42371.20kg instead of the 41716kg reported for the reference wind turbine. Therefore, a
correction for the weight estimation is dne multiplying mass data by 0.985. Correcting
the baseline blade cost the blade cost assumg all glass manufacturing is572,454%
(2002).

The material costratio estimated for a rotor of 100758m is: 43.44%

From the carbon layer mass provided thearbon fibres are estimated to 4704.4kg,
leading to a ratio over the whole blade mass of about 10%. When recalculating to
percentage of fibres, the carbon fibres used comprise the 17.5% of the total fibres.
Moreover, it is assumed that the carbon fibresost 3 times as much as the glass fibres.

Based on the above, the correction factor to be applied on the baseline cost estimated is:

(1-0.4344)+0.4344*(1 0.6)+0.4344*0.6*(1 0.175)+0.4344*0.6*0.175*3 = 1.09
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Therefore, the cost of the hybrid glass/carbon blade is calculated ©24,675% (2002) .

Tower

The LIR blade is 13% longer than the RWT one. To maintain the blpl@gform clearance

of RWT we need to increase the turbine hdteight by 13%X90m = 11.7m. Fortunately, the
LIR maximum thrust is decreased by10% compared tothe RWT implying that the tower
bottom thrust bending moment ismaintained and therefore the static loads d the lower
tower and the offshore support structureemain unaffected. These extra 12 meters of
tower are assumed to burden the tower weight by the weight of a 12m cylinder having the
same cross section with the RWT tow#sp section. That increases the éwer mass by:

Mass_tower_extra = 1Am)* linear_mass_tip_section(kg/m) ~12*3 000=36 000 kg

The new tower cost is calculated for its revised mass using the existing cost model. The
cost of the LIR tower i2 . 4 1 (5% iincrease)compared t02.29 M (of the RWT

Offshore Support Structure

We have demonstrated that the static loads of the offshore support structure are not
changing due to the combined effect of larger tower and reduced rotor thrust. Increasing
the tower height willlower the first system natual frequencyand this will have an impact
(positive or negative) on fatigue loads. A detailed investigation of this effect is beyond the
context of this report.

Other components

There is asmall influence of LIR to other components CAPEX, such as the low speed shaft
or the yaw mechanism due to the increasing rotor size. These extra costs are automatically
taken into account by the INNWIND.EU cost modg].

2.3.3 FEfect on OPEX

Direct O&M costs, expressed i0 0 / k Whitsyaje not affected by the introduction of LIR.

At the same time we do not anticipate any LIR consequences on the turbine availability.

Therefore, the replacement of the reference rotor withthe LtRo e s ndt have any pos
negative effect on OPEX.

2.4 LCOESensitivityAnalysis

Thecomparison of LIR against the RWT in terms of key Performance Indicators is
presented in the following Table.

Blade Blade Overall Turbine| Wind LCOE

ROTOR Mass(n)| / 2ad [/ !t 9- CF Farm CH 0 € K a 1

RWT- 10MW 42 448 31000 0.507 0.430 91.93

LIRg 10MW 45 517 32090 0.545 0.469 86.37
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This corresponds to a6% reduction of LCOE from its reference value 91.98 86.37

( G/ MWing main uncertainty that may affect this figure is the connected to the LIR
blade cost. The sensitivity of LCOE to the blade cost expressed as a multiple (1.0 to 1.4) of
the cost of the reference blade is presented ifigure2.4-1. It is seen that even if the LIR
blade costs 40% more than the RWT blade, LCOE becomes 87(38 / M ¥dnrgsponding

to a 5% reduction of its reference value. This is due to the fact thatoffshore wind energy
the rotor CAPEX attributes a very share to the cost of wind electricity.

88.00
87.50
< 87.00 ,/
2
=
@ 86.50 -
e /
S 86.00 //
85.50
85.00
0.90 1.00 1.10 1.20 1.30 1.40 1.50
Times Reference Blade Cost )
Figure2.4-1 LCOE sensitivity on LIR blade cost expressed

2.5 Conclusions and Recommendations

A 10 MW Low Induction Rotor has been designed aerodynamically and structurally. The
rotor is tested on the 10MW RWT of INNWIND.EU. A hybrid gtasbon has replaced the
original allglass blade of the RWT. The LIR is 13%émer and the hybrid design aims in
increasing the extra requirements for stiffness and strength dye to the larger span. The
hybrid blade:

I Has an 8% larger mass than the RWT blade

 Costs 15% more than the RWT blade

1 Has a wind turbine capacity factor 7% highé¢han the RWT blade

1 Yields a wind farm capacity factor 9% higher than the RWT blade due to the

reduced wake losses corresponding to the lower thrust coefficient of the LIR

Although the turbine CAPEX increases by 4% the overall effect of LIR on LCOEites qu
positive reducing it by6%. The sensitivity of LCOE to the blade cost is relatively low. It is
shown however that if a new LIR blade can be designed with the same cost of the RWT
blade the LCOE would drop at 85.7d / MWh
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CHAPTER 3WGBLADED DESIGN CONGEP

3.1 Introduction

A concept previously investigated in the INNWIND.EU project is thedtanled concept,
both upwind and downwind8]. The designs 0f8] created by a simple scaling of the chord
by a facor of 1.5 and a scaling of the material thicknesses of 2/3, resulting in equivalent
aerodynamic characteristics but with a factor 2.25 greater stiffness.

In this work we revisit these concepts, and explore the possibilities of increasing the
annual energ production by stretching the rotor. The exercise is thus to design new rotors
staying within the load envelope of the original DTU 10MW RWT rotor, so the same
platform can be used.Since the flap wise stiffness of the two bladed rotor scales with a
factor of 2.25 compared to the equivalent thredladed rotor, an increase in rotor
diameter should be possible without violating tip deflection constraints. A simple
stretching of the rotor will however lead to greater planform area, thus increasing extreme
loads. The stretched design will therefore have to be mostender to stay within the loads
envelope.

3.2 Models and Framework

To accomplish designs adhering to the many both geometric and loads constraints, the
blades are designed using numerical optimizationThe multidisciplinary wind turbine
analysis and optimization tool HawtOpt2 is utilized, in which the aerodynamic shape and
structural design are optimized simultaneously tailoring the design aestastically to meet

the constraints [9]. The HawtOpt2 tool uses OpenMDAO (Opsurce Multidisciplinary
Design, Analysis, and Optimization FramewofkO] to handle the definition of the
optimization problem, workflow, dataflow and parallelization of simulation cases.
OpenMDAO provides an interface to PyOpt, which has wrappers for several optimization
algorithms, and in this work, the gradiedbased sequenial quadratic programming
optimizer SNOPT is used. The tool uses the blade aerodynamic and structural geometric
parameterization defined in the open source framework FUSEINd[11].

Interfaces have been developed to connect the optimization framework to the finite
element cross sectional tool BECAS and to the aeroelastic tool HAWCStab2, that form the
core of the analysis capability provided by the tool.

BECAS is used to compute theross sectional structural and mass properties of the blade,
as well as for computing stresses and strains based on extreme loads. The tool is based
on a 2D finite element formulation that allows for an exact geometrical description of the
section.

The Inear highorder aeroservoelastic model implemented in HAWCStab2 uses an
unsteady blade element momentum (BEM) model of the rotor and a geometrically non
linear finite beam element model to compute steadgtate aerodynamic states, structural
deflections ard linearized models of the wind turbine. A detailed description of the model
is provided by Hansenl12].

A method to evaluate fatigue damage based on a linear model has also been developed
recently. The method is frequency baseand does therefore not require time domain
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simulations, which for gradienbased optimization is central, since the stochastic nature
of time-domain simulations with turbulence does not allow for accurate evaluation of
gradients of objectives and constriats with respect to the design variables. The method is
described in details by Tibaldi et {l13].

A key feature of the tool is that the aerstructural design is solved using a fully coupled
monolithic approach in which the arodynamic and structural design variables are solved
for simultaneously enabling detailed aerelastic tailoring of the blade Figure3.2-1 shows a
so-called Extende Design Structure Matrix (XDSM) of the workflow. In the present design
study fatigue loads were not evaluated or constrained, but included here for
completeness.

[ e e 5 e 105,530 |

!
“ross-sectional FEM
diag(Splade) f Aero-elastic solver

Figure3.2-1 Extended Design Structure matrix of the aesiructural solution process

3.3 Design Cases

A family of designs are explored in this work with successively increased blade lengths
with R = [1., 1.04, 1.08, 1.12] * R_ref, and RPM_max = RPM_maef. For the designs
where the radius is increased the tip speed will thus increase. The numerical optimization
problem that is solved seeks to maximise annual energy production (AEP) while also
minimising blade mass. Since these two objectives are conflicting, a parefimnt of
designs are created to identify the design that best leverages these two objectives.

The design is subject to a number of constraints, the most important listed below:
Chord < 1.5 * chord_3Bref

Relative thickness > 24 %

Downwind tip deflection@ rated < 1.25 * tip deflection 2B_up @ rated
Downwind tip deflection @ extreme wind < 1.25 * tip deflection 2B_up @ extreme
wind

Thrust @ rated < T_3B_ref

Mx_BladeRoot @ rated < 1.5 * Mx_3B_ref

Mx_BladeRoot @ 70 m/s < 1.5 * Mx_3B_ref

Cl_oper <1.35

Max strain failure index < 1.

E I = —a —a -9

The design variables consist of both outer shape and structural geometric parameters:
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Tip speed ratio
Chord

Twist

Relative thickness
Material thicknesses:
Spar cap

Trailing panels
Trailing edge
Leading panels
Leading edge

1 Sparcaps widths and positions

A
A
A
A
A

The total number of design variables was 67. In the present conceptual study realistic
constraints were not placed on material thicknesses, which were thus allowed to be
reduced below the thickness of one ply. Also note that theeis no constraint on the upwind
flapwise deflection of the blade, which occurs during shutdown. A preliminary study
showed that the upwind deflection at shutdown is approximately equal to the downwind
deflection at rated wind speed, which with the aboveoastraints on the tip deflection
should be sufficient to maintain tower clearance

3.4 Results

For each design candidate a number of optimizations with varying weight towards either
mass reduction of AEP increase were carried out. In the results presentedhia following
only the designs with high bias towards energy production will be present&thure 3.4-1
and Figure3.4-2 show the increase in AEP below 14 m/s and the blade mass as function of
blade length relative to the reference length of 86.366 m.
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Figure3.4-1 Increase in annualkenergy production (AEP) as function of blade length.
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Figure3.4-2 Blade mass as function of blade length.
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Figure3.4-3 Power increment of the rR1.08 designelative to the 2B_ref design.

All the stretched designs converge towards an increased tip speed ratio, which is partly
driven by the need to avoid hitting the gearbox torque limit, with the rR1.08 design
operating at a 16% increased TSR of 8.68. The sign with a blade length increase of 8%
can achieve an increase in below rated AEP of almost 12%, and almost 23% decrease in
the blade mass to 33.7 tonnes from 44 tonnes respecting all the constraintigure 3.4-4

to Figure 3.4-7 show the blade planform of the rR1.08 and rR1.12 designs. The optimized
blades have a significantly mare slender planform towards the tip and a significant
reduction in relative thickness on the inner part of the blade due to the increase in allowed

tip deflection. The twist distribution of the blade shows a large offset of over four degrees
at the tip.
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rR1.08 and rR1.12 designs compared to the 2B rR1.08 and rR1.12 designs compared to the 2B
reference design. reference design.

A number of distributed quantities computed using HAWCStab2 under steady state
conditions are shown irFigure3.4-8 to Figure 3.4-13 for a range of wind speeds. The figures
show a quite surprising characteristic, which is that the blade is progressively unloaded on
the outer part with increasing wind speed, made possibleyta quite extreme reduction of
80% of the torsional stiffness with almost eight degrees torsion at 10 m/s combined with
the introduction of an aeroelastic coupling that ensures that the blade torsions towards
feather when loaded. The optimized blade thugspects the flapwise root moment and tip
deflection constraints while at the same time achieving a significant increase in AEP and
simultaneous reduction in mass.

3.4.1 Blade Structural Design

Figure 3.4-14 shows the transparent lofted blade shape of the rR1.08 design viewed from
the tip with the internal structure visible at selected sections. One noticeable feature is
that the upper and lowerspar caps are offset forward of the main axis of the blade and
angled approximately 5 deg., most pronounced in the regiofR = 0.4 to r/R = 0.6. The
combination of the more forward position of the caps and the introduction of an angle
between their centrelines results in a significant modification of the structural pitch along
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the blade from negative to 21 degrees at r/R=0.7appears to be a very efficient means of
introducing a coupling that increases the torsional response of the blade.

While these resits show interesting directions for future very lighteight aeroelastically
coupled blades, it should also be made clear that the optimized blades are not
manufacturable, since material thicknesses in some parts of the blade have been reduced
too much oreven removed entirely in order to enable the large torsional responses. There
are however, a number of degrees of freedom that could be introduced in the design
process that could allow the optimizer to achieve these couplings without removing so
much material. A first step could be to remove one of the two main shear webs connecting
the spar caps, which would also reduce the blade mass by 7%. Additionally, the blade
could be allowed to sweep moderately or adixis fibre layups could be introduced in the
spar caps.
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Figure3.4-8 Distributed normal forces as function of
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1400
1200
£ 1000
£
=
o 800
5
< 600
©
€ 400 ——
) 7.00
— WSp=/.I
S 200 P
s —— wsp=8.00
0 —— wsp=9.00
d wsp=10.00
—-200
0 20 40 60 80 100

r/R [-]

Figure3.4-9 Distributed tangential force as function
of blade fraction for the rR1.08 blade.
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Figure3.4-12 Blade deflection as function of blade
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Figure 3.4-13 Blade torsion as function of blade
fraction for the rR1.08 blade.

34| Page

(Innwind.EY Deliverable 1.24, Pbased Assessment on the Results of WR&P4)




Figure3.4-15 Lofted blade showing internal structure of the rR1.12 design.

3.4.2 Load Simulations

Load simulations were carried out on the rR1.08 and rR1.12 designs benchmarked
against the twobladed upwind reérence rotor. Figure 3.4-16 shows the mean power

production computed using HAWC2 for DLC 1.2 and 1.3, which shows that the two
stretched rotors achieve 6.2% and 10.1% increases, respectively. As indicated from the
steady-state HAWCStab2 simulations, the rR1.08 design achieves a reduction in flapwise
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fatigue loads due to the significant torsional coupling described in the previous section,
with a 13.8% reduction in the flapwise DEL and a 4% reduction in the edgewise Ddd.,
shown inFigure3.4-17 and Figure3.4-18. The rR1.12 design has significaly less torsional
coupling and is heavier, resulting in 10% and 20% increases in flapwise and edgewise
DELs, respectively. Looking &tigure3.4-19 it is however ewlent that the blades strike the
tower during shutdown DLC 5.1. While the blades would probably need more flapwise
stiffness to avoid this, a better control strategy would likely also be able to mitigate this.
The present downwind rotor configurations do @armade with only 2.3 m prebend and 5
degrees tilt, but no coning, so the tower strike could also be mitigated with addition of
coning, although this would likely reduce the AEP increase somewhat. For future work it is,
however, clear that the assumption hat the upwind deflection at shutdown is
approximately equal to the steady state downwind deflection at rated wind speed, was not
correct for these very flexible blades, so a better estimation of the upwind deflection is
needed, perhaps requiring timelependent aeroelastic simulations.

12000
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% 8000 | .
g R1.08: 6.2% AEP increase
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=
T 4000} 1
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Figure3.4-16 Mean generator power for the two new designs compared to the thtaded upwind reference
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Figure3.4-17 Flapwise damage equivalent load Figure3.4-18 Edgewise damage equivalent load
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Figure3.4-19 Tower clearance for DLC 5.1.

3.5 Conclusions

The present conceptual design study of a twdaded downwind rotor fitted on the DTU
10MW RWT platform showed that it is possible to stretch the rotor considbly to gain an
increase in AEP without increasing loads if the blades are designed with aeroelastic
couplings which passively alleviate loads. The overall most promising design achieved an
AEP increase of 6.2%, with power increases of up almost 20% atdw rated wind speeds.
While the large unloading of the tip close to rated reduced the efficiency of the rotor, the
inner part of the rotor was made significantly more efficient due to the ability to use airfoil
sections with lower relative thickness dueo the relaxed tip deflection constraints. The
study demonstrated that even with an extreme torsional response of up to 8 degrees at
the tip at rated wind speed, the rotor was aeroelastically stable under normal operating
conditions as well as extreme tunblence conditions, and that the damage equivalent
loads in the blade root could be reduced with up to 13% despite the almost 8% increase in
radius.
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There are several challenges still to be solved, since the present designs were far from
manufacturable dwe to excessive removal of material to achieve the torsional coupling.
Other mechanisms need to be put in play to achieve the strong torsional coupling while
maintaining a realistic material thickness distribution such as removal of one of the two
shear wels connecting the spar caps, sweep and céixis fibre layups. Also, the present
designs experienced tower strikes during shutdown, which also needs to be addressed in
future work probably requiring larger flapwise stiffness but more significantly a better
control strategy at shutdown than implemented in the present DTU controller.
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CHAPTER £MART ROTOR
4.1 Introduction to the Innovative Concept

One of the innovative concepts explored in WP2 of the INNWIND project is the use of
active flaps for load control[14], [15]. In the past decade at DTU the design of such a
system has been explored and it is oriented towards flexible elastomer trailing edge
geometry, activated by pressure fluid, referred to as Controllable Rubber Trailing Edge Flap
(CRTEH)16].

In order to deliver an aeroelastic design of a smart blade for WP1, the aeroelastic
optimization of a 10MW wind turbine smart blade equipped with active trailing edge flaps
is carried out. The multdisciplinary wind turbine analysis and optireation tool HawtOpt2

is utilized, in which a simultaneous aerodynamic and structural optimization of a 10 MW
wind turbine rotor is carried out with respect to material layups and outer shape. Active
trailing edge flaps are integrated in the design takingnio account their geometrical and
structural implications. The concept of integrating active flaps in a blade design is
illustrated Figure 4.1-1, where the blade is designed without a trailing edge (e.g. 10% c)
over the whole span going from flatback airfoils on the inner part to an outboard part
where active and passive morphing trailing edges (flaps) should be mounted. A trailing
edge web is inserted to compensate fothe missing trailing edge, and to be used as
attachment point for the flap modules (as e.g. implemented in the INDUFLAP project flap
prototypes, Figure 4.1-2). The DTU 10MW Reference Wind Turbine blade des[di] is
considered as the baseline case.

upper system

Pressure channels
A
g
!

lower system

Active trailing edge

Passive trailing edge

Pressure valves

Pressure tubes

Figure4.1-1 Conceptof integrated active flaps in a blade design.
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Figure4.1-2 Integration of the flap system in a blade section structure in the Induflap projgé6].

4.2 Modelling environment andconfiguration

The HawtOpt2 framework is used in this work in a similar fashion as described1]. The
HawtOpt2 framework uses OpenMDAO (Opsource Multidisciplinary Design, Analysis,
and Optimization Framework]19] to handle the definition of the optimization problem,
workflow, dataflow and parallelization of simulation cases. In this work, the gradient
based sequential quadratic programming optimizer SNOH20], [21] is used. The
development of the HawtOpt2 framework is part of a larger effort named Framework for
Unified Systems Engineering and Design of Wind Turbine Plants (FUSEDVARH)

Interfaces have be@ developed to connect the optimization framework to the finite
element cross sectional tool BECAS and to the aeroelastic tool HAWCStab2, that form the
core of the stateof-the art analysis capability provided by the tool. BECZ3], [24], [25]
allows for the evaluation of the cross sectional structural and mass properties of the
blade. The tool is based on a 2D finite element formulation that allows for an exact
geometrical description of the section. Different regions with different material and
different thicknesses can be specified enabling the description of different layups. The
linear highorder aeroservoelastic model implemented in HAWCStab26], [27] uses an
unsteady blade element momentum (BEM) model of the rotor and a geometrically
nonlinear finite beam element model to compute steadstate aerodynamic states,
structural deflections, and linearized models of the wind turbine.

A method to evaluatefatigue damage based on a linear model is also integrated in the
framework but not utilized in this presented work. The method is frequerdgmain based
and it does therefore not require timelomain simulations. The method is described in
detail by Tibaldiet al [28], [29] . Furthermore, the aerodynamic effect of the trailing edge
flaps in the linear aeroelastic model is integrated based of30], utilizing a quasisteady
aerodynamic trailing edge flap model. With this capability, the effect of a flap controller on
the fatigue loads can be accounted for.

The blade design is parametrized in terms of outer shape and material layups. The blade
planform is described in terms of distribtions of chord, twist, relative thickness, and pitch
axis aft leading edge. The internal structure is defined by a number of regions which
covers a fraction of the crossections along the bladeFigure4.2-1). Each region consists
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of a number of materials that are placed according to a certain stacking sequence. The
planform and internal structure parameters are used as design variables in the
optimization problem. In the case of the flap geometry implementation, the connection
webto the flap region (web C ifrigure4.2-1) is fixed at 10% of the chord from the trailing
edge. The reference blade is made from glass fibre reinforcedmposites and balsa wood,
which is used as sandwich core material. The composite layup of the reference blade is
defined in terms of a stackingsequence of layers representing multidirectional plies.
Balsa, uniaxial and triaxial layers are utilized. Iin¢ case of the flap geometry, elastomer
material layers are utilized for the trailing edge regions, corresponding to (simplified)
representative realization of a flexible flajl7].

trailing panels caps

leading panels
A

web [5’/

web A

Figure4.2-1 Blade section layup parametrizatiofil6].

The numerical optimization problem which is solved consists of a cost function to be
minimized, subject to several nonlinear constraints. The cost fuim is a weighted sum of
Annual Energy Production (AEP) and blade weight. Both parameters are normalized with
their initial reference values. The constraints depend on limits for planform and structural
variables, and resulting structural strains. The genal process of the optimization
framework is shown inFigure4.2-2. In this work, the precomputed extreme loads and the
calculated fatigue loads are not taken into amunt in the optimization process.

Turbulence
PSD

Blade

Blade
structure

Stresses

Mass
properties

Linearized
system

frequencies

Fatigue loads Con

i Objective

Figure4.2-2 Extended design structre matrix diagram of the workn HawtOpt2
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During the optimization process, the rotor design is evaluated using HAWCStab2 in the
range of operational wind speeds at normal power production, with the corresponding
wind input parameters according to the design wind input for the turbine clag3l]. AEP
and steady state loads are calculated in this process. Furthermore three additional load
cases are simulated to account for extreme design loads evaluation, which comprise
standstill operation at 50year extreme wind speed wiit different pitch settings.The loads
estimated with HAWCStab2 are then used to estimate strains on the structure with BECAS.
These strains are part of the design constraints to guarantee the solidity of the structure.

The simulated flap configuration ihosen based on prior studieg15], and the agreed
common configuration in the WP2 of the INNWINEU project. The main flap parameters
are shown inTable4.1. The flap extent on the baseline blade planform is shown Higure
4.2-3. The flap extends on 30% of the blade span with a constant 10% chordwise length.

Table4.1 -Main flap parameters.

Flap configuration

Chordwise extension 10%
Deflection angle limits N1
Spanwise length 25.9m (30% blade length)
Spanwise location 59.59m-85.50m (from blade root)
Airfoll FFAW3-241
E\;Emm'\au
- .
S

55 80 0
z[m]

Figure4.2-3 Flap geometry implemented otthe planform of the baseline DTU 10MW RWlade.

In order to evaluate the target smart blade design, the design cases compared in this work
are the ones shown irTable4.2.
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Table4.2 8 Compared design cases

DTU 10MW Reference Wind Turbine (RWT)

Case 1 Baseline DTU 10MW RWT
Case 2 Optimized baseline
Case 3 Optimized design with flap geometry

The baseline design (Case 1) is referring to the stdard design of the DTU 10MW RWT.
Case 2 is an optimized version of the DTU 10MW RWT. Case 3 is an optimized version of
the DTU 10MW RWT with flap geometry. For thptimization cases, the objective is a
compound objective consisting of the weighted sum of mass and AEP where the weight is
chosen as 0.875 and 0.900 for Case 3 and Case 2, respectively (low mass biased design).
Both the internal structural layout and theblade shape are included in the design
variables, allowing the chord, twist, relative thickness and layup thicknesses and web
positions to vary utilizing the mentioned design variables. The flap geometry is
implemented in the internal layup definition, reglting in a predefined trailing edge web at
the 10%c location and an elastomer material definition at the trailing edge; whereas there
is no effect of the flaps appearing on the calculated loads.

4.3 Results

This section shows results of not converged optinaitons. The designs, even if they have
not reached convergence, are considered representative because the constraints are all
within acceptable limits.

For both cases, the optimizer pursues theompound objective towards low mass biased
design by varyinghe design variables and satisfying the specified constraints. Figure
4.3-1 the resulting blade mass and corresponding AEP is shown for the major iteration
steps w to iteration 8 and 11. The blade designs achieved (dowight in Figure 4.3-1)
have 8% and 13% reduced mass compared to the baseline and while being practically AEP
neutral (up to 0.3% increase).

1.02 : :
: ‘ : - » - OptBaseline
.00l T _._+ ......... — 1= e Optrtaps
AR :
T 09| L B ETTIENES SRS
o : ". .o
50'94 """ ‘\.‘\“’q """""
£ 0o 5 e ..
H : H ‘e
H | H L]
N i N s
0.88 S S S .
: : : @
0.86 i ‘ i i ‘
0.001  0.002 0003 0004 0005 0006  0.007
AEP ratio [-] +9.97x10 1

Figure4.3-1 Resulting mass and AEP ratios (over the baseline case) for the optimization steps. Comparison
between optimized baseline andptimized case with the flapgeometry.
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The resulting design planforms and main structural properties are here compared to the
original design. In terms of planform, the optimized designs result in a slightly more
slender blade, where the chord is reduced largely at the root and $lity from 40m
outboard (Figure4.3-2). The twist distribution Figure 4.3-3) is increased (nose up, towards
stall) in order to meet the AEP objective.

Baseline

Chord distribution [m]

11|—— OptBaseline | i i)
—— OptFlaps

OG0 20 30 40 30 6 70 80 90

Span [m]

Figure4.3-2 Chord distribution comparison between baseline, optimized baseline and optimized case with
the flap geometry.
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: : . |=—— OptFlaps
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0.0 0.2 0.4 0.6 0.8 1.0

Span [m]

Figure 4.3-3 Twistdistribution comparison between baselineoptimized baselineand optimized case with
the flap geometry.

In terms of structural properties, the mass distribution resulting in the overall lola mass
reduction is compared to the baseline inFigure 4.3-4. Most of the mass reduction
originates in the root region. The flap design has lower mass also at thepflegion. The
major mass reduction cannot therefore be attributed to the modified trailing edge due to
the flap implementation. In Figure 4.3-5 and Fgure 4.3-6 the flapwise and edgewise
stiffness distributions are compared. Both optimized distributions are reduced in the very
inner root region, and the edgewisstiffness is also reduced as expected in the flap region
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due to the changes to the trailing edge. Furthermore, the torsional moment of inertia of
the optimized designs is shown irFigure 4.3-7, where there is no considerable change
between the baseline and both optimized designs. The position of the edgewise center of
gravity offset from the pitch axisRigure4.3-8) in the design with the flap geometry is not
considerably affected, except at the very inner root region.

1200 r T ‘ r - : : T
: : : Baseline Mass: 41627 kg
1000— \ . .|=— OptBaseline Mass: 38312 kg |
El \ j | |—— OptFlaps Mass: 37258 kg
~ : :
Bo800f NN
| .
600 SRS \ N S SR U S S T _
2 .
E : ; : : : :
£ a0l RN
(] : : : : : : : :

% N B ! N B " ! N
2ok N
0 1 1 I 1 L I I 1
0 10 20 30 40 50 60 70 80 90
Span [m]

Figure4.3-4 Massdistribution comparison between baselineoptimized baselineand optimized case with
the flap geometry.
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Figure4.35 Flapwise stiffnessdistribution comparison between baselingoptimized baselineand optimized
case with the flap geometry.
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Fgure4.3-6 Edgewise stiffnesdistribution comparison between baselingoptimized baselineand optimized
case with the flap geometry.
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Figure4.3-7 Tordonal stiffnessdistribution comparison between baselingoptimized baselineand optimized
case with the flap geometry.
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Figure4.3-8 Center of gravity positiomistribution comparison between baselingoptimized baselineand
optimized case with the flap geometry.

Details of the material layup thicknesses at the trailing edge regions are shownFigure

4.3-9 and Figure 4.3-10. Regions 0 and 1 correspond to the Tail A and B regions shown in
Figure4.3-11, which are the first trailing edge regions on the suction side. It is seen that at
the69%9 9 % bl ade span region the glass fiadbre | aye
corresponding to the representative elastomer material properties. The flap structural

geometry parameters are not optimized in this framework, but rather the rest of the

structure adapts to the flap presence.
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Figure4.39 Thicknessdistribution for the material layups betweeibaseline, optimized baselineand
optimized case with the flap geometryRegion 0 is the first trailing edge panel on the pressure side (Tail A in
Figure4.2-1).
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Figure4.3-10 Thickness distribution for the material layups between baselineptimized baselineand
optimized casewith the flap geometry. Region 1 is the seconmiailing edge panel on the pressure side (Tail B
in Figure4.2-1).

The internal structure geometry is shown for the sgon at 85% span of the blade (mid
flap region) in Figure 4.3-11, Figure 4.3-12 and Figure 4.3-13 for the baseline design, the
optimized design and the optimized design with the flap geometry respectively. The
truncated trailing edge with the additional web where the flap geometry is connected is
shown, where different colors reprgent different material layups. Furthermore the
optimized designs show the resulting changes in the spar geometry but also the reduced
chord at this region.
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Figure4.3-11 Internal structure of the baseline design 85% blade span section.
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Figure4.3-12 Internal structure of the optimized baseline desigh85% blade span section.
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Figure4.3-13 Internal structure of theoptimizeddesignwith the flap geometry- 85% blade span section.

In Table 4.3 the blade main structural modes frequencies are shown. The most
considerable change is seen for the edgewise mode in both the optimized and the
optimized with flap geometry cases. Frequencyagement has not been explored in this
optimization investigation.

Table4.3 - Comparison of structural frequencies between cases.

baseline optimized optimized + flap

1stflap [Hz]

0.610067E+00

0.566878E+00

0.608678E+00

1stedge [Hz]

0.959575E+00

0.849826E+00

0.858058E+00

2nd flap [Hz]

0.175761E+01

0.166357E+01

0.174561E+01

2nd edge [Hz]

0.288871E+01

0.265472E+01

0.220519E+01

3rd flap [Hz]

0.359624E+01

0.340786E+01

0.355314E+01

3rd edge [HZz]

0.580472E+01

0.548027E+01

0.462817E+01

4t flap [Hz]

0.618287E+01

0.589229E+01

0.598585E+01

1sttorsion [Hz]

0.667065E+01

0.665577E+01

0.675661E+01

Figure 4.3-14 shows a comparison of the first seven wind turbine aeroelastic modes

frequencies and damping between the three designs. A significant reduction in the
frequencies of the modes associated with the blades is achieved. The optimized baseline
has lower flapwse and edgewise frequencies. The frequencies of the first forward whirling
edgewise mode of the two optimized blades approach the 6P external excitation at high
wind speeds but they do not overlap. A further investigation should address any potential
issue related to these changes. No significant differences are observed on the damping of
the aeroelastic modes between the three models.
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Figure4.3-14 First seven wind turbine aeroelastic frequencies amthmping ratios. Comparison between
baseline, optimized baseline and optimized design with the flap geometry.

4.4 Conclusions

The aeroelastic optimization of the DTU 10MW RWT blade equipped with active trailing
edge flaps is carried out. The mukldisciplinary wind turbine analysis and optimization tool
HawtOpt2 is utilized, in which a simultaneous aerodynamic and structural optimization of
the rotor is carried out with respect to material layups and outer shape. Trailing edge flaps
are integrated in the degyn taking into account their geometrical and structural
implications with no effect on loads. The optimization results show that such a blade
design is feasible within the objectives for low mass biased design with same AEP
performance and the specified gemetrical and load constraints. A blade design with 13%
reduced mass compared to the original DTU 10 MW RWT blade is presented, where the
geometry of a 30% blade length flap of 10% chord length is integrated in the trailing edge.
This design is also compad to an optimized version of the baseline blade without flap
geometry integration and shows a benefit in terms of mass reduction. The main purpose of
this investigation is to show the feasibility of such a design which includes the flap
together withan optimized blade geometry.

For the next stepsthe achieved fatigue load reductiorusing the active trailing edge flaps
should be taken into account. This development has already been implemented as part of
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this work and still needs to be evaluatedA simple individual flap controller (IFC) close to
industry standards is chosen, where the flap control algorithm is implemented similarily to
the individual pitch control as described irf30], including gain schedulingand actuator
dynamics. The flap controller is implemented in statgpace form and connected in
feedback with the resulting full system matrices from HAWCStab2, thus allowing for
fatigue load evaluation as described if29].
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CHAPTER SNNOVATIVE INNER B ASTRUCTURE
5.1 State of the art and motivation

State of the art rotor blade design indicates the use of a sphpx as the main load bearing
component accompanied by a number of sheavebs depending on the size of the rotor
blade. The skis and shearwebs consist of a sandwich structure while the spar caps are
dominated by unidirectional fibers in the pitclaxis direction to deliver the desired axial
stiffness. Since producing long (>60m) rotor blades using carbon fiber composite
materials is still too expensive for commercial wind turbines, glass fiber reinforced
composites (GFRP) are preferred from the manufacturers.

The need for longer blades for the new many multiegawatt machines of the future, even
for the existing (>7MW) designs, \were blade weight is a restrictive parameter calls for
the need to introduce an economic solution for the use of carbon fiber composite
materials in the manufacture of rotor blades. New designs that take advantage of carbon
fiber composite structures madeof less expensive manufacturing techniques, such as
filament winding and pultrusion, have to be established. In that context, the idea to
replace the original spabox beam of the rotor blade by an internal space truss structure
was investigated.

5.2  Brief description of the concept

The INNWIND.EUeference blade design17] recommends two spar caps that consist of
unidirectional GI/Ep composite material, 3 sheawebs of a sandwich structure made of
biaxial GI/Ep fabric and balsa wod and skins, sandwich structures as well, consisting of
triaxial and uniaxial GI/Ep composite materials; balsa wood as core material.

In order to reduce the weight of the reference blade the conceptual design proposed by

University of Patras CORE teartdPAT) suggests the replacement of the spabox and 3rd

web with an internal space truss. This will make possible to remove the uniaxial composite

materi al from the rotor bl adeds skin and redu
material. The internaltruss should be able to achieve the axial stiffness and strength of

the reference blade.

The truss topology initially consisted of a large number of rods/beams and the modelling
of the internal truss was achieved using Beam188 elements while the skin wasodelled
with Shell181 elements(Figure5.2-1) of the ANSYS commercial code.
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ANSYS]

Figure5.2-1 Examples of tested topologies of the internal truss

The investigation focused into modelling amiernal space truss made of GI/Ep composite
materials which would have a stiffness, strength and elastic behaviour close to those of
the reference blade while keeping the weight of the blade lower. The main challenge
encountered was the local failures oftte blade, a numerical artefact due to concentrated
forces applied in a small number of noded~{gure5.2-2).

Figure5.2-2 Local failure due to numerical artifacts

To overcome the situation, the blade was modelled from scratch using only shell element
formulation even for each individual beam component of the space truss structuteiqure
5.2-3).

55| Page
(Innwind.EY Deliverable 1.24, Pbased Assessment on the Results of WR&P4)



Figure5.2-3 Blade model using only shell elements

The new FE model of the blade consists of 600,000+ elements and more than 3,000,000
degrees of freedom. Any change in the truss topology or layup configuration in the course
of this investigation needs more than 24 hours to complete and up to 36 hours fone
strength or buckling analysis rugime in fast PC servers. As a result, due to time
limitations, in the final design for this report the internal truss is modelled with Beam188
elements.

5.3 Anticipated PROS and CONS

The main advantage of the conceptual eébign proposed by UPAT CORE Team is titat
offers to the manufacturer the ability to use composite materials produced by mass
production techniques, e.g. filament winding and pultrusion instead of prepregs and
fabrics, thus less expensive. Moreover, theoatrol during the production of such
structures is higher than in manual prepreg or fabric laying type composite materjals
leadingto better quality structures.

Furthermore, the modular construction of the space truss facilitates the implementation of
modular blade concepts with known advantages in the transportation as well as the repair
and the maintenance of the rotor blade.

The main disadvantage of the concept is the complexity in joining the various elements.
More specifically, in the locations wire more than 2 beams meet the joint calculation and
construction is a challenging task.
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5.4 Assessment of the structural integrity of the proposed design
5.4.1 Design layout and dimensioning

Since the idea behind the implementation of a space truss instead of thatfitional spar
box beam of the reference blade was to introduce an economic and efficient solution for
the use of carbon fiber composite materials in rotor blades, two (2) final blade designs are
presented. The first one is solely a GFRP construction alowgh balsa wood as core
material where needed, while in the second one some of the beams of the space truss are
made of C/Ep material.

The internal truss topology is kept the same for the 2 models and is presentedFigure
5.4-1. Eventually, information on beam dimensioning and their exact position into the
blade might be made available upon request; due to space limitations such details are not
presented it in thisreport.

ANSYS ANSYS
R15.0 R15.0
,\ A
\\“§
N
»
>
S
>
>
>
-
»
.”s
Figure5.4-1 Truss Topology

In both cases the skin of the blade consists only of triaxial fabric and balsa wood in a
sandwich form of [triax/balsa/triax] as per the reference wind turbine blade

The FE model in ANSYS is based on a ReissdeMindlin shell formulation. The skin
consists of 4node multilayer shelll81 elements while the truss consists of -Rode
beam188 elements. The triaxial, uniaxial fabric and balsa wood properties were all based
on the benchmark input provided by the coordinators while the CFRP mechanical
properties are presented inrable5.1.
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Table5.1 - Typical mechanical properties of T700S C/Ep composite

Property Value
(=]

148.51 [GP4q]

E 9.03 [GPa
G2 5.55 [GPa
Vi2 0.225 [GPa]
Xt 768.84 [MPa
Xc 537.98 [MPa
Yt 5.49 [MPa]
Yc 31.43 [MPa]
S 28.46 [MPa]
Density 1600 kg/m3

It is noted here that in the failure stress values presented ifable5.1, the characteristic
values are divided by a material safety factor of 2.205 according to Gesign guidelines.
For the elastic stability analysis a safety factor of 2.042 was applied in the elastic
constants as described in the input provided by the coordinators for the structural
benchmark.

The total mass of each of the materials used in the 2 blade models is presentedTiable
5.2 while coordinates of the massentre of the blade are presented iTable5.3.

Table5.2 - Overall mass for each material

Material Reference Blade Gl/Ep Blade C/Ep Blade
Triaxial 11319.0 [kg] 8472.6 [kg] 8472.6 [kg]
Biaxial 4076.6 [kg - -
Balsa 5074.8 [kg 5411.0 [kg] 5411.0 [kg]
Uniaxial (Glass) 21908.9 [kqg] 26049.0 [kg] 5367.0 [kg]
Uniaxial (Carbon) - - 11591.0 [kg]
Total 42379 .3 [kg] 39932.6 [kg] 30841.6 [kg]

Table5.3 - Coordinates of mass centre

Reference Blade Gl/Ep Blade C/Ep Blade
X coordinate [m] 0.158 0.300 0.124
Y coordinate [m] 0.035 0.009 0.031
Z coordinate [m] 28.800 35.046 33.600

It is noted that the first section othe FE model is at 2.8n.
5.4.2 Structural integrity verification

The constraints set for verifying the structural integrity of the new structural blade design
were the same as those for the reference wind turbine. Analysis was performed against
stiffness, strength under extreme loads as well as elastic stability. Thadiing imposed on
the blade to verify its performance was that used in the benchmark exercise performed
within INNWIND.EU project. The target for the design was that the new blade should
perform the same or better than the reference wind turbine blade.
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The comparison between the 2 models that are presented and the reference blade in
terms of load carrying capacity, elastic stability and tip deflection are presentedTiable
5.4 while some selective resultsaare presented inFigure5.4-2 to Figure5.4-5.

Table5.4 - Mechanical performance évarious blade models

| Reference Blade  GI/Ep Blade C/Ep Blade |

Tip Deflection [m] 20.6 24.18 11.52
Buckling critical Load factor 0.97 0.739 0.946
Strength multiplication factor 0.55 0.313 0.37

ANSYS 15.0

g

FACT=.946903

UsuM (AVG)

RSYS=0

PowerGraphics
EFACET=1
AVRES=Mat
DMX =.647393
SMX =.647393

Figure5.4-2 1st Buckling mode shape, C/Ep Blade

ANSYS 15.0
ELEMENT SOLUTION
STEP=1

SUB =1

TIME=1

FAILSMAX (NOAVG)
TOP

MN
LAYR=1
X Rsys=soLu
DMX =11.5258
SMX =2.69637

Figure5.4-3 Failure pattern of C/Ep blade under the reference load
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Figure5.4-4 Failure pattern of GI/Ep blade unde the reference load
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Figure5.4-5 1st Buckling mode shape, GI/Ep Blade

A comparison of the natural frequencies is presented ihable 5.5, while indicatively the
modes shapes of the C/Ep blade are presented Figure5.4-6.

Table5.5 - Natural frequency comparison

Mode Number Reference Blade Gl/Ep Blade C/Ep Blade

1 0.6095 0.3828 0.6767
2 0.9477 0.5470 0.7553
3 1.7486 1.2741 2.0568
4 2.8333 1.9344 2.5921
5 3.5714 2.5895 3.7984
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Figure5.4-6 Mode Shapes, C/Ep Blade

At this stage it should be also noted that no aeroelastic calculations were performed to
identify the loading on the blade employing the new design. The mass reduction achieved
is expected to lead also to a reduction of the loading of the blade.
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5.5 LCOE Impet of the Proposed Design

Since there are no alterations on the aerodynamic design of the reference blade, there is
no effect on the annual energy production by the structural design concept proposed. The
same goes for the OPEX, since the wind turbine béaldas no additional systems, while the
design life of the blade covers the design life time of the wind turbine without foreseen
replacements of parts under regular maintenance procedures. The innovative internal
structural solution presented will, neverteless, have an impact on the levelized cost of
energy(LCOEjhrough the effect of the design on the CAPEX.

It should be noted that at this stage of technology maturity for the innovative structural
solution investigated the cost estimation is rather ditult and based only on knowledge of
the cost of the internal structural parts(truss members) The effect of the nanufacturing
cost for the buildup of the internal truss structure including the joints of the truss
members is unknown for structures of ge similar to the wind turbine bladén study. Thus,
uncertainty in cost estimations is inherent for this solution.

The cost model used is therefore weight based only; it is assumed that the manufacturing
savings from using standardized truss members Widlompensate the labour cost of joining
the truss members. For the solution employing carbon fibres, the cost model, suitable for
hybrid blades, presented under Sectio.3.2, is used.

It shall be noted that the results of UPAT within the benchmark showed the mass of the

reference blade to be 42379.3kg, instead of 41716kg used in the CAPEX estimations

within the present report. Thus, a correction factor of1716/42379.3 =0.984 will be

used to UPAT mass results for all blade cases. The cost of the all glass blade incorporating

an internal truss structure (of glass/epoxy truss members$ directly estimated (in prices

of 2002) using the cost model of INNWINBU as 13.084*(0.984*39932.6) -
4452.2=509,666% instead of 541,360% for the cost of the reference blade. This in turn
results for t he LCOE t o93®®/1IMWh7 0ff MWht he nseéaden
turbine; i.e. leadhg to a minimal LCOE reduction

For thecase of the hybrid carbon/glass blade, the procedure presented in Secti@rB.2 is
used, employing the conservative ratio of cost of Carbon fibres over Glass to 3.

Baseline for the case

13.084*(0.98*30841.6) -4452= 392,623%

Ratio of using carbon over all glass for a 89m rotor

(1-0.4134) + (0.4134)*(1 0.60)+0.4134*0.6*(1 0.4)+0.4134*0.6*0.4*3 = 1.198
Thereforecost of the hybrid blade is estimated to: 470,532%

This cost, when inserted in the cost estimation tool of INNWIND.Egsults in a LCOE of

91.38 4/ MWh , which indicates a potenti al of redu
turbine by 0.6%.
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5.6 Conclusions and recommendations

The structural design of arinternal truss instead of the traditional spabox faces a lot of

challenges when GI/Ep materials are used. The most important one is the elastic
instability of the bladeds skin. A replacement
material seems a1 appropriate solution to be investigated.

On the other hand, the replacement of the GI/Ep longitudinal beams with C/Ep ones
improves the performance of the blade significantly. The results show that by replacing the
45% of the GI/Ep with C/Ep beams irthe space truss the stiffness of the blade will
improve by almost 100%, already with a ca. 27% lighter blade than the reference. This
suggests that a much lighter construction might be finally achieved that will compensate
for any cost increase due to mateal or assembly and joining complexities.
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CHAPTER GBENDTWIST COUPLEHLADE
6.1 Introduction to the Innovative Concept
6.1.1 State of the art and motivation

In this project PoliMI presents a structural solution based on the so called Behaist
Coupling (BTC), a solutiomimed to achieve a particular behavior of the blade: its
structure, when loaded, deforms so as to induce a load reductidim. fact BTC implies that,
when the blade bends because of increased loads, the ensuing change of twist will affect
the aerodynamic lading through a change in angle of attack. Passive load mitigation by
BTC can be obtained by exploiting the anisotropic mechanical properties of composite
materials [32], [33].

This form of load alleiation is in principle very attractive because of its passive nature:
there are no actuators which may fail, no moving parts which may wear out, and no need
for sensors, all characteristics that are very interesting for wind turbines where simplicity,
low maintenance and high availability are kesyto reducing the Cost of Energy (CoE).
However, as usual in the design of wind turbines or other complex engineering systems,
the benefits of BTC blades may be accompanied by other undesirable effects, such as a
reduction in power production, an increase of weight and of manufacturing complexity and
thus possibly cost.

Modern approach to BTC is to twist the blade sections so as to decrease the angle of
attack, the so called twistto-feather concept[34], [35]. This method showed significant
fatigue damage reduction. To analyse the behaviour of such design solution, aeroelastic
simulation models have been developed where the level of coupling Wween blade
bending and twisting was obtained by directly modifying the beam stiffness sectional
properties.

In order to better understand the real benefits of BTC, in this project PoliMI has followed
the approach presented in[36], where parametric studies, obtained changing the
coupling, have been performed within a design framework in order to compare optimal
blades which simultaneously satisfy all the design constraints.

6.1.2 Brief description of the concept

In order to find the gtimal solution for the specified blade, a series of parametric studies
is done by rotating the plies of the spar caps and/or of the skin for the whole spaiise
extension of the blade. For each solution the blade design is performed with a constrained
optimizationbased procedure that sizes the structural blade elements by minimizing a
cost function[37].

All design requirements are treated as constraints, therefore all converged solutions are
viable according to the conditions that have been imposed by the designer, and therefore
they could all be adopted. The design optimization software, an evolution desed in[38]
and [37], performs the design using a muHievel approach.

The method includes 2D finite element models for sectional characterization and analysis,
aeroservoelastic multibody mode$ for load calculation according to certification rules,
and detailed 3D finite element models for detailed stresstrain, fatigue and buckling
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analysis. The optimizer operates at and iterates among the various levels, so as to deliver
in reasonable compuational times a costminimizing design solution that also satisfies all
desired design constraints at the finest description level, i.e. the detailed 3D model.

Optimizationbased MultHevel Method for Blade Design

Optimization tools for rotor blades have been recently developed to aid the design process

of these complex structures, and a review of the literature is offered [87]. In this work,

we use the design approach developed if88] based on the earlier results of37], and

implemented in the code CgMax Code for Performance Maximization). For computational

efficiency, the design is performed as a sequence of nested optimizats that operate at

various description levels of the blade:aqua8 D O0coarse" representation
up of a 2D FEM crossectional model togeher with a spatial beam modebnd a detailed

ofine" 3D FEM model

At first, the blade structural configration and material properties are defined. Next, the
sectional structural configuration is parametrized, thereby defining the design variables,
which include the thickness of skin, shear webs, spar cap, and the area of leading and
trailing edge reinforcenents. Such variables are defined for selected spamise stations,
and interpolated elsewhere along the span using shape functions. Sectional models are
defined using either 2D finite element meshes modeling the stack sequence of plies or
using equivalentpanels. From the sectional models, fulgopulated stiffness matrices are
computed using the code ANBA (Anisotropic Beam Analysis), based on the anisotropic
beam theory of[39]. The stiffness matrices obtained in this way are udefor defining a
geometrically exact shear and torsiodeformable beam mode[40]. The resulting beam is
used in a complete aereservoelastic model of the machine, implemented here with the
comprehensive nodinear finite-elementbased multibody dynamics simulator Ghambda
(Code for Performance, Loads, AeElasticity by MultBody Dynamic Analysis)41] [42].

Transient design load cases (DLCs) are simulated using the asesvoelastic model. The
results are postprocessed to determine the maximum tip deflection and to extraet a
number of spanwise verification sections the envelope loads, i.e. the maximum and
minimum values of the internal stress resultants. At each verification section, maximum
stresses and strains are computed at a number of verification spots on the crossction
from the envelope loads, using recovery relatiorf89] obtained by the sectional analysis
with ANBA. At the same verification spots, fatigue damage is computed from the stress
time histories through rainflow counting andthe associated Markov matrices. The
computed maximum tip deflection and the maximum stresses, strains and fatigue at each
verification spot for each verification section are enforced as inequality constraints for the
optimization problem, including the neessary safety factors. A Campbell diagram of the
machine is computed using the aerelastic model. A design free of resonant conditions is
obtained by constraining the placement of natural frequencies away from strong harmonic
excitations; here this was btained by simply prescribing a given minimum gap between
the first blade flap frequency and the threger-rev at the rated rotor speed, enforced as
an inequality constraint in the optimization. Additional inequality constraints are defined to
enforce condtions on the design variables, such as a maximum thickness rate of change
to account for typical values of ply tapering. From the structural configuration of the blade
and its sectional description, the total mass can be readily computed, accounting afso
the nonstructural mass due to surface coating, foam core, resin takep, junction
adhesive, etc. The total mass defines the cost function for the optimization problem. The
optimization is run until convergence, using a Sequential Quadratic Programm{ig§QP)
algorithm with gradients computed by finite differences. For each new instantiation of the
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design variables, the 2D crossectional analysis is repeated, generating a new blade
model and hence a new aergervoelastic wind turbine model. For each ne model, the
necessary analyses are repeated to update cost function and constraints. To reduce the
computational cost and minimize the number of evaluations of the full set of DLCs, which
is the most expensive part of the optimization, an outer iteratios used where the loads
are temporarily frozen until the blade mass has converged and all constraints are
satisfied; loads are then updated at the next iteration by repeating the DLCs, as explained
in detail in Ref.[37].

At canvergence of the blade optimization conducted at the coarse level using 2D cross
sectionaland aeroservoelastic beambased models, a 3D CAD solid model of the blade is
generated automatically by lofting the computed blade geometry. The CAD model accounts
for all blade parts including webs, web core, spar caps, leading and trailing edge
reinforcements, internal skin, skin core and external skin, associated with the
corresponding material properties and laminate characteristics.

Finally, abuckling analyss is performed. If buckling is detected, the core thickness is
increased using a heuristic approach. The modified core thickness modifies the non
structural mass of the crosssectional model, this way again closing the loop between fine
and coarse level aalyses. Based on the updated constraint conditions and updated
model computed at the 3D FEM analysis level, new 2D sectional models are generated
which in turn define a new beam model, and the complete process is repeated. Typically,
two or threeiterations between the coarse and fine levels are necessary for convergence.

Short description of structural analysis tool(s) used

The 3D finite element model is developed in MSC Nastran 2012 format. The mesh
procedure is obtained by Hypermesh while the propexsi definition is performed by
Matlab functions. Elements are placed in mid thickness position while local lamination
sequence is defined by PCOMP card. Orthotropic materials are set by MAT8 card, while
isotropic materiak are modelled by MAT1. Further data are reported in following table.

Entity Number
CTRIAS (triangular plate element) 1196
CQUAD4quadrilateral plate element) 138132
RBES3 (interpolation constraint element) 29

Table6.1-1: FEMconstitutive elements

The RBE3 elements are used to applied loads on the blade FEM model. The loads
distribution is discretized and applied to 29 nodes along blade span. The RBE3 allows
distributing the applied loads to elements defining the spar caps on suction and pressure
side.

The first RBES, in the root section, is also linked to all the elements, as shown in figure
below. This allows to correctly redistribing the loads in the root section.
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Figure6.1-1: RBE3 elements

The applied constraint involve the displacements of the nodes at the blade root in
direction x, y and z, while the rotations are free. This constrain set is applied for all
considered analysis.

For the analysis of the extraction of blade properties

Sectional models are defined using either 2D finite element meshes modelling the stack
sequence of plies or using equivalent panels. In this case the latter approach has been
used. From the sectional models, fullgopulated stiffness matrices are computedising
the code ANBA(Anisotropic Beam Analysis), based on the anisotropic beam theory {89].
From this sectional analysis code a six by six stiffness matrices and the mass matrix are
obtained.

Failure criterion used

The failure criteria is based on the definition of a safety margin which compares the
loading state in a specific point (for both stress and strain) with the allowable values
defined for the material of the ply. A safety margin lower than zero means thia¢ failure
criteria are not satisfied.

Fatigue analysis

The RBE3 elements are used to applied static unit loads onto the structure.

The stress time histories necessary for evaluating the damage index ammveniently
computed by exploiting the linear gperposition of static unit load cases applied to the FE
model with load histories obtainedrom the beam model,[43].

At eachverification point, a static force or moment (in the case of shellsj unit magnitude
is applied, andthe full stress time history follows as:

C
=y

67| Page
(Innwind.EY Deliverable 1.24, Pbased Assessment on the Results of WR&P4)



where0 O denotes a load history obtained by a multibody transiestmulation, 0y  the
applied unit load, andA is the static stress resultant at point i for load case j. Eactime
step of the loads history 0 O, for sake of simplicity, is discretized through the direct
discretization of the internal force. This choice allows toconsider all the dynamic
contributions included into internal forces that are providetby the multibody software.
Even if the stressesk O are obtained by static analysis, the effects of inertial loads and
time variant aerodynamic effects are considered because they are naturally includedo
internal forces evaluation.

So this procedure redaes thecomputational cost necessary for the evaluation of the full
stress time history on the comprehensive 3D FE model.

On each verification point the fatigue damagé due to single stress component is
computed according td44]:

Q O —— =

where & is given by the ratio between the time spent by the wind turbine during the
entire operative life at wind speed and the simulated time.l A M 6 isthe number
of cycles obtained by the raiflow counting algorithm at mean stressA , amplitude

stress A and wind speed6 . The admissible number of cycless . A K MK i
corrected by the safety factor.

From the value off of each stress compoent, a damage index is defined in agreement
with [45], [46] considering only the longitudinal component:

0 -QT

Wherel i' s the inverse slope of the W°hler curve
is identified by indices L.

Failure is predicted if D > 1.0.

Buckling analysis

Linear buckling analysis is performed by MSC Nastran 2012. All the dimensioning load
cases usedfor the optimization process plus the load condition corresponding to max
blade tip deflection are considered. Six eigenvalues are computed, which represent the
critical load factor. A value > 1 means the critical load associated to buckling is higher
than the actual load.

Buckling is prevented by using balsa core in panels of skin and webs, whilst spar cap
thickness is adjusted (i.e. increased) to avoid buckling all along the span.

For buckling analysis a safety factor of 2.0419 is applied reducing mataticapability to
withstand maximum loads.

6.1.3 Anticipated PROS and CONS

The literature clearly shows the potential benefits of BTC. Many parametric studies have
been performed using models of different levels of complexity and fidelity, yielding a good
insight on what can be expected by the adoption of such a technologicaligmn. However

a comprehensive approach to the design of such complex structures is still lacking. In fact,
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when designing for a specific set of given conditions (e.g., rated power, wind class, rotor
diameter, max tip deflection, etc.), one should be abl® compare alternative solutions
that all satisfy the same design constraints. Only if all alternatives are fully viable, one can
then identify the one that is the most desirable according to given criteria or performance
metrics. This aspect is of cruciamportance in the design of blades for large modern wind
turbines, given the complex couplings that exist among the various design requirements.
For example, changes in bending stiffness due to fiber rotationust be compensated by
increasing the thicknes of spars and skin, or by using more performing materials, so as to
satisfy max deflections and frequency placement constraints. However, these changes will
not only influence weight, but also fatigue and buckling. In turn, the satisfaction of the
fatigue and buckling constraints will again influence the sizing of the various structural
members of the blade, creating a further coupling. Many other subtle effects are present:
for example, different degrees of BTC will induce different mean deflected blade
configurations at each mean wind speed, thereby affecting trim and hence power. To
restore power to the same level, again so as to perform meaningful comparisons among
different candidate solutions with different degrees of BTC, one should then change the
trim pitch setting, and this will in turn modify loads, which will again induce a coupling
effect in the design and can lower BTC benefits. The twistfeather characteristic of a BTC
blade, leads to multiple benefits in terms of ultimate and fatigue load$ut at the same
time, is accompanied by a higher torsion of the blade, which reflects in a lower power
production. Through changing the trim pitch setting is possible to restore power to its
initial value, but the potential benefits of BTC are hence ngjtited.

All these aspects have been considered in the solutions presented in this project: the
blades have been ralesigned within an optimization design framework in order to account
all these constraints. The final goal is to reduce the CoE which accaufdr the mass of

the blade as well as for the Annual Energy Production (AEP). All the solutions presented
here are able to reduce the CoE and, in the meanwhile, some of these are also able to
reduce the loads on the hub and/or on the tower. Since these aponents have not been
re-designed in this deliverable, the real effects on the CoE of these solutions have to be
further investigated.

In the following sections Pol i Ml presents

BTC SC+0506) wh i ¢ hed maving thee directionc af nip wridirectional
fiberglass in the spar cap away from the blade axis with an angle of 5deg. This solution
has been selected between eight distinct configurations analysed with {¥jax because it
exhibits preliminarily the best GE reduction. The other optimal blades, satisfying all the
design constraints, have been obtained changing the angle in the spar cap (SC) of 3, 4, 5,
6 and 7deg and in the skin (Sk) of 5, 10 and 15deg. The following figure shows the
reduction of the CoE cmputed preliminarily with CMax with respect to the RWT.
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Figure6.1-2: PoliMI BTC: CoE comparison between optimal blades

6.2 Assessment of the Structural Integrity of the Proposed Design
6.2.1 Design layout and dhensioning

The blade structural layout uses a baype configuration, with a single cap confined within
the two shear webs. The shear webs are parallel and planar, i.e. they do not follow the
twist of the airfoils. A third shear web is located at 87% ohe local chord, as in the
reference wind turbine. Trailing and leading edge reinforcements are introduced to
augment inplane modal frequencies. Root reinforcement made of unidirectional fiberglass
is also here used. To prevent buckling in skin and shearebs panels a sandwich with
balsa core is used, while to prevent buckling in the spar caps panels the thickness of the
spar caps are designed to be bucklinfyee.

The main blade parameters and material types used are reported in the following table,
while the following figures show the adopted blade structure.

The material properties used within this task are the same of tHeTU 10MW reference
blade.

Starting section | Ending section Material type
(% span) (% span)
Skin 0 100 Triraxial fiberglass
Unidirectional
Sparcaps 0.025 98.12 fiberglass
Shear webs 0.025 98.12 Bi-axial fiberglass
Third shear web 0.22 95 Triraxial fiberglass
Trailing and leading 0.10 95 Unidirectional
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Starting section | Ending section Material type
(% span) (% span)
edge reinforcement fiberglass

Unidirectional

Root reinforcement 0 30 -
fiberglass

Table6.2-1: PoliMI BTC SC+05, main blade parameters and material types

Starting of Spar and Webs

Starting of TE
reinforcement

Start of Web C

Ending of Spar and Webs

\< Ending of Web C

Figure6.2-1: POliMIBTCSC+0%h | adeds structur e tieeldnepisosi ti on of cons

Spar Cap

Third Web

Trailing edge
reinforcement

Transition zone

Root - Cylinder zone

Figure6.2-2: PoliMI BTC SC+05pot details

The wind turbine design parameters are the same of tH&TU 10MW reference blade, and
are reported in the following table for completeness.
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Wind regime IEC Class 1A

Rotor Orientation Clockwise rotationd Upwind
Control Variable speed, collective pitch
Cut in wind speed 4 mls

Cut out wind speed 25 m/s

Rated wind speed 11.4 m/s

Rotor Diameter 178.3 m

Hub Diameter 56m

Hub Height 119 m

Maximum Tip Speed 90 m/s

Tilt Angle 5.0 deg

Rotor Precone Angle 4.65 deg

Blade Prebend Om

Nacelle Mass 446.036 kg

Tower Mass 628.442 kg

Table6.2-2: PoliMlI BTC SC+05]esign parameters

The following table reports the global data of the optimal bladgOLIMI BTC SC+05

PoliMIBTC SC+05

Spar Caps Angle Rotation 5 deg

1st blade frequency (flap mode) 0.5587 Hz
2nd blade frequency (edge mode) 0.6173 Hz
Max Blade Tip Deflection 12.90 m
Blade Total Mass 40874 kg
AEP 46.160 GWh'y
CoE 74.91 G/ MWh

Table6.2-3: PoliMI BTC SC+05jlobal data

The following table reports the mass breakdown computed for each structural components
including the Non-Structural Masses (NSM). The figures below report the thickness
distributions along the blade span of the internal subomponents and the mass, #pwise
and edgewise stiffness.
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Structural Component Mass [kg] % of total blade mass

Skin 8883 21.73
Spar Cap 16884 41.30
Web A +B 2413 5.90
Web C 72 0.17
LE & TE Reinforcement 1284 3.14
Root Reinforcement 2568 6.28
Total Structural Mass 32104 78.54
NSM 8770 21.46
Total blade mass 40874 100

Table6.24: PoliMI BTC SC+05, bill of material
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Figure6.2-5: torsional stiffness (left) and blademass (right) distributions comparison

The next figures showthe deflection of the blade m the out of plane direction in correspondence of
the first mode of vibration (at left) and the corresponding torsion associated to the blade (at right).
The PoliMI BTAOMW SC+05 bladehas, for the same flapwise deformation, a highewist due to

the BTC
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Figure6.2-6: First flapwise mode: flapwise (left) and torsion (right) deflectiomsemparison

Next is presented a comparison between the DTU 10MW RWT and the actual PoliMI 20MW BTC
SC+05.The followingtable shows a comparison between the RWT blade and the optimal one.

| RWT PoliMIBTC SC+05 difference
Blade Total Mass 42422 kg 40874 kg -3.65 %
Blade Itmodalfred | g 6123 Hz 0.5587 Hz :
(flap)
Blade 2! modal freq 0.9124 Hz 0.6173 Hz -
(edge)
Blade Max Tip Displ. 13.04 m 1290 m -
CG position (spanwise | »5 65 28.56 m -
direction)
AEP 45.760 GWhly 46.160 GWh'y +0.87 %
CoE 75.680 0/ MWh 74.913 0/ MWh -1.01%
Table6.2-5: PoliMI BTC SC+0@rt RWT
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6.2.2 Load cases considered

The blade is designed according to IEC 614@D Ed.3. The load cases selected for the
design are reported in the following table.

DLC Wind Wind Speed Yaw Fault Type of | Safety
number = Type Misalignment Analysis | factor
11 NTM 405:2:25m/s - - U 1.35
1.2 NTM 4 05:2:25m/s - - F 1
1.3 ETM 4 05:2:25m/s - - U 1.35
2.1 NTM 4 05:2:25m/s - Grid Loss U 1.35
2.3 Eog | UhVRVrt2, | Grid Loss u 1.1

Vout
6.1 EWM Vref (50m/s) -8, 0, +8 deg U 1.35
6.2 EWM Vref (50m/s) -180:30:180 deg Grid Loss U 1.1
6.3 EWM Vref (50m/s) -20, 0, +20 deg U 1.1

Table6.2-6: PoliMl| BTC SC+09)LCs considered

A complete set of load cases, including also DLC 1.4, DLC 1.5, DLC 4.2, was at first
considered. For computational reasons, this reduced set was taken as representative of
the complete envelope loads along the entire spanwise of the blade.

A complete description of the blade characteristics may be found in the attached file
OPoliMI_10MW_BTC_SCO05x | s x 6 .

6.2.3 Structural integrity verification

The proposed blade satisfies all the design constraints, as can be seen from the following
figures, which report he constraint margin for stress, strain and fatigue analysis in all the
structural components of the blade as described in the previous sections.

A constraint value is considered active when its value reaches 0 (within the optimization
tolerance). If thevalue is positive the constraint is violated, if negative it is satisfied. As
one can see, only the fatigue constraint is active in the first 3 figures, which are relatives
to skin, spar cap and webs. The other sutbmponent thicknesses are selected to saify
the other global constraints (frequency placements above all).
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Figure6.2-9: PoliMI BTC SC+Q4_E reinforcement (left) and root reinforcement (right) constraints
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Figure6.2-10: PoliMI BTC SC+Q5hird web constraints

The following table shows the ultimate loads on the hub and tower compared with the
ones computed (with the same conditions) for the RWT. As one can see the BTC is able to
reduce al these loads on these two subcomponents. Since these have not been re
designed in this deliverable, the real effects on the CoE of this optimal blade have to be
further investigated.

RWT PoliMIBTC SC+05 difference
Hub Nodding Moment 57097 KNm 53908 kNm -5.58 %
Hub Yaw Moment 53046 kNm 47078 kNm -11.25%
Hub Combined Moment | 58271 kNm 54121 kNm -7.13 %
Hub Axial Force 3560 kN 3121 kN -12.33 %
I/Iower Bottom Foré\t | 191819 kNm 463849 KNm -5.68 %
oment
I/Iower Bottom Combined | ;9264 kNm 463855 KNm -6.44 %
oment
Tower Bottom Torsional | o456 1 nm 51513 kNm 12,77 %
Moment
Tower Top Foré\ft 59244 kNm 54401 kNm -8.17 %
Bending Moment
Tower Top Torsional 0
v 58688 kNm 51270 kNm -12.63 %

Table6.2-7: PoliMI BTC SC+050mparison of ultimate loads against RWT

Fatigue loads:

The next table shows the cumulative damage equivalent loads computed considering only
DLC12 cases (power production in turbulent wind). A Weibulstdbution has been used,
with a shape factor of 2 and a mean wind speed of 10m/s. Damage Equivalent Load (DEL)
are weighted with Weibull. Following parameters are chosen for the fatigue analy§is,
both the blades:

9 Number of bin: 100
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T Number of years: 25

1 Frequency: 0.012684 Hz

f m=3

It can be seen that the optimal blade with BTC is able to reduce the fatigue loads of about
3% in the hub and 2% in tower bottom. As for the ultimate loads, since tower and hub have

not been redesigned in this deliverable, th real effects on the CoE of this optimal blade
have to be further investigated.

RWT \ PoliMI BTC SC+05 difference
DEL Hub Nodding Moment| 27950 kNm 26884 kNm -3.82%
DEL Hub Yaw Moment | 26192 kNm 25270 kKNm 2352 %
DEL Tower Bottom Side | gq456 | \m 58175 kNm -2.76 %
Side Moment
DEL Tower Bottom FORft | ) 30065 | nm 135267 kNm 2112 %
Moment

Table6.2-8: PoliMI BTC SC+0%;omparison of fatigue DEL against RWT

The 3D finite element model was also used to check fatigue satisfaction of the fatigue
constraint. Check of fatigue damage index D is done on the three reference section also

used in the Deliverable D2.2 | nf or mati on on t he

Be nTlBURar k

mo d e[l7$ and [48]. Section number and relative position are reported in table:

Section R (m)
()
RefSec_1 2.800
RefSec_2 26.694
RefSec_4 54.149

Table6.2-9: PoliMI BTC SC+05geference sections used for FE fatigue verification

In the following figure is reported the fatigue damage index D on the skinRefSec 2 As
one can see, the suction side leading panel of the skin exhibihigher fatigue loads, but

the analysis shows that the index is lower than one, confirming the satisfaction of fatigue

analysis. The maximum fatigue damage index computed is 0.958.

(Innwind.EY Deliverable 1.24, Pbased Assessment on the Results of WR&P4)
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Figure6.2-11: PoliMI BTC SC+03atigue damage index on skin on RefSec_2

In [47] the fatigue damage index was requested in some specified key points (KP1, KP5,
KP9, KP12) on the three reference sections selected. Even if the internal st of the
PoliMI 10MW BTC SC+05 is slightly different from the RWT, these fatigue analysis has
been repeated in the points which are closer to the original ones. The analysis has showed
that all the fatigue constraints are satisfied (fatigue damage leskan 1).

Key poin Layup RefSec_1
\[o}
Laminate Layer 1 Layer 2
1 Tail A 0.1371 0.1371 0.1116
9 Nose P 0.1591 0.1591 0.1433
12 CAP 0.2687 0.2687 0.2273

Table6.2-10: PoliMI BTC SC+03atigue damageindex on RefSec_1

Key poin Layup RefSec_2
(\[o}
Laminate Layer 1 Layer 2

1 Tail A 0.7296 0.7296 0.7286

5 Trailing 0.4976 0.4976 0.4475

5 CAP 0.511 0.5110 0.4330

5 Web B 0.7628 0.7628 -

9 Nose P 0.6384 0.6384 0.6244
12 CAP 0.6725 0.6725 0.6384

Table6.2-11: PoliMI BTC SC+03atigue damage index on RefSec_2

Key poin Layup RefSec_4
No.
Laminate Layer 1 Layer 2
1 Tail A 0.6691 0.6687 0.6691
5 Trailing 0.5107 0.5107 0.4556

(Innwind.EY Deliverable 1.24, Pbased Assessment on the Results of WR&P4)
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Key poin Layup RefSec_4

No.
Laminate  Layer 1 Layer 2
5 CAP 0.5303 0.5303 0.4728
5 Web B 0.6412 0.6412 -
9 Nose P 0.4074 0.4023 0.4074
12 CAP 0.6991 0.6991 0.6803

Table6.2-12: PoliMI BTC SC+03atigue damage index on RefSec_4

Buckling analysis:

The first kuckling eigenvaluesappears at suction side betweert.Om and 10.7m from the
blade root, but the critical load is higher than actual load on the blade since the minimum
buckling load factorcomputed is 1.0232 in the spar cap and leadingedge panelsas
showed in the next figure. The safety factor on material is already been considered.

101 .
0947
™~

-

0316

0252

0183

0126

0.0631

Figure6.2-12: PoliMI BTC SC+05;E buckling visualization

6.3 LCOE Impact of the Proposed Design
6.3.1 Effect on Annual Energy Production

The following figures show the power curve computed in turbulent condition for both the
PoliMI BTC SC+05rad the RWT. In region Il the power of the newdesigned blade is, as
expected, higher. The final AEP is in fact + 0.87 % higher. The figure on tbhtrreports

the standard deviation (STD) of the power curve compared against the STD of the RWT.
This curve shows that, mainly in region lll, the STD of the PoliMI blade is lower.
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Figure6.3-1: PoliMI BTC SC+05 turbulent power curve (left) and power STD variation (right), comparison
against RWT

6.3.1 Effect on CAPEX

The effect of the reduction of blade mass-3.65%) is evident in the reduction in Turbine
Cost, even if this reduction is smalkg.58%).

N T S p—
Turbine Cost 1376 1368 -0.58 %
BoP Cost [ O/ k|1695 1695 -
Capital Il nves|3071 3063 -0.26 %
CAPEX (Tur bi n|2219 21.86 -1.49 %
CAPEX (BoP) [|27.33 27.09 -0.88 %

Table6.3-1: PoliMl BTC SC+Q5contribution of CAPEX

BoP (Balance of Plant) does not change, because it is affected only by Nominal Power of
the WT, which is the same, since the aerodynamic shape of the blade is not changed.

The higher AEP of thePoliMlI BTC SC+0®blade, helps in reducing the CAPEX contribution
to the total CoE.

6.3.2 Effect on OPEX

PoliMI BTC

RWT :
SC+05 difference
DO&M [ MO/ vy ] 1.197 1.198 +0.10 %
AEP [GWhly] 45.760 46.160 +0.87 %
OPEX [ G/ MWh]|26.17 25.96 - 0.80 %
8l| Page
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Table6.3-2: PoliMlI BTC SC+0&ontribution of OPEX

The higher AEP reflects in higher Operation and Maintenance costs (in the table is
reported the DO&M, annual Discounted Operation and Maintenance todut the OPEX,
which is the ratio between the two is lower].80%).

The det ai | s of t he CoE may Cdsts Mddelsuvi@®2- i n
PoliMI_BTC_SCO05.xs.

6.4 Conclusions and Recommendations

In this delivery PoliMI has presented a structural solution based on the so called Bend

Twist Coupling (BTC), a passive load mitigation solution obtained by exploiting the
anisotropic mechanical properties of composite materials. BTC implies that, when the
blade bends because of increased loads, the ensuing change of twist will affect the

aerodynamic loading through a change in angle of attack.

The structural solution is computed throughout a blade design procedure based on a novel
comprehensive multilevel constrained optimization approach. The design process
alternates between a multibody beammodel augmented with a 2D FEM cross sectional
sub-models and a fine scale 3D FEM detailed model of the blade. The former enables the
numerous transient ago-servoe€lastic analyses required to compute loads and deflections
throughout the lifetime of the machine, while the latter makes it possible to conduct
detailed local verifications of the design.

The use of a constrained optimizatichased approach to dsign is crucial and allows
comparing different solutions that satisfy the same design requirements, and hence
permitting to choose the optimal solution.

For each optimal blade, the control sgboints have been changed in order to improve the
annual energyproduction.

The optimal blade presented has several advantages with respect to the RWT: it is lighter
(mass- 3%), has a higher AEP (+0.6%) and hence the Cost of Energy is lower, abbit.
Last but not least,the ultimate as well as the fatigue loads o the hub and tower have
been reduced. Since these components have not been-designed within this task the
actual final effect on the CoE of this optimal blade has to be further investigated.

Attached files
[1] PoliMI_10MW_BTC_SCO0#@sx
[2] CostsModels v1.02- PoliMI_BTC_SCQ%ls

82| Page
(Innwind.EY Deliverable 1.24, Pbased Assessment on the Results of WR&P4)

t

he



X|
A, i

CHAPTER WTEGRATED BLADE D&S WITHBENDTWIST COUPLINGFOR
INDIVIDUAL PITCH CTROLED ROTORS

7.1 Introduction to the Innovative Concept
7.1.1 State of the art and motivation

The redesign of the RWT blade inner structure, with the adoption of betwidst coupling as
presented in the previous Chapter shows the potential advantages of this passive load
reduction technique in terms of both ultimate and fatigue loads. The blade mass therefore
reduces, but, since the AEP is almost the same, the CoE drops slightly.

As observed if49], the cost of energy model has a very high influence on the wind turbine

rotor design: on dependence of the cost model adopted one can obtain a significant

different optimal rotor design. The solution here proposed is based on the INNWIND cost
model [5]. This model is mainly dependent on the annual energy production, while the

blade total mass has a very small influence and the loads on the fixed frame (hub and/or

tower) are not taken into account at all.

In order to irfluence more and more the CoE, (i.e. to increase the AEP) one solution could
be stretching the blade while keeping constant the hub and tower loads (i.e. maintaining
the same structure of the turbine).

To further limit the increase of ultimate loads on # hub, due to the extension of blade
length, within a certain value, PoliMl considers in this integrated solution also the
combined adoption of an individual pitch controller (IPC).

Active load control systems exploit a power source to move the whole ldadr a part of it,

so as to reduce loads due to turbulence, gusts and asymmetry in the inflow. Generally
these systems require sensors to measure the wind turbine response and drive, through a
feedback loop, a suitable motion strategy. Recently, sever&Q formulations have been
proposed, demonstrating a significant potential for fatigue load reductidg0], [51], [52],
[53], [54], [55], [56] and [57]. In fact, changing the pitch of each blade independently
allows for the reduction of the lowest load harmonics, including their mean value.

Since BTC blades were shown to allow for a reduction in ultimate and fatigoads as in

solution proposed inChapter.( 6 Pol i MI 10MW BTC SC+0506), it i
two load control technologies, passive via BTC and active via IPC. In fatthe one hand,

since both BTC and IPC can reduce loads, by combining them one may obtain a synergistic
effect. On the other hand, since BTC tends to reduce ADC and IPC to increase it, by
combining the two one can hope to obtain significant load reductiomgith reduced ADC
increases.

7.1.2 Brief description of the concept

A series of parametric studies is done increasing the rotor diameter of the structural
solution proposed inChapter 6( 6 Po | i Ml 10MW BTC SC+050) . For
design is performed with a constrained optimizatiebased procedure that sizes the
structural blade elements by minimizing a cost functiof87], [38] and [39] through the
procedure indicated in sectior6.1.2.
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Since the combined adoption of BTC and IPC, as showrDigliverable D222 [58], is able

to reduce the loads on the hub (and on the tower), the diameter is increased as long as
the maximum combined bending moment on the hub does not exceed the one computed
for the RWT.

The increase in blade lengthsidone by stretching all the properties to a major extension.
No other elements of the wind turbine are touched, i.e. non changes to hub height or rotor
cone, etc. The distribution of chord, twist, airfoil thickness is unchanged, but it is now
stretched toadapt to a longer blade.

Figure7.1-1: PoliMI 188m BTC SC+05 IPC, blade length increased

The individual pitch controller is based on the architecture proposed in R§0]. The
controller is driven by blade root moments, which are Coleman transformed in a nacelle
fixed frame of reference to yield the rotor tilt and yaw moments. Two independent
proportional integral derivative (PID) controllers compute two fixed frame control itgpby
trying to drive the tilt and yaw moments to zero. In turn, the fixed frame inputs are back
transformed into the rotating frame using the inverse Coleman transformation, an
operation that generates the individual pitch control inputs. Such inputs aseiperimposed

to the ones computed by a collective pitch and torque controller, whose roles are the
regulation of the machine around a given set point and the reaction to gusts.

By adjusting the gains of the IP€ID controllers, one can tune within a ceria range the
level of individual blade pitch activity, consequently affecting the level of load reduction
and of ADC increase.

7.1.3 Anticipated PROS and CONS

The main goal of this solution is to increase the AEP increasing the rotor diameted, at
the same time,keeping frozen the load on the hub and tower, i.e. keeping frozen the other
components of the WT. The constraint used in thistegrated solution is not to exceed the
maximum combined bending moment on the hub based on the assumptitimat this is a
design load. The fatigue loads are computed but not constrained so that in some case may
exceed the reference values. The impact of this loads on the structure (and hence on the
final real CoE) should furthebe investigated in the other W®.

The blade total mass, and its cost, increases, but this seems to have a little impact on the
final cost of energy. On the other hand, the longer blade affects heavily the AEP and hence
the final cost of energy.

Aerodynamic distribution of twist, chor@nd thickness remains the same of the RWT, but
the longer blade probably changes the local Reynolds number so that this impact on the
aerodynamic performanceneedsto be further investigated.
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Possible drawbacks of active load control are the reduction of AEP and its effect on the
actuators and their design: constantly pitching the blade increases the actuator duty cycle,
and hence requires more expensive and larger actuators, inducing a traofé with the

advantages brought by IPC. The combined adoption of BTC and IPC should mitigate the
increment of actuator duty cyclg¢59].

Nevertheless itis expecteda sensible increase of annual energy production and hence a
better cost of energy.

7.2 Assessment of the Structural Integrity of the Proposed Design
7.2.1 Design layout and dimensioning

The blade structural layout uses a baype configuration, with a single cap confined within
the two shear webs. The shear webs are paralleha planar, i.e. they do not follow the
twist of the airfoils. A third shear web is located at 87% of the local chord, as in the
Reference wind turbine. Trailing and leading edge reinforcements are introduced to
augment inplane modal frequencies. Root reiiorcement made of unidirectional fiberglass

is also here used. To prevent buckling in skin and shear webs panels a sandwich with
balsa core is used, while to prevent buckling in the spar caps panels the thickness of the
spar caps are designed to be bucklgpfree.

The main blade parameters and material types used are reported in the following table,
while the following figures show the adopted blade structure.

Starting section | Ending section Material type
(% span) (% span)
Skin 0 100 Triaxialfiberglass
Unidirectional
Spar caps 0.025 98.12 fiberglass
Shear webs 0.025 98.12 Bi-axial fiberglass
Third shear web 0.22 95 Triraxial fiberglass
Trailing and leading Unidirectional
. 0.10 95 ,
edge reinforcement fiberglass
. Unidirectional
Root reinforcement 0 30 fiberglass

Table7.2-1: PoliMI 188m BTC SC+05 IR@ain blade parameters and material types
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Figure7.2-1: PoliMI188m BTC SC+05 IPGstructure of the blade and position of constitutive elements
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Figure7.2-2: PoliMI188m BTC SC+05 IPQoot details

The following table reports the global data of the optimal blade PoliMI 188m BTC SC+05
IPC compared with the reference one.

RWT PoliMI 18 m BTC difference
SC+05 + IPC

Rotor Diameter 178.3m 188 m +5.44 %
Blade Total Mass 42422 kg 49390 kg +16.40 %
Blade 1st modal freq
(flap) 0.6123 Hz 0.5494 Hz -
Blade 2nd modal freq
(edge) 0.9124 Hz 0.6062 Hz -
AEP 45.760 GWhly 47.701 GWhly +4.24 %
CoE 75.680 $/kWh 73.623 $/kWh -272%

Table7.2-2: PoliMI 188m BTC SC+05 IRComparison against RWT
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Thefigure below repors the thickness distributionsfor the core.
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Figure7.2-3: PoliMI 188m BTC SC+05 IPCore thickness distributions

The following table reports the mass breakdown computed for each structural components
including the NonStructural Masses (NSM).

Structural Component Mass [kg] % of total blade mass
Skin 9553 19.34

Spar Cap 22671 45.9

Web A+ B 2352 4.76

Web C 97 0.19

LE & TE Reinforcement 2034 4.12

Root Reinforcement 3315 6.72

Total Structural Mass 40022 81.03

NSM 9368 18.97

Total blade mass 49390 100

Table7.2-3: PoliMI 188m BTC SC+05 |IP®ill of material

The figures below report the thickness distributions along the blade span of the internal
sub-components and the mass, flapwise and edgewise stiffness.
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Figure7.2-4: PoliMI 188m BTC SC+05 IRGtructural thickness distributions

PoliMI 188m BTC SC+05 IPC PoliMI 188m BTC SC+05 IPC

@ S

Flapwise Bending Stiffness [Nm*2]
- >

Edgewise Bending Stiffness [Nm"2]

0

0 01 02 0.3 04 05 06 07 08 09 1 0 0.1 02 03 04 05 06 07 08 09 1
R[] R[]

Figure7.2-5: PoliMI 188m BTC SC+05 IP@apwise (left) and edgewise (right) stiffness distributions
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Figure7.2-6: PoliMI 188mBTC SC+05 IPGorsional stiffness (left) and blade mass (right) distributions

The next figures show the deflection of the blade in the out of plane direction in
correspondence of the first mode of vibration (at left) and the corresponding torsion
associated to the blade (at right) mainly due to the berwist coupling.
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Figure7.2-7: PoliMI 188m BTC SC+05 IPC, first flapwise mode: flapwise (left) and torsion (right) deflections

7.2.2 Load cases considred

The blade is designed according to IEC 61400 Ed.3. The load cases selected for the
design are the same defined in sectioB.2.2.

A complete description ofthe blade characteristics may be found in the attached file
OPoliMI_10MW_BTC_SCO05_188.0m_IPC | s X 6 .

7.2.3 Structural integrity verification

The proposed blade satisfies all the design constraints, as can be seen from the following
figures, which report theconstraint margin for stress, strain and fatigue analysis in all the
structural components of the blade as described in the previous sections.

A constraint value is considered active when its value reaches 0 (within the optimization
tolerance). If the vale is positive the constraint is violated, if negative it is satisfied. As
one can see, only the fatigue constraint is active in the first 3 figures, which are relatives

to skin, spar cap and webs.

2 4 6 8 10 12 14 16 18 2 4
Optimization Section Number

Constraint [-]

6 8 10 12 14 16 18
Optimization Section Number

Figure7.2-8: PoliMI 188m BTC SC+05 IPGkin (left) and spar cap (right) constraints
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Figure7.2-9: PoliMI 188m BTC SC+05 IP@eb (left) and TE reinforcement (right) constraints
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Figure7.2-10: PoliMI 188m BTC SC+05 IPCE reinforcement (left) and root reinforcement (rightpnstraints
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Figure7.2-11: PoliMI 188m BTC SC+05 IP@hird web constraints

The following table shows the ultimate loads on the hub and tower compared with the
ones computed (with the same conditions) for the RWT. In this analysis the hub combined
bending moment is constrained to be gual to the reference one {0.55%), but, as one
can see, the loads on the awer are slightly higher (+ 1.6% for the tower bottom
combined bending moment) than the reference values.
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RWT

PoliMI 18 m BTC

SC+05 + IPC difference
Hub Nodding Moment 57097 KNm 56957 kKNm -0.25%
Hub Yaw Moment 53046 kNm 52421 KNm -1.18%
Hub Combined Moment | 58271 kNm 57960 kNm -0.55%
Hub Axial Force 3560 kN 3324 kN - 6.63%
Tower Bottom ForeéAft 0
Moment 491819 KNm 503813 kKNm +2.44 %
Tower Bottom Combined o
Moment 495794 KNm 503829 KNm +1.62 %
Tower Top Foréft o
Bending Moment 59244 kNm 54534 kNm -7.95%
Tower Top Torsional 0
Moment 58688 kNm 58993 kNm +0.52 %

Table7.2-4: PoliMI 188m BTC SC+05 IR€omparison of ultimate loads against RWT

Fatigue loads:

The nexttable shows the cumulative damage equivalent loads computed considering only
DLC12 cases (power production in turbulent wind). A Weibull distribution has been used,
with a shape factor of 2 and a mean wind speed of 10m/s. Damage Equivalent Load (DEL)
are weighted with Weibull. Following parameters are chosen for the fatigue analyds,
both the blades:

T  Number of bin: 100

1 Number of years: 25

T Frequency: 0.012684 Hz
f m=3

It can be seen that the optimal blade with combined BTC and IPC with this longer blade
increases the fatigue loads of about 15% on the hub. Since tower and hub have not been
re-designed in this deliverable, the real effects on the CoE of this optimal blade needs to
be further investigated.

PoliMI 18 m BTC

RWT difference
SC+05 + IPC
DELHub Nodding Moment | 27950 kNm 32149 kNm +15 %
DEL Hub Yaw Moment 26192 kNm 29906 kNm +14.1%
DEL Tower Bottom Side | gq456 1 \m 57948 kNm - 314 %
Side Moment
DEL Tower Bottom Foraft | ; 55405 | \m 149026 KNm + 8.93 %
Moment
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Table7.2-5: PoliMl 188m BTC SC+05 IRComparison of fatigue DEL against RWT

Buckling analysis:

The first kuckling eigenvaluesappears at suction side betweer8.0m and 5.0m from the
blade root, but the critical load is higher thamactual load on the blade since the minimum
buckling load factorcomputed is 1.0698 in leading edge panelsas showed in the next
figure. The safety factor on material is already been considered.

1328 .
1.245 -

T
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0243

0166

0083

Figure7.2-12: PoliMI 188m BTC SC+05 IREE buckling visualization

7.3 LCOE Impact of the Proposed Design
7.3.1 Effect on Annual Energy Production

The following figures show the power curve computed in turbulent condition for both the
PoliMI 188m BTC SC+05 IP@nd the RWT In region Il the power of the new rdesigned
blade is, as expected, significantly higher. The final AEP is in fact + 4.24 % higher. The
figure on the right reports the standard deviation (STD) of the power curve compared
against the STD of the RWT. Thaurve shows that, mainly in region lll, the STD of the
PoliMI blade is much lower.
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Figure7.3-1: PoliMI 188m BTC SC+05 IPC, turbulent power curve (left) and power STD variation (right),
comparison againstRWT

7.3.2 Effect on CAPEX

The effect of the increase in mass and in blade length is clear in the increase in Turbine
Cost.

RWT PoliMI 188 m
BTC SC+05 + difference
IPC
Turbine Cost 1376 1435 +4.28 %
BoP Cost [ 0/ k| 1695 1695 -
Capital Investmenf 0/ k W 3071 3130 +1.92 %
CAPEX (Tur bi n|2219 22.19 -
CAPEX (BoP) [ ]27.33 26.21 -4.09 %

Table7.3-1: PoliMl 188m BTC SC+05 IPC, contribution of CAPEX

BoP (Balance of Plant) does not change, because it is affected only by Nominal Power of
the WT, which is the same.

The increase in in turbine cost is due to the increase in blade cost, but this is absorbed by
the increase in AEP, resulting in the same CBR contribution as per regards the turbine
costs

7.3.3 Effect on OPEX

RWT PoliMI 183 m
BTC SC+05 + difference
IPC
DO&M [ MO/ vy ] 1.197 1.203 +0.48 %
AEP [GWhly] 45.760 47.701 +4.24 %
OPEX [ G/ MWh]|26.17 25.22 -3.63%

Table7.3-2: PoliMI 188m BTCSC+05 IPC, contribution of OPEX

The higher AEP reflects in higher Operation and Maintenance costs (in the table is
reported the DO&M, annual Discounted Operation and Maintenance cost), but the OPEX,
which isthe ratio between the two is significantly lower.

The det ai | s of t he CoE may Cdses Mddelsuvi®2- i n
PoliMI_BTC_SCO05_188.0m_IPGs0 .
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7.4 Conclusions and Recommendations

In this section PoliMI has presented an integratedtructural solution based on the so
called BendTwist Coupling (BTC), Individual Pitch Controller (IPC) plus a blade stretch. The
BTC is a passive load mitigation solution obtained by exploiting the anisotropic mechanical
properties of composite materialsBTC implies that, when the blade bends because of
increased loads, the ensuing change of twist will affect the aerodynamic loading through a
change in angle of attack. IPC is an active load mitigation solution which exploits a power
source to move the whte blade, or a part of it, so as to reduce loads due to turbulence,
gusts and asymmetry in the inflow. It is here explored the possibility offered by the
combination of these two technologies. The load reduction obtained by this solution has
been used hereto increase the rotor diameter without exceeding the hub loads with
respect to the reference ones.

The structural solution is computed throughout a blade design procedure based on a novel
comprehensive multievel constrained optimization approach. The d&&n process
alternates between a multibody beam model augmented with a 2D FEM cross sectional
sub-models and a fine scale 3D FEM detailed model of the blade. The former enables the
numerous transient aeraservoe€lastic analyses required to compute loadsral deflections
throughout the lifetime of the machine, while the latter makes it possible to conduct
detailed local verifications of the design.

The use of a constrained optimizatichased approach to design is crucial and allows
comparing different solutbns that satisfy the same design requirements, and hence
permitting to choose the optimal solution. The control s@bints have been changed in
order to improve the annual energy production.

The possibility offered by the synergetic adoption of BTC andCIBf lowering the loads
allowed to increase as much as possible the rotor diameter, operation that concerns a
worsening of loads, but that has the main goal of increase the energy production.

The optimal blade presented here is significantly lger, +5.44% and heavier, +16.40%,
with respect to the RWT, but produces more energy, +4.24%, and, at the end, has a lower
cost of energy,-2.72%. The larger rotor diameter permits also to reduce the oscillations in
power production, permitting to improve the qualityf power production.

Ultimate loads on hub are quite close to that ohe RWT, tower top moment is 86 lower

For tower bottom loads the situation is opposite, the RWT is subjected to lower loads, even
if the difference is small, at about 2%.

On the othe side, fatigue loads increase, both on the hub and on the tower. The solution
proposed here is constrained to keep the maximum loads on the hub constant, not the
fatigue loads, based on the assumption that these ultimate loads are designiven. Since
these components have not been rdesigned within this task, the actual final effect on
the CoE of this optimal blade has to be further investigated. In order to try to mitigate also
these fatigue loads one could use a different IPC setting (changing the #8910 gains).
Alternatively a lower rotor diameter can be selected. This parametric analysis (changing
the rotor diameter with BTC+IPC) has been investigated and summarize in the following
table and figures.

PoliMI182m PoliM| 185m PoliM| 188m

PoliMIBTC

RWT BTC SC+05- BTCSC+05+ BTC SC+05 +
SCHO5+IPC IPC IPC IPC
Rotor Diameter | 178.3 m 178.3 m 182 m 185 m 188 m
Blade Total 42422 kg -4.80 % +2.80 % +9.40 % +16.40 %
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PoliMIBTC PoliMI182m PoliMI 185m PoliMI 188m
SC+05+ |PC BTC SC+05+ BTCSC+05+ BTC SC+05 +
IPC IPC IPC
Mass
AEP 45,760 GWhy | +0.69 % +212% +3.01% +4.24 %
CoE 75.680 0/ MWh | -0.92 % -1.71% -211 % -2.72%
Hub Combined i o i o i o i o
Moment 58271 kNm 1253 % 9.80 % 474 % 0.55 %
Tower Bottom
Combined 495794 kKNm -6.35% -3.21% -0.03% +1.62 %
Moment
DEL Hub
Nodding 27950 kNm -5.55% +2.05% +8.34 % +15%
Moment
DEL HubYaw | 56190 kNm | -4.93 % +2.33% +7.35% +14.1%
Moment

Table7.4-1: comparison of increasing rotor diameter solution against RWT

Hub Combined Moment [kNm]
o o o

o

RWT |
——— PoliMI BTC SC+05 IPC|

PoliMIBTC SC+05 |

180 182 184
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Figure7.4-1: Comparisonof hub (left) and tower bottan (right) combined moments wrt rotor diameter
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Figure7.4-2: Comparison of hub nodding (left) and yawing (right) DEL moments wrt rotor diameter
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Finally, the next table summai zes Pol i MI 6s (integrated) sol uti
PoliMIBTC | PoliMI182m  PoliMIBTC g}"(':'\"s'clfgg" N
SC+05 BTC SC+05 SC+05+ IPC IPC
Rotor
Diameter 178.3m 178.3m 182 m 178.3m 188 m
,\Bﬂ'ggs Total | 45422 kg -3.65 % +5.02% -4.80 % +16.40 %
AEP 45760 GWHy | +0.87 % +2.19 % +0.69 % +4.24 %
CoE 75.680 0/ MWh | -1.01 % -1.68 % 20.92 % “272%
Hub
Combined 58271 kNm -7.13% -0.49 % -12.53 % - 0.55 %
Moment
Tower Bottom
Combined 495794 kNm | -6.44 % 177 % -6.35 % +1.62 %
Moment
DEL Hub
Nodding 27950 kNm -3.82 % +4.10 % -5.55 % +15 %
Moment
DEL HUbYaW| 956192 knm | -3.52.96 +4.01% -4.93% +141%
oment

Table7.4-2: comparison of different solutions againsRWT

Attached files
[1] PoliMI_10MW_BTC_SCO05_188.0m_IB@sx
[2] Costs Models v1.02- PoliMI_BTC_SC05_188.0m_IPxs
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CHAPTER &SUPERCONDUCTIRBENERATOR
8.1 Selection of superconducting wire technology

The SuperConducting Direct Drive (SCDD) generators investigatedh@a INNWIND.EU
project are based on commercially available superconducting wires containing

1)  NbTi NiobiumTitanium is the work horse of the Magneto Magnetic Resonant
(MRI)industry and has also used for accelerator magnets for decades. It is made by
putting NbTi powder in copper tubes that are extruded to 10 km length (Powdier
Tube method).
The critical temperature isd=9.8 K(263°C) and the pri de® i s about

2) MgB: Magnesiumdi-Boride wires are still being developed as MgBwas
discovered tobe superconducting in 2001. It is with the Powddn-Tube method as
NbTi. The T= 39 (-234 °C) K and the price is about# 0 [60n

3) RBCO High temperature superconducting Rare EadBariumdCopperOxide
(RBaCwOs+x) in the form of coated conductors. This compound was discovered in
1986 and is still being developed, because coated conductors are made by
depositing a micro meter thick thifilm onto a metal substrate being several
kilometers long. The #§= 93 K (-180 °C) and the price is about2B0 G/ m due t o
the advanced processing metho@60].

The first option NbTi is well established and it is used as a reference scenario as described
by GEglobal Research[61]. The MgB option is investigated by performing generator
designs in Task 3.11 and also by demonstrating a itdn Task 3.13. The last option is
being investigated by the industrial partner Siemens Wind Power by making an industrial
demonstration in Task 3.12.

Both the MgB demonstration coil and the industrial demonstrations are delayed in the
INNWIND.EU projeaue to technical challenges and the final findings can therefore not
be included the current comparison between MgBand RBCO. In general terms it can be
said that the low operation temperature of NbTi is considered to be a serious challenge for
the windturbine generator application. This is improving for MgRnd especially for RBCO,
but the high price for the RBCO tape is indicating that Mg most likely the fastest
technology to be implemented. It should however be said that RBCO is considered to
become the cheapest technology in the long run, because the tapes are produced of little
and in-expensive materials, but using a very expensive production metho@®]. These
methods are expected to be improved and to become cheapas production volumes of
the tapes are ramped up.

8.2 Nacelle layout

Based on these assumptions we will here present the optimization of a 10 MW MgB2
SCDD generator tailored to the INNWIND.EU 10 MW reference turljsg. Figue 8.1 is
illustrating the INNWIND.EU nacelle based on the Kipigp concept done by DNYGL[63]. It

is based in having two main bearings sitting on each side of hub holding the blades. Is has
been decided to place the SCDD in fnb of the rotor plane, because that allows more
freedom for designing the cryogenic cooling system in the middle of the ring generator and
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because superconducting generators have the potential to become more compact other
direct drive options.

Figure8-1. lllustration of the INNWIND.EU 10 MW nacelle concept. It is based on the ipimgconfiguration
with a main bearing on each side of the hub holding the rotor blades. The direct drive generator is placed in
front of the rotor in order to allow space ahe cryogenic cooling system [4]. The MgBoils are shown as blue
and are shown as an outer rotor configuration.

8.3 MgB: Generator optimization

A central question of task 3.11 has been to find out the best way to use the MgBire in a
wind turbine generator in terms of which active materials to use for creating and shaping
the magnetic flux distribution inside the generator. The main parameter of a radial flux
generator is the shear force densitys given by the product of pak magnetic flux density
of the rotor Br and the current loading of the armaturets

O -606 AiIrO  (81)
wheregis the angle between the two distribution§4].

The initial assumption of task 3.11 was that one caincreasing the peak magnetic flux

density in eq (81) utilizing superconducting MgBcoil, whereby more compact generators

can be obtained[65]. This concept is following the same design philosophy that was used

for the NbTi deggn performed by GE Global Research. Figur@ 8s showing the resulting

coil design and the magnetic flux distribution inside the generator. These coils are

included in the illustration of the nacelle in figure 4 and they were used to specify the

dimensions of the MgB coil demonstration of Task 3.13, which has the same cross

section but the length of the straight section is only 0.5 #65]. From the initial analysis it

was clear that a wire amount in the order of 474 km woulde needed and that with a wire

cost of the order 4 04/m that would amount to 1
train cost threshold value determined as 20% of the CAPEX of an offshore turbine at 1.5

MG/ MW ~ 0.3 MO/ MW. T h u s63&lofehe woialravailallleocCAPEXWBR S a bou
the drive train and thereby considered very hig[65]. The main reason why the NbTi
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philosophy is not applicable to MgB is that the critical current density of the
superconducting wire isabout 10 times smaller. An initial estimate of the demand for
MgB2 wires were done by assuming the construction of a 10 GW SCDD offshore capacity
by 2030, which would amount to 474000 km of wire. With a worldwide annual wire
production in the order of 5000km/year then a considerable production upscaling will be
needed and a price reduction is therefore also expected. Discussions with the
Superconductors
could be expected for the largescale production. Using this wires price then cost of the
474 km of MgB2 wire would correspond to 16 % of the CAPEX threshold for the drive train
[65]. This is still high and a more conventional design philosophy was implementedind

manufactory Col umbu

a cheaper machine.

A 31726

y [m]

¥ 0.2395

Figure 82. Left) Initial design of MgB2 coil for a 10 MW SCDD. Right) Magnetic flux distribution inside the
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generator where an airgap flux density of 1.5 Tesla is obtain{&b] .

In order to find the best utilization of the MgB2 wire in a wind turbine generator an
optimization algorithm was implemented with the finite element software COMS(Bb].
The optimization strategy is twold. Primarily to changehe dimensions of the generator
parts as well as the number of polairs in order to find the cheapest layout by assuming
some general costs of the active materials as outlines in tablel8 Secondly to replace
different parts of the generator by differet active materials in order to determine the
cheapest generator topology for a wind turbine. The main question is how much iron that
should be included in the generator in order to decrease the magnetic flux path and
thereby bring down the usage of the g@ensive superconducting wire, but on the other

hand increase the weight of the generator.

T

Material Price [0/ kg]
Cu 15

FeSi laminates 3

Glass fibre (G10) 15

MgB: tape 4(-1) G/ m

Table 81. Price of active material of superconducting direct drive generatd@s].

Figure 83 is showing the 2D cross section of the generator pole layout and figurel 8s
showing a series of generator topologies with an increasing anrgwf iron being included
as back of the rotor, the rotor pole piece, the back of the armature and in the teeth of the
armature. Figure &5 is illustrating the consequence on the cost of the active materials as
more is introduced from topology 1 towards By assuming a MgBw i r e s

(Innwind.EY Deliverable 1.24, Pbased Assessment on the Results of WR&P4)
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S

wel | as 1 O0/m reflection | arge scale productio
materials of a 10 MW Permanent Magnet Direct Drive (PMDD) generator is included and it

is seen that the MgB generatorwi | | match the PMDDI[66]lor a wire c
The cheapest generator has the T9 topology and the usageof MgBt 1 O/ m i s about
km resulting in a cost of 100 kda for the 10 M

the drive train CAPEX threshold and seems reasonable.

Taking the concept of putting as much iron into the generator as possible to the limitthe

one will obtain a quite conventional design, where the high current density of the
superconducting wire is only used to magnetize the iron circuit. Figuré 8 showing two

such generators with either nommagneticteeth (NMT) or iron teeth (IT) in thermature

winding. The physical airgap between the rotor pole piece and the armature is narrowed

down to 6 mm resulting in a huge reduction of superconducting usage to 15.3 km, which

would constitute 61 kdwiré¢ prisesar 0 % gf thdrivéittam of MgB
CAPEX threshol d. I f a wire cost of 1 a4/m i s as
be obtained[67].

Figure 83. Generator pole topology for optimization of the cost. Components from left to right: Rdack and
pole piece (beige), Superconducting coils (red), cryostat wall (blue), Copper armature windings (yellow) and
armature iron teeth and back iron (Gray).
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Figure 84. Generator topologies with an increasing amount of iron in the machine to reduce the magnetic flux
path and thereby bring down the amount of superconducting wire used [7].
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Figure 85. Cost of active materials for the generator topologies of figured48by assuming an MgRB wire price
of 4 aG/m (left) and 1 G/m (right) reflecting |l arge scal
expected cost of the active materials of a permanent magnet direct drive (PMDD) generator. The initial design
of figure 8-2 is equivalent to the T4 topolog§66].
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Figure 86. Generator topologies with as much iron as possible by reducing the physical airgap between the
rotor and armature if based on Non Magnetic Teeth (NMT) [Left] and with Iron Teeth (IT) in the armature [right].

Field coil

IT design | NMT design
Nominal power 10 MW
Nominal speed 9.65 rpm
Rated voltage 3300 V
Specific electrical loading 75 kA
Air gap diameter 6 m
Mechanical air gap 6 mm
Distance from field coil to air gap 50 mm
Cryogenic temperature 20K
Price of MgB wire 4 0/ m
Generator axial length 2.56 m 2.63 m
Total MgB, wire length 15.23 km 77.54 km
Active material cost 687. 2 982. 1
Active material mass 148.95 ton 164.24 ton
Annual energy production 44,7379 GWh| 43.4399 GWh
Capacity factor 0.511 0.496
Pole pair number 20 16
Field currendensity in a MgBwire | 179 A/mnt | 118 A/mnt
Field coil side height 10 mm 24 mm
Field coil side width 20 mm 52 mm
Number of turns per coil 60 371
Armature slot height 102 mm 50 mm
Armature yoke height 122 mm 164 mm
Field pole core height 100 mm 114 mm
Field pole width 260 mm 306 mm
Field core back height 118 mm 172 mm
Ratio of armature tooth to slot pitc 0.65 0.41

Table8-2. MgB: generator properties after increasing the iron fraction as illustrated on figure® It should be
noted that the needed amount of MgB is reduced to only 15 km when using Iron Teeth (IT) compared to the
Nor-MagneticTeeth (NMT]67].

The cost and mass of the active materials of the IT and NMT generators of tabi2 8re
shown in figure 87 and figure 88. The efficiency of the generators are discussed when
they are combined with the efficiency of the power electronics.
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Figure 87. Cost of the active mass of generatarith Iron Teeth (IT) in the armature [righfnd Non Magnetic
Teeth (NMT]Left].
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Figure 88. Active mass of generatowith Iron Teeth (IT) in the armature [righfind Non Magnetic Teeth (NMT)
[Left].

8.4 Power electronics tailored to Superconducting direct drive generators

The superconducting direct drive generatorhave a relative low pole pair number
compared to permanent magnet direct drive wind generator and thereby also a lower
operation frequency in the order of a few Hz. This is pushing the normal frequency
specification of power electronics for full wind tuibhe converter and it has therefore been
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investigated if state of the art as well as a novel power electronics configuration will be
able to handle the low frequency in the INNWIND.EU deliverable D3[8&]. Figure 87 is
illustrating the topology tailored for the superconducting generators and figure88is
showing the efficiency at partial load.

switch

S~
labc-ge Ly & o o Ve T & 5 Ls labe-gr T
(T 12 e = e ([ AC
J 1T e 24 PAN grid
CHTTT | feom % % % NS % %K TITCe

BTB 3L-NPC converter

— ;
labc-gep2 labe-grp2

X
A % A IDC g Y
Im abc Imc agi ?i —;! lgc abc lg%
\
@; ; L%
Tl T
U . L ¥ 9
m abc e _;!
nraned L~~~ Active Active - |gf b
~~—~_| Filter Filter

Figure 87. Power electronics tailored to superconducting generators. Voltage Source Inverter (VSiaralel
back to back 3 level neutral point clamped converters is the most widely used configuration of the wind
industry (top) whereas the Current Source Inverter (CSI ) as more simple rectifier combined with active filters
have also been investigated (bodm).
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Figure 88. Efficiency of Voltage Source Inverter (VSI) and Current Source Inverter (CSI) for 10 MW §88RD

Power | Gen. | Power | Seg. Gen. | Total | Size | Weigh | AEP CoE
Conve (MW) type | cost (m3) [tkg) [(MWh)|( O/ M
rter (kad) )
10 nonseg | T8 704 30.4 | 10710 | 47588 | 0.71
SCG Seg T8 796 22.9 | 14752 | 47423 | 0.73
VSC 20 non-seg. T10 1298 34.3 12822 95171 0.63
Seg T10 1408 60.8 | 21420 | 95018 | 0.67
PDDG 10 non-seg. 859 26,69 | 8550 47020 0.731
20 Seg 1809 59.37 | 17100 | 93799 | 0.771
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=
non-seg T5,6 499 23.8 7040 47,668 | 0.419
10 T8,9 452 20.3 6040 47,635 | 0.380
Seg T5,6 376 20.7 5820 47,611 | 0.316
sce T8,9 384 20.7 5590 47,464 | 0.323
non-seg T10 760 30.7 9880 95,580 | 0.318
csl 20 T11 824 34.7 11100 95,607 | 0.345
Seg T10 711 30.0 9680 95,335 | 0.298
T11 777 33.0 10800 95,370 | 0.326
10 non-seg. 402 17.8 7590 47,436 | 0.339
PDDG Seg 376 19.9 7780 47,524 | 0.317
20 non-seg 619 26.7 11100 95,388 | 0.259
Seg 601 26.7 11100 95,458 | 0.252

Table8-3. Summary of the properties of the power electronics tailored to the SCDD and PDD generd&s8k
8.5 Cost of Energy of MgBSCDD combined with power electronics

After the pure cost optimization as shown in figure-8 a more advanced gtimization
taking the cost of energy into account was performed. This was done by assuming a
Weibull wind distribution corresponding to a class la and by using the mechanical power
curve of the 10 MW INNWIND.EU reference turbine as described in delivezdbl.21. The
Annual Energy Production (AEP) is calculated by integrating the Weibull distribution over
the mechanical power curve subtracted the losses of the generator and power electronics
as shown on figure 8. The Cost of energy is then determined as

660 — (8-2)

Where CAPEX are the capital expenditures and OPEX is the operation and maintenance
expenditures. In this study the CAPAX is describes as the sum of the turbine cost minus
the generator but added the cost bthe foundation (balance of plant). The OPEX is
excluded from the study, because no information for 10 MW turbines is available.

Equation (82) was used for the generator optimization of the IT and NMT configuration
shown in table 82. The CAPEX assumptis used for the optimization are shown in table
8-4. It should be noted that the cost of the cryogenic cooling system is assumed similar to
a study of a low temperature superconducting generator by Wal&®]. It is assumed that
the power needed to operate the cryogenic cooling system is 50 kW being 0.5 % of the full
rated power of the turbine, but for a simple cooling system based on cigaolers then this
power consumption is also needed then the turbine is not producing at levind speeds.

Component Cost Source
( kO]
Mechanical structure for the 456 | 10 MW PMDD scaling functioffi70]
generator
Cryostat 590 .
Refrigeration system for cryostat 570 12 MWLTS generator desid9)
Power electronics 800|Based on estimati on
Other wind turbine components 7500
Balance of plant 17000 INNWIND.EU cost model
Total 26916 -

Table 84. CAPEX assumptions for the optimization of the 10 MW IT SCDD generator.
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Figure 89 shows the mechanical input power curve as well as the resulting curves after
subtracting the losses of the generator and power electronics. Figurel8 is showing the
different loss components resulting in the efficiency curve of figureld. The energy loss

is found in figure 812 by integrating over the Weibull distribution.

12

Power [MW]

—— Generator input
— — —Generator output
Grid

0 5 10 15 20 25
Wind speed [m/s]

Figure 89. Resulting power curve of 10 MW SCDD IT generator after subtracting the generator losses and
power electronic losses.
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Figure 810. Losscomponents of the IT generator and power electronics system for a 10 MW SCDD turbine.
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Figure 811. Partial load efficiency of 10 MW SCDD IT generator and also including estimates of the power
electronics losses.
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Figure 812. Energy losses of 10 MW SD IT generatoas determined from the Class la wind distribution.

It should be noticed that the power curve for the SCDD generator as shown in figu&i8
negative in the wind speed interval from zero and up to the cut in wind spe¥d& 04 m/s

due tothe power consumption of the cryogenic system, which is assumed to be running all
the time in order to keep the turbine ready for power production. The efficiency curve of
figure 811 is only showing the efficiency of the operation wind speeds of the tumbij
since the definition of efficiency as power loss divided by power production is ill defined
below the cutin wind speed. One will however have to take the losses below rated wind
speed into account and that is done by integrating the cryogenic powesdadbelow cutin
wind speed as shown on figure 82 and subtracting that from the Annual Energy
Production (AEP). The 50 kW power consumption is based on having a number of
cryocoolers running constantly and represent a simple cooling system, where the apl
power cannot be regulated. The loss correspond to 0.5 % of the rated power of the turbine,
but when integrated over a year it corresponds to 0.44 GWh per year, which is about 1 %
of the AEP of the turbine as reported in table-8 The main concern of e cryogenic
system is however the amount of hour with wind speeds below éntwind speed of 4 m/s,
which amounts to 1550 hours or 17.7 % of the year where the turbine is not producing.
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The energy consumption for running the cryocoolers in that periodds= 50 kW x 1550

hours = 77.5 MWh or 0.2 % of AEP. With an approximate Cost of Energy CoE ~ 100

a/ MWh f or of fshore wind power then the cr
ka/year or 1.94 MG over the 25 yealevanito f e t
investigate if the standstill power loss can be decreased by a more advanced cryogenic
cooling system, but the added cost should not be more than abou2l MO . An al ter naf
strategy could be to turn off the cryocoolers in case of no producti@nd start them

sometime before restarting production depending on the final heating / cooling time

constants of the system. This must be investigated as then cryostat design is more

mature.

yog
i me

8.6 Nacelle cost estimates

The integration of the superconductinglirect drive and the Pseudo magnetic direct drive
(PDD) generator into the INNWIND.EU reference nacelle have been investigated by several
engineering tools at DNMGL [71]. An estimation of the mass of the nacelle components
are found in table 85 and the associated costs are listed in table 8. It should be noticed

that these estimates are based on some simple assumption about the turbine loads and
that further work is needed to confirm the accuracy of these estimates.

Type: INNWIND INNWIND INNWIND INNWIND
10-178 10-198 20-252 20-280
Rating [MW] 10 10 20 20
Rotor Diameter [m] 178 198 252 280
Blade Mass [kg] 40,000 50,000 80,000 100,000
Hub Mass [kg] 115,000 150,000 360,000 425,000
Rotor Mass [kg] 235,000 300,000 600,000 725,000
PDD/SCDD [kg] 120,000 120,000 200,000 200,000
Other Nacelle 220,000 260,000 275,000 350,000
Mass [kqg]
Nacelle Mass [kg] 340,000 380,000 475,000 550,000
RNA Mass [kg] 575,000 680,000 1,075,000 1,275,000
Blade Mxy [KNm] 60,000 76,000 172,000 216,000
Pitch Bearing PCD 5.5 6.2 9.3 10.4
8-point [m]
Hub Stationary My 51,000 64,000 143,000 181,000
[KNm]
Hub Stationary Fz 3,200 4,100 8,100 9,800
[KN]
Main Bearing 4.2 4.8 7.2 8.0
Spacing [m]
LSS Torque [KNm] 9,899 9,000 28,000 25,455
LSS Torque + incr. 12,000 11,000 35,000 32,000
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B

[KNm]

Yaw Bearing Mxy 71,000 89,000 200,000 252,000
[KNm]

Pitch Bearing PCD 5.1 5.7 8.5 9.6
8-point [m]

Table 85. Dimensions and loads used to dimension the INNWIND.EU nacelle holder a superconducting Direct
Drive (SCDD) or magnetic Pseudo Direct Drive (PDD) genergtby

Type Innwind | Innwind | Innwind | Innwind
10-178 | 10-198 | 20-252 | 20-280
Mass Hub [kg] 60,000 | 66,000 | 125,000 | 128,000
Mass Blade Extenders 50,000 | 56,000 | 113,000 | 144,000
Mass Pitch Bearings 27,000 | 33,000 | 75,000 | 99,000
Mass other Rotor parts 15,000 | 18,000 | 24,000 | 30,000
Total Rotor Mass 152,000 | 173,000 | 337,000 | 401,000
Mass Main Bearings 10,000 | 10,000 | 25,000 | 27,000
Mass Kingpin 51,000 | 61,000 | 129,000 | 161,000
Mass Mainframe 58,000 | 72,000 | 107,000 | 142,000
Mass Yaw bearing 17,000 | 19,000 | 28,000 | 32,000
Mass other Nacelle parts 30,000 | 35,000 | 50,000 | 55,000
Total Nacelle Mass excl gen 166,000 | 197,000 | 339,000 | 417,000
Total Structural Mass excl gen | 318,000 | 370,000 | 676,000 | 818,000

Table 86. Mass of the main components of the INNWIND.EU nacel[g§]

Type Innwind Innwind Innwind Innwind

10-178 10-198 20-252 20-280
CostHub[ U] ul180,| 0198, u375,| 1384,
Cost Blade Extenders uauls50,| 0168, 0339,| 0432,
Cost Pitch Bearings u378,| 0462,|01050,01386
Cost other Rotor parts uals50,| 0180, 0240, 0300,
Total Rotor cost u858,|01008|Ju2004,02502
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Cost Main Bearings u300,| 0300, 0750, u810,
Cost Kingpin ul53,| 0183, u387,| 01483,
Cost Mainframe al7z4,| 0216, 0321, 0426,
Cost Yaw bearing u255,| 0285, 0420,| 480,
Cost other Nacelle parts u300,| 0350,| U500, U550,
Total Nacelle Cost excl 0118201334, 02378,02749
gen

Total Structural cost excl| 0204002342, 0u4382|0u5251
gen

Table8-7. Cost of the main components of the INNWIND.EU nacel|é$]
8.7 Conclusion

The Key performance indicators of the superconducting direct drive generators have been
presented for the 10 MW MgB topology after cost of energy optimization have been
applied (see evolution from figure & to figure 87). It is concluded that the economical
most optimal generator topology contains as much iron as possible in form of a salient
pole configuration, which is magetized by a superconducting rotor winding. This
philosophy was followed after the recommendation from WP1 that weight does not matter
to much, but it remains to be investigated if the current generator proposal has actually
become 0t oo h e aetwabloadsrn the eacette aod the sutbine. From Table
8-5 it is seen that the initial assumption about the generator mass is 120 tons, whereas
the current design is about double of that.

Finally a cost of the nacelle components can be compiled

Comporent Cost Source
(k]
Generator active materials 687 | Table 82. Optimizing for low Cost of Energy
Mechanical structure for the 456 | Table 84. Must be confirmed by structural
generator design
Cryostat 590 | Table 84. Specific design for IT generator
Refrigeration system for cryostat 570 | mustbe done to confirm this. Cooling loss =
50 kW.
Power electronics 400800 | Table 83 from INNNWIND Deliverable
D3.31
Cost of nacelle structure 2040| Table 87. Structural integrity must be
confirmed.
Total 5143 -

Table8-8. Cost breakdown of 10 MW MgB2 IT superconducting generator.

These parameters have been provided the INNWIND.EU Cost of Energy calculator of WP1
together with the expected efficiencies of the superconducting generator proposals
outlines above.
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CHAPTER SIAGNETI®SEUDMIRECT DRIVE GENERRI(PDD)
9.1 Introduction to the Innovative Concept
9.1.1 State of the art and motivation

A magnetic gear is combined with an electrical machine to realize a magnetically geared
drive of high torque density in various ways. The magnetic pseudo dirddve (PDD)
generator is realizing the possibility of applying magnetic gears in wind turbinesa PDD
generator, the magnetic gear and the electrical generator are mechanically as well as
magnetically integrated.

When compared to the basic arrangement of magnetigear machines, the PDD

i facilitates access and cooling of the stator winding and

1 simplifies manufacturing significantly, especially for large machines since it only has
two air gaps.

Prototypes of PDD machines have been designed and tested for various applications. PDD
machines with a continuous torque output of 4 kNm to ~20 kNm havbeen tested.
Developments in INNWIND.EU are in progress to increase torgue to magnitudes required
for wind turbines.

9.1.2 Brief description of the concept

The PDD employs a magnetic gear stage, and the purpose of this is twofold. Firstly the size

of the geneator is minimised by virtue of the torque converter which is analogous to a
mechanical gear in this respect and secondly the (mechanical) gearbox system with the

very high o6consequence of failuredé is removed

A PDD is a full magnetic and athanical integration of an electricalgenerator and
magnetic gear. The resulting electrical machine, which is shownthre figure below, has
been called the PseudeDirect Drive (because it has the characteristics of a diredtive
machine, although it use a magnetic gear to achieve its very high torgukensities).

The PDD consists of three components:

9 Outer stator, comprising a conventional lamination stack with copper windings,
and stationary outer magnets

1 Inner permanentmagnet array rotating at hig-speed with no external mechanical
connection

1 Intermediate annular component, the modulating rotor, with fersamagnetic pole
pieces, rotating at lowspeed and connected to the input shaft of the generator
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PseudoDirect Drive (PDD) Componentsforming the PM generator

The principal of operation of the PDD can be understood by considering the operation of
the different subcomponents within it; i.e. the magnetic gear and the electrical machine.
The components it shares with the magnetic gear arevident from the above figures
which also shows the elements of the device which contribute to its operation as an
electrical machine; i.e. the outer lamination stack with the copper windings and the inner
permanent magnet rotor. Thus the inner rotor otributes to the operation of both the
electrical machine and the magnet gear, and, as a result, the PDD uses less magnet
material than would be used by a combination of a magnetic gear and separate electrical
machine. Further, the PDD is controlled in aidentical manner to a conventional direct
drive PM machine, through the use of existing futited power converter technology.

9.1.3 Anticipated PROS and CONS

The PDD designs have the following advantages:

1 Because of the inherently low electric loading, the ted efficiency can be more than
98%.

1 The total mass of generator, including the structural components, is relatively low. It is
anticipated that the size/mass of PDD generators would be less than 50% of that of
permanentmagnet directdrive generators.

1 Although the quantity of permanent magnets in a PDD machine may be higher, this
can be significantly reduced by appropriate optimization. Another idea to reduce the
use of permanent magnets is to use electrical excitation to replace some of the
permanent magnets.

Summarizing, the most important advantages of the PDD are
9 the anticipated reduction of weight compared to direatrive generators and
1 the significant reduction of maintenance compared to mechanical gearboxes.

The most important disadvantage ithe large amount of permanent magnet material.
9.2 Assessment of the Structural Integrity of the Proposed Design

9.2.1 Design layout and dimensioning
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The magnetic pseudo direct drive train has been investigated both from an experimental
point of view by performig a demonstration in task 3.2.2 and by theoretical investigations
as done in task 3.2.1.

Magnomatics has designed manufactures and tested a dovataled PDD model generator
as described in deliverable D3.22[72], whereas Univerigy of Sheffield has validated
theoretical optimization models of the PDD against finite element calculations in
deliverable D3.21[73].

Table 91 is summarizing the key performance indicators of the machine properties
expectedat P = 10 MW and 20 MW for the INNWIND.EU turbines.

Figure 92 is showing the resulting efficiency curves for the PDD at P = 10 MW and 20
MW.

Symbol Quantity Value for Value for
10MW 20MW
Rated power 10 MW 20MW
B Rated speed of PP rotor 9.65 rpm 6.82 rpm
Rated torque on the PP rotor 9.9 MNm 28.0 MNm
Analytical pullout torque of the MG 11.9 MNm 33.7 MNm
fout,R Rated electrical output frequency 48.25 Hz 34.1 Hz
G Gear ratio 7.5 7.5
n’ Polepairs on HS rotor per section 2 2
n Polepairs on stator per section 13 13
a Halbach segments per polgair on the stator | 4 4
0° Polepieces per section 15 15
S Number of identical sections 20 20
PP slot opening angle “¥o 1t mrad “¥o 1mad
D Airgap diameter 6.0m 8.5m
0 Radial thickness of PPs 31.4 mm 44.4 mm
Radial thickness of HS rotor PMs 39.8 mm 56.3 mm
Radial thickness of stator PMs 25.2 mm 35.6 mm
Length of inner airgap 6.0 mm 8.5 mm
Length of outer airgap 6.0 mm 8.5 mm
a Active axial length 1.66m 2.35m
HS rotor pole arc to pole pitch ratio 0.8 0.8
0 Remanence of N48SH PMs at 10@ 1.25T 1.25T
‘ Relative recoil permeability of PMs 1.05 1.05
Copper packing factor 0.5 0.5
Current density at rated power 2.0 Ammm?2 | 2.0 Ams/mm?2
PM mass 13.5 tons 38.2 tons
HS rotor and PP rotor laminated steel mass | 14 tons 39.6 tons
Stator laminated steel mass 15.5 tons 45 tons
Copper mass 7 tons 14 tons
Estimated structural mass ** 100 tons 383 tons
Estimated total mass 150 tons 520 tons

** The structural mass for the 10MW design is assumed to be 2 times the active mass,

(Innwind.EY Deliverable 1.24, Pbased Assessment on the Results of WR&P4)
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a similar factor as for the 210MW design given by Magnomatics[ifd]. Furthermore, the
ratio of structural mass to active mass is assumed tecale with the diameter, hence a
factor of 2.8 is assumed for the 20MW design.

Table9-1. Properties of the Magnetic Pseudo Direct Drive generators for the INNWIND.EU turliréls
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Figure 91. Variations of the electromagnetic efficiency with the power in percent of the rated power as
reproduced from[73]

The properties of the down scaled demonstrator are shown in table%nd figure 92 is
showing the machine beig tested in the lab at Magnomatics.
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Symbol Quantity Value
Rated speed of PPR output rotor 300 rpm
Peak torque (slip torque of magnetic gear) 6.3 kNm
Rated torque (fan cooled/water cooled) 3/5 kNm
Torque per unit current 16.2 Nm/Arms
Rated electrical output frequency 165 Hz
Gear ratio 5.5:1
Pole-pairs on HS rotor 6
Pole-pairs on outer magnet array 27
Number of pole-pieces 33
Number of slots 18
Outer diameter stator lamination 480mm
Outer airgap diameter 363mm
Radial thickness of PPs 18 mm
Radial thickness of HS rotor PMs 21 mm
Radial thickness of stator PMs 10 mm
Length of inner airgap 1.5 mm
Length of outer airgap 1.5mm
Active axial length 302 m
NdFeB magnet grade N40QSH
Copper packing factor 0.34
PM mass 65 kg
HS rotor and PP rotor laminated steel mass 64 kg
Stator laminated steel mass 120 kg
Copper mass 26 kg
Total active mass 275 kg

Table9-2. Properties of the dowrscaled demonstrator of the Magnetic Pseudo Direct Drive generators for the
INNWIND.EU turbinef2]

115| Page
(Innwind.EY Deliverable 1.24, Pbased Assessment on the Results of WR&P4)



Figure 92. Picture of Magnomatics PDD demonstration machine (left) being tested in a drive train test bench
at Magnomatics[72]

9.3 Conclusions

A down scaled Magnetic pseudo direct drive (PDD) generator has been designed, build
and tested by magnomatics. Secondly theoretical optimizations have been used to

determine the best PDD configuration for P = 10 and 20 MW. These parameters have
been supplied toWP1for evduation of the resulting Cost oEnergy.
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CHAPTER 1860TTOM MOUNTED OFERE SUPPORSTRUCTURE
10.1 Introduction to the BottomMounted Jacket
10.1.1 State of the Art and Motivation

Jacket type support structures are the preferred solution for medium water depths where
monopile solutions are reaching manufacturing limits, installation limits or costfective
limits. Wind farms using jacket support structures are typically located in water depths
between 25m60m, which is the range of wind farms under operation or planned by today.
The development of competitive monopiles increases its applicabilityr fdeeper waters.
Hence the lower limit of the water depth for jackets will increase.

The jacket concept has huge optimization potential with respect to manufacturing and
assembly. Especially in large wind farms with the need for optimal clustering of strues.
However it can be seen that the assembly and manufacturing strategies are insufficiently
integrated in the design and the cost estimation by using reduced lumped prizes per unit
weight only. This leads to mass optimized structures as the governicgst indicator and
neglects important shares of other costs. It is aimed for a more detailed refinement of the
cost contributors, namely material, volume/length and type of welding, assembly and
mass production benefits.

¢

> Tower

j Transition Piece

Jacket

)

Piles

Figure10.1-1: Overall view of thecROSAacket model showing mass and area appurtenances.
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10.1.2 Brief Description

The general jacketfoundation concept is characterized by a number of legs, which are
stiffened by braces. The legs are supported by piles. The connection to the cylindrical
tower is achieved through a transition piece, which is made of steel. For the present
design, a fourlegged jacket with a generic strutted beam transition piece, four levels of X
bracings and four piles is used.

The jacket foundation as well as the tower is modelled with the Rambolthause FE
program ROSAP using tubular beam elements for the legs, braces and piles. Timoshenko
beam theory is applied. The pilsoil interaction is modelled by means of soil springdg-y, t

z, Qw curves) in accordance with the API standard.

The elements connecting the jacket and the tower are modelled in ROSA as a strut model.
This method leads to a simplification of the transition pieces mass and stiffness properties
and could be evaluated in more detail. Ideally, a detailed F&nalysis of the transition
piece should be conducted in order to optimize the structure. This will be part of the jacket
design updates in a later stage of INNWIND.EU.

Figure 10.1-1 shows a 3D model of the jacket foundation including sea, soil, scour and
appurtenances, ref.[75]. The appurtenances are modeled as discrete aistributed
masses and areas, such as the boat landing, ladders, externaiubes and anodes. Wave
loads on appurtenances are calculated by ROSAP and are applied to the structure.
Dynamic wave loads, turbulent wind loads, gravity and buoyancy loads aredbken into
account for all time domain structural load simulations. Design procedures consider the
further effects of the marine environment, e.g. marine growth, corrosion, etc. Design
checks for ULS, FLS and NFA are performed.

10.2 Assessment of Structuralntegrity
10.2.1 Final Design Layout and Dimensions

An overview of the main jacket geometrical parameters is shownTiable10.2-1. Please
refer to the designreport D4.31 for all details and design results, ref75].

Table10.2-1: Overview of jacket geometry and masses

Structural member \ Dimensions Value
Jacket
Base Width [m] 34
TopWidth [m] 14
Interface elevation [m] wrt MSL 26
Transition Piece height [m] 9
Batter angle of the legs [ E] 12.2
Number of legs B 4
Jacket legs diameter (outer) [mm] 1400
Jacket legs maximum wall thickness [mm] 120
Jacket legs minimum walthickness [mm] 42
Number of xbraces levels [ 4
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Natural frequency overall structure
1st eigenfrequency (% bending mode)

Max. Upper xbraces diameters (outer) mm 900
Max. Upper xbraces wall thicknesses mm 50
Max. Middle upper xbraces diameters (outer) mm 876
Max. Middle upper xbraces wall thicknesses mm 38
Max. Middle lower xbraces diameters (outer) [mm] 968
Max. Middle lower xbraces wall thicknesses [mm] 34
Max.Lower xbraces diameters (outer) [mm] 1088
Max. Lower xbraces wall thicknesses [mm] 44
Number of horizontal braces levels [ 1
Max.Horizontal braces diameter [mm] 1044
Max. Horizontal braces wall thickness [mm] 22
Number of Piles B 4
Pile penetration [m] 40
Pile diameter mm 2438
Pile wall thicknesses mm 3252
Pile top elevation above mudline (Stielp length) [m] 1.50
Overlap length (grout length) [m] 10.0
Jacket structure [t 1210
Transition Piece (estimation) [t] 330
Steel Appurtenancegestimation) ] 80
Piles (all) [t] 380
Grout (estimation) ] 120
Total ] 2120

0.287

10.2.2 Design Load Cases

The load calculations are based on IEC 614@® design load cases (DLC) with appropriate
partial safety factors. It is assumed that the turbine has 100% availability. Wind and waves
(30A

are aligned and 12 di

ons

combined with yaw error scenarios. The following DLCs have been applied:

The simulations are based B a sequential integrated calculation approach for every time
series. Aereelastic simulations of wind loads are performed with the help of LACflex using
a model of the offshore wind turbine consisting of the rotaracelleassembly, the tower
and the foundation superelement from ROSAP. The resulting dynamic responses at
interface in terms of load time series of all six components (Fx, Fy, Fz, Mx, My and Mz) are
extracted from LACflex and subsequently applied at the support structure interface and
combined wth the hydrodynamic loads of the sea state in order to obtain the full dynamic
responses of the foundation structure for each load case.

(Innwind.EY Deliverable 1.24, Pbased Assessment on the Results of WR&P4)

1 DLC12 FLS
1 DLCG6.4 FLS
1 DLC21 ULS
1 DLC23 ULS
1 DLCG6.1 ULS
1 DLCG6.2 ULS
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10.2.3 Structural Integrity Check

Design assessment for NFA, ULS and FLS is based on the DNV guideline[7&f.and
[77]. Appropriate safety factors for loads and material are taken into account. Refer to the
design report for detailed descriptions, ref75].

Thepurpose of the NFA analysis is to demonstrate that the natural frequency of the entire
structure falls inside the allowable frequency band between 1P and 3P. 1P is the lower
limit corresponding to rotor frequency, 1P = (rotor speed in rpm) / 60. 3P is theper limit
being the blade passing frequency, 3P = 3 x (rotor speed in rpm) / 60. A structure with the
first natural frequency placed between the given limits refers to a seftiff configuration.

The obtained natural frequency of the system will be utiéd in other analyses, such as the
fatigue analysis, where the damping of the system is calculated by applying Rayleigh
damping.

The purpose of the extreme event analysis is to ensure that the jacket structure is capable
of supporting the WTG for the les favourable combination of environmental load
conditions. The jacket element stresses and tubular joints punching shear stresses are
analyses for all members and load cases. The maximum allowed utilization has to be
smaller than one.

The purpose of thetime domain fatigue analysis is to ensure that the jacket structure is
capable of supporting the WTG for the required design life of 25 yeahs.addition, site
specific conditions in terms of water depth, marine growth, corrosion allowance and soil
characeristics are applied for the turbine location. Hot spot stresses are evaluated using
the approach of stress concentration factors (SCF)-Ns curves for different types of
tubular joint welds, butt welds, cubuts, conical sections and attachment welds are
considered.

10.3 LCOE Impact
10.3.1 Effect on Annual Energy Production

The influence of the jacket, i.e. the motion of the structure, on the annual energy
production of the wind turbine is negligible. The gained power is mainly driven by the mean
wind speed and windlistribution, the rotor performance and the availability of the turbine.

10.3.2 Effect on CAPEX

Costs drivers for the support structure are the material costs (weight of the structure), the
welding costs (humber of welds and volume/length) and the assembly cesDue to its
complexity only lumped prices per tonnage of the structure are usually applied, based on
manufactureds experiences from realized
distinguish the different cost contributions to determine a cost effeiee support structure
designs instead of misleading pure mass optimization. Mass optimized structures result in
individual optimized cross sections of braces and legs and consequently in higher costs for
welding and assembly, which can compensate the matak costs savings. In a cost study
[78] it has been shown that the assembly strategy can lead to variations of up to 20%.

10.3.3 Effect on OPEX
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There are no OPEX related cost savings. The support structure is designed to survive the
entire lifetime without maintenance of the primary steel components. Inspections of
corrosion and scour monitoring might be of relevance to assess the design assumptions.

10.4 LCOE Sensitivity Analyses

A LCOE variation study using the INNWIND.EU cost modeD®1of reference wind turbine
is performed. The influence of the CAPEX costs of the support structure on the LCOE is
addressed. The results are shown ihable10.4-1:

Table10.4-1: LCOE variation study for bottom fixed support structure costs

Support structure cost LCOE Change of LCOE
Basecaseref.design 9. 5 mi o 0/ MWh -
(TP, Jacket, Piles
Jacket-5% 9.15 mio G 91,25 a4/ MWh 0.74%
Jacket-10% 8,80 mio G 90.57 04/ MWh -1.48%
Jacket-15% 8.45 mio G 89.88 0/ MWh -2.23%
Jacket-20% 8.10 mio G 89.20 a4/ MWh -297%

10.5 Conclusions and Recommendations

The design of a jacket support structure with priastalled piles has been performed based
on NFA, ULS and FLS assessmdi@6]. The design driving load cases DLC 1.2, 2.1, 2.3,
6.1, 6.2, 6.4 are applied.

The foundation costs influence only the CAPEX of the wind turbine system there is no
benefit for the energy yield. There is also no influence on operational costs in the scope of
the primary steal design. The assessment of the material, welding and asseynbbsts has
been performed[78], which results in a cost saving potential of up to 20%. The change of
CAPEX influences to LCOE up to 3%.
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CHAPTER 18EMISUB FLOATER DESIGN

11.1 Introduction

In this chapter, a floating platform concept develaul by CENER for the INNWINIDMW

wind turbine[62] wi t hi n the project task 4.3 o0Design of
presented. The chapter summarizeshe technical characteristics of the support solution,

including the stability curve, the hydrodynamic behaviour, the natural periods, an

estimation of the mass of steel requed for the construction that isbased in the structural

calculation and, finally, an estimation of the platform cost. More details on the

methodology, assumptions, and calculations can be found in the project deliverable 4.33

[79].

11.2 Design concept

The concept is an asymmetric sersiubmersible floaterdesigned for a sea depth o200m.
The design conditions for the platform are described in detail j80]. The great stability of
the semisubmersible concept allows assemblinghe platform in the dock. Afterwards,he
assembled wind turbine can be towed to the desired locatigndecreasingthe costs in
transport. In addition the area of the water plane sectionis not high, improving the
behaviour of the platform under thewave loading This type of concept is also very
versatile and can be installed in a very wide range of different depth locations.

A disadvantage of the semisubmersible concept is that the construction can be complex,
because the vertical cylinders have to be connected by pontoons or by tubular structures
requiring welding. To minimize these disadvantages, the proposed concept is composed by
three cylinders connected by pontoons, forming a geometrically simple shape. The
material and construction cost is reduced avoiding bracings and other connecting
structural elements. The function of the pontoons is not only structural, but also
hydrodynamic: the pontoonsehave as heave plates to damp the motion of the offshore
wind turbine. In addition,to simplify the structure,the wind turbine is mounted on one of
the cylinders, instead of building a central structure thold it in the platform center.The
center of gravity is lowered to increase stability through the use of sea water as ballast.
Part of the platform ballastis active to counteract the variations in the overturning
moment direction introduced in the platform by the rotor due to changes in the wind
direction. Figure11.1 presents a tridimensional model of the concept design:
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Figure11.1 & Isometric view of thefloating platform

To have an overlook of the platform dimensionshe main geometric characteristics of the
platform are presented inTable11.1 :

Table11.1 & Platform main characteristics

Main characteristics

Distance between columns 66 m
Draft 255m
Platform depth 37.5m
Freeboard 12 m
Column diameter 145 m
Pontoon breadth 10.875 m
Pontoon depth 7m
Buoyancy volume 24907 m®
Center of buoyancy 0,0,-17.32m

Figure11.2 illustrates the dimensions of the platformThe origin of the reference system
is located in the geometric centre of platform and athe sea water evel (SWL).All the

physical properties and results presented in this chapter arereferred to this reference
system.
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Figurel11.2 & Top view (left) and ile view (right)of the platformand reference system

11.3 Estimation of the platform requiredsteel mass

The platform structural design has been performed according to tH2NVguidelines ([81],
[82] and [83]) and using a configuration composed by frames. Theseuydelines provide
indications and requirements for the local structural design of the platform. Nevertheless
a final verification of the global structural behaviour of the design is required and a
reinforcement of certain parts of the platform could be remssary. This global verification
of the platform is out of the scope of this preliminary platform design and will be done in
future steps of theproject A detailed description of the structural design iskipped here,
but can be foundin the project deliverable 4.33 [79]. Figure11.3 and Figure 11.4 show
the internal structure elements of the pontoons and columns: as web frames, bhaéads,

decks and longitudinal bulb and T stiffeners.

Figure11.3 & Pontoon internal structure CADmodel

124 | Page
(Innwind.EY Deliverable 1.24, Pbased Assessment on the Results of WR&P4)
















































