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Abstract

In this thesis, the Hybrid-Lambda Rotor design methodology is introduced, which en-
ables very large rotors for offshore wind turbines in order to increase the energy capture
in light winds, but still limiting the loads to foster a lightweight and cost-effective blade
design. The methodology features a non-uniform distribution of axial induction along
the blade span and a design for two different tip speed ratios (TSRs, lambda). This is
coupled to the control strategy which consists of two operating modes below rated wind
speed. A light-wind mode (high TSR) for maximal aerodynamic efficiency and a strong-
wind mode (low TSR) where the load limitation technique is applied. By lowering the
TSR and simultaneously pitching to feather, the angle of attack distribution is tilted with
a decreasing trend towards the blade tip. Thus, the lever arm of the resulting flapwise
bending forces is reduced and the load limitation can be applied with reduced losses,
compared to conventional approaches such as solely pitching to feather. A sophisticated
aero-servo-elastic simulation model is set up, using an aero-elastic blade optimization
routine. The concept is investigated in several design load cases and a techno-economic
evaluation is carried out.

Further, the concept is scaled to wind tunnel size, introducing a novel scaling approach
which aims to match the non-uniform distribution of axial induction and to reproduce
the change in the angle of attack distribution. The experimental investigations reveal
that switching between the operating modes works similarly as for the full-scale model.
The unique wake characteristics of the Hybrid-Lambda Rotor are investigated exper-
imentally as well as with mid-fidelity simulations, revealing three advantages. First,
the thrust coefficient and corresponding wake deficit in the strong-wind mode is signi-
ficantly reduced which increases the wind farm efficiency over a wide range of wind
speeds. Second, the low induction design of the outer part of the blade leads to an
outer annulus with increased wind speeds, compared to a wake deficit profile of a
conventional turbine. And third, an additional shear layer and vortex system is formed
between the outer annulus and the inner wake core which further enhances wake

diffusion.
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A control methodology is set up for the Hybrid-Lambda Rotor which allows to track two
different TSRs below rated wind speed and enables a transition region with constant
rotational speed to switch between the two operating modes. Different versions for the
pitch controller are formulated which approach the objective of limiting the loads in
different ways, including among others a load feedback and a wind speed feed-forward
architecture. The control algorithms are implemented on the scaled model turbine and
experimentally evaluated under reproducible, turbulent inflow conditions in the wind
tunnel. A thorough explanation of the scaling methodology ensures the transferability
of the results from the wind tunnel tests to full-scale applications.

Further research could investigate the performance of the Hybrid-Lambda Rotor in
large wind farms and clusters. Despite the significantly larger rotor diameter, the
reduced wake effects could enable to use the same absolute turbine spacing as for con-
ventional turbines with the same rated power. Or, if the same annual energy production

is targeted, a smaller number of Hybrid-Lambda turbines would be required.



Zusammenfassung

In dieser Arbeit wird die Hybrid-Lambda-Rotor Entwurfsmethodik vorgestellt,
wodurch sehr grofie Rotoren fiir Offshore-Windenergieanlagen erméglicht werden. Dies
erhoht den Energieertrag bei schwachem Wind und begrenzt gleichzeitig die Lasten,
um ein kostengiinstiges Rotorblattdesign in Leichtbauweise zu ermdglich. Die Methode
zeichnet sich durch eine ungleichméfsige Verteilung der axialen Induktion entlang des
Rotorblattes aus und beinhaltet ein Design fiir zwei verschiedene Schnelllaufzahlen
(tip speed ratio, TSR, lambda). Dies ist eng mit der Regelungsstrategie verkniipft,
welche aus zwei Betriebsmodi unterhalb der Nennwindgeschwindigkeit besteht. Ein
Schwachwindmodus (hohes TSR) fiir maximale aerodynamische Effizienz und ein
Starkwindmodus (niedriges TSR), in dem die Lastbegrenzung angewendet wird. Durch
das Absenken des TSRs und gleichzeitiges Pitchen der Rotorblétter wird die Anstell-
winkelverteilung mit abnehmender Tendenz zur Blattspitze hin gekippt. Dadurch wird
der Hebelarm der resultierenden Schubkrifte reduziert und die Lastbegrenzung kann
mit geringeren Verlusten angewandt werden als bei konventionellen Ansétzen, wie z.B.
durch alleiniges Pitchen der Rotorblétter. Es wird ein detailliertes aero-servo-elastisches
Simulationsmodell erstellt, wobei eine aero-elastische Optimierung des Rotorblattes
verwendet wird. Das Konzept wird anhand mehrerer Auslegungslastfédlle untersucht
und eine technisch-wirtschaftliche Bewertung wird durchgefiihrt.

Dariiber hinaus wird das Konzept auf Windkanalgrofe skaliert. Hierbei wird ein innov-
ativer Skalierungsansatz eingefiihrt, der darauf abzielt, die ungleichmaéfige Verteilung
der axialen Induktion und die Anderung der Anstellwinkelverteilung zu reproduzieren.
Die experimentellen Untersuchungen zeigen, dass das Umschalten zwischen den Be-
triebsmodi in vergleichbarer Weise funktioniert wie beim Modell in Originalgrofle.
Die einzigartigen Nachlaufeigenschaften des Hybrid-Lambda-Rotors werden sowohl ex-
perimentell als auch mit Mid-Fidelity-Simulationen untersucht, wobei sich drei Vorteile
herausstellen. Erstens sind der Schubbeiwert und das resultierende Nachlaufdefizit
im Starkwindmodus deutlich reduziert, was die Effizienz im Windpark {iber einen

breiten Bereich von Windgeschwindigkeiten erhoht. Zweitens fithrt das Design mit
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reduzierter Induktion im dufieren Teil des Rotorblattes zu einem &ufSeren Ring mit
hoheren Windgeschwindigkeiten, verglichen mit einem Nachlaufprofil einer konven-
tionellen Windenergieanlage. Und drittens bilden sich eine zusé&tzliche Scherschicht
und ein Wirbelsystem zwischen dem &dufieren Ring und dem inneren Nachlaufkern,
was die Erholung des Nachlaufs verbessert.

Es wird auflerdem eine Regelungsmethodik fiir den Hybrid-Lambda-Rotor entwickelt,
die es ermdglicht, zwei verschiedene TSRs unterhalb der Nennwindgeschwindigkeit zu
verfolgen und einen Ubergangsbereich mit konstanter Drehzahl zu schaffen, um zwis-
chen den beiden Betriebsarten umschalten zu kénnen. Fiir den Pitch-Regler werden ver-
schiedene Varianten formuliert, wobei das Ziel der Lastbegrenzung auf unterschiedliche
Weise implementiert wird, u.a. mittels eines Riickkopplungssignals der Lastmessung
und mittels einer Windgeschwindigkeitsmessung stromauf des Rotors als Vorsteuer-
ungssignal. Die Regelalgorithmen werden auf der skalierten Modellwindenergieanlage
implementiert und experimentell unter reproduzierbaren, turbulenten Einstrombedin-
gungen im Windkanal evaluiert. Fine griindliche Erlduterung der Skalierungsmethodik
gewihrleistet die Ubertragbarkeit der Ergebnisse von den Windkanaltests auf die An-
wendungen im Originalmafistab.

In weiterer Forschung kénnte die Leistung des Hybrid-Lambda-Rotors in grofien Wind-
parks und Clustern untersucht werden. Trotz des deutlich grofieren Rotordurchmessers
konnten die reduzierten Nachlaufeffekte es ermoglichen, denselben absoluten Turbin-
enabstand wie bei herkdmmlichen Turbinen mit derselben Nennleistung zu verwenden.
Oder, wenn dieselbe jahrliche Energieproduktion angestrebt wird, wire eine geringere
Anzahl von Hybrid-Lambda-Turbinen erforderlich.



Contents

Abstract / Zusammenfassung iii

List of Figures xi

List of Tables Xix

List of Abbreviations xxi

1 Introduction 1
1.1 Motivation . . . . . . ...

1.2 Stateoftheart . . . ... ... ... ... ... 2

1.2.1 Specific rating of wind turbines . . . . .. ... ... 0 0L 3

1.2.2 Traditional aerodynamic bladedesign . . . . . ... ... ... .. 4

1.2.3 Conventional wind turbine controllers. . . . . . .. ... ... .. 5

1.2.4 Conventional scaling approaches in wind energy applications . . 7

1.3 Thesisobjectives . . . . . ... ... ... ... 9

1.4 Structureofthethesis. . . . . . . . ... ... 10

2 Hybrid-Lambda: a low-specific-rating rotor concept for offshore wind turbines 13

2.1
2.2

2.3

Introduction . . . .. ... . L 14
Methodology . . . ... ... ... .. ... 17
22.1 Aerodynamic concept: the Hybrid-Lambda Rotor . . . . . .. .. 17
2.2.2  Design and simulation methodology . . . . . ... ... ... ... 22
2.2.3 Structural design, aeroelastic simulation and optimization meth-
odology . ... ... ... ... 23
Results . . ... ... ... .. ... . 26
23.1 Aerodynamicbladedesign . .. ... ..... ... ... .. ... 27

2.3.2 Aerodynamics, loads and power in steady-inflow BEM simulations 30

2.3.3 Optimization of the structural blade and tower design . . . . . . 35



viii Contents
234 Aeroelastic load simulations . . ... ... .. ... ... 0., 38

2.3.5 Techno-economic evaluation . .. .................. 49

24 Discussion . . . ... ... 52
25 Conclusions . .. ... ... .. L 56
3 Rotor and wake aerodynamic analysis of the Hybrid-Lambda concept 59
31 Introduction . ... ... ... . ... ... 60
32 Therotorconcept . . . ... ... .. ... 62
33 Methods . . . ... .. . . 62
34 Results . ... ... . . 64
34.1 Comparison of BEM and FVWresults . . . .. ... ........ 64

3.42 Wake investigationsusing FVW . . ... ... ... ... . ... 66

3.4.3 Wake investigations using LES and actuator line model . . . . . . 68

35 Discussion . . ... ... 71
36 Conclusions . . ... ... ... ... .. 71
4 A scaling methodology for the Hybrid-Lambda Rotor 75
41 Introduction . ... ... ... ... 76
42 Scaling methodology of the Hybrid-Lambda Rotor . . . . . ... ... .. 79
421 Geometric scaling vs. aerodynamic redesign . . . . ... ... .. 80
422 Scalingobjectives . . . ... ... oL 80

423 AdaptationofdesignTSRs . . .. ... ... ......... ... 81

424 Design and scaling constraints . . . .. ... ... ... ... ... 83

42.5 Inputs to the aerodynamic redesign . . . ... ... ........ 85

42.6 Deriving the control schedule and time scaling factor . . . . . . . 86
4.2.7 Verifying the constraints and closing the designloop . . .. . .. 88

4.3 Experimental and simulation methodology . . . . ... ... ... .... 89
431 Experimentalset-up ... ... ... .. ... ... . ... . ... 89

43.2 Measurement equipment and experimental matrix . .. ... .. 91

43.3 Measurement data post-processing and uncertainty estimation . 93

434 Simulations . .. ... ... 95

44 Results . . .. ... . 96
441 Rotor-integrated quantities . . . ... ... ... ... .. ... .. 96

4.4.2 Radially resolved quantities . . . . ... ... ..., ... ... .. 99

443 Dynamicresponsetogustevents . . . ... ... ... ... ..., 102

444 Wake characterization . . ... ... .. ... ... ........ 103

4.5 DISCUSSION . . . v v v v e e e e e e e e e e 108



Contents iX

4.6 Conclusions . . . . . . . . 111

5 Experimental investigation of wind turbine controllers for the Hybrid-Lambda

Rotor 113

51 Introduction . ... ... .. .. ... 114
52 Methodology . . ... .. ... ... ... .. ... 116
52.1 The Hybrid-Lambda control methodology . ... ... .. .. .. 117

52.2 Scaling considerations . . . ... ... ... ... . 0 0L 125

52.3 Measurement set-up and post-processing . . . .. ... ... ... 129

524 Testcases. . ... ... ... ... 130

5.2.5 Calculation of pitch actuation and blade fatigueloads . . . . . . . 131

53 Results . . . ... 132
531 Windsteps. . . ... ... ... . 132

532 Gusts . . . ... 135

53.3 Turbulentwind fields . .. ............. ... . ..... 138

534 Wakedinflow . .. ... ... ... 139

5.3.5 Pitch actuation and blade fatigueloads . . . ... ... ... ... 142

54 Discussion . . . ... ... 144
55 Conclusions . . . ... ... .. 147
56 Appendix. . ... ... ... 149

6 Conclusions and Outlook 153
6.1 Conclusions . . . .. ... ... 153
6.2 Suggestions for furtherresearch . . . . . ... ... ... ... ... ... 158
References 161
List of publications 173
Acknowledgements 179
Curriculum Vitae 181

Erkldarung 183



Contents




List of Figures

Figure 1.1 Qualitative control schedule of a conventional horizontal axis
wind turbine. . . . . ... 6

Figure 1.2 Overview of the thesis structure. . . . . . ... ... ... ... .. 12

Figure 2.1 (a) Desired axial induction along the blade span for the operating
modes in light wind (blue) and strong wind (yellow). (b) Schematic
overview of the design criteria of the Hybrid-Lambda concept. . . . . . . 18

Figure 2.2 Rotational speed and pitch schedule over wind speed; crosses
indicate operational points shown in Figs. 2.6 and 2.8 with corresponding
colours. . . . .. e 20

Figure2.3 Design and optimization workflow of the Hybrid-Lambda concept.
Definitions: round bullet points, free design variables; square bullet

points, constraints; diamonds, outputs; f(...), as a function of (...); LW,

light wind; SW, strongwind. . . . . .. ... ... ... ... . ..... 21
Figure 2.4 Chord distribution overradius. . . . . . . ... ... ... ... .. 28
Figure 2.5 Twist over non-dimensional radius. . . . .. ... ... ... ... 28

Figure 2.6 Axial induction: light-wind mode (blue), transition (red), strong-
wind mode (yellow), peak shaving (dashed, purple), rated power (dash-

dotted, green) and design value 0.21 (dash-dotted, black). . . . . . . . .. 30
Figure 2.7 Inflow angle distribution for a varying TSR (assuming constant

a=1/3 overthebladelength).. . . . .. ... ... ... ... ... ... 32
Figure 2.8 Angle of attack (BEM): light-wind mode (blue), transition to

strong-wind mode (red) and strong-wind mode (yellow). . . . . . .. .. 33

Figure 2.9 Power output of the Hybrid-Lambda Rotor (solid red) compared
to the reference turbine (blue) and a scaled reference turbine (dashed
green and dotted black). . . . ... ... ... L o o oL 34
Figure 2.10 Thrust coefficient of the Hybrid-Lambda Rotor (RBM limited)
compared to the reference turbine. . . . . .. ... ... ... .. ... 35



Xii

List of Figures

Figure 2.11 Comparison of structural parameters between initial (dashed lines)
and optimized (solid lines) blade design: relative thickness distribution
(a), spar cap thickness distribution (b), strains in the spar caps (SS, suction

side; PS, pressure side) (c) and blade mass relative to the cubic scaling

law of the IEA 15MW blademass(d). . . .. ... ... .......... 36
Figure 2.12 Mass and stiffness distribution for the optimized Hybrid-Lambda
blade (red) and the IEA 15 MW blade (blue). . ... ............ 38

Figure 2.13 Campbell diagram for optimized blade and tower design. Safety
margins of 10 % for 1P and 3P excitations are shown in grey. . . .. ... 38
Figure 2.14 Transition of operating modes in a wind field with the normal
turbulence model and a mean wind speed of 7.5 ms™!; background col-
ours indicate the desired operating modes: green, light wind; red, strong
wind; yellow, transitioning between the operating modes. . . . . . . .. 42
Figure 2.15 Ultimate loads in solid bars for the Hybrid-Lambda Rotor and in
hatched bars for the IEA 15 MW reference turbine; only critical loads are
displayed. Abbreviations: EWSH, extreme wind shear horizontal; EWSV,
extreme wind shear vertical; f-a BM, fore-aft bending moment; s-s BM,
side-side bending moment. . . ... ... ... ... .. .0 L -+
Figure 2.16 Extreme vertical wind shear profiles according to IEC 61400-1
(2019) for the Hybrid-Lambda Rotor and the IEA 15 MW reference turbine. 47
Figure 2.17 Out-of-plane forces per unit length under extreme vertical wind
shear (EWSV 2): for the Hybrid-Lambda Rotor (a) and for the IEA refer-
ence turbine (b). Resulting lever arms are indicated with vertical black
lines. . . . . .. e 48
Figure 2.18 Weibull distributions for three reference sites. . . . . . . . ... .. 49
Figure 2.19 Gross energy yield, wind speed distribution (FINOI1 cluster-wake
affected) and market value of wind power. . . . .. ... ... ... ... 50
Figure 2.20 Reduction in the cost of valued energy and the LCoE relative to
the reference turbine for the cluster-wake-affected wind speed distribution. 52
Figure 2.21 Estimation of turbine component costs for the IEA 15 MW (blue)
and the optimized Hybrid-Lambda turbine (red).. . . . . . ... .. ... 52

Figure 3.1 Axial induction distribution (left) and angle of attack distribution
(right) for operating point 1 (solid lines) and operating point 2 (dashed
lines), comparing BEM (blue) and FVW (red) . . . . ... ... ... ... 65

Figure 3.2 Averaged axial velocity component for steady uniform inflow



List of Figures

xiii

(FVW). Top: Hybrid-Lambda Rotor; bottom: IEA 15-MW turbine; left:
Operating point 1 (6.8 ms~!); and right: Operating point 3 (10.2ms™1).
Figure 3.3 Normalized wake deficit profiles (FVW, steady uniform) for oper-
ating point 1 (left) and 3 (right). Dashed lines indicate 70% rotor radius.
Red: Hybrid-Lambda Rotor; and blue: IEA 15-MW turbine. . . . . . . ..
Figure 3.4 Left: Averaged axial velocity component for numeric turbulent
wind field (FVW), light-wind mode (top: Hybrid-Lambda Rotor; bottom:
IEA 15-MW turbine); right: Normalized wake deficit profiles . . . . . . .
Figure 3.5 Neutral stratification: Normalized wake deficit profiles from LES
(light-windmode) . . . . ... ... .. ... ... o
Figure 3.6 Stable stratification: Normalized wake deficit profiles from LES
(light-windmode) . . . . .. ... ... ... .. .. o
Figure 3.7 Stable stratification: Averaged axial velocity component for LES
(light-wind mode); top: Hybrid-Lambda Rotor; and bottom: IEA 15-MW
turbine with coordinates normalized with the diameter of the IEA 15-MW
rotor forbothplots . . . ... ... .. ... . ... . ..

Figure 4.1 Change in the inflow angle distribution for operational transition
of TSRs, with the full-scale rotor represented with the dashed line. . . . .
Figure 4.2 Scaling and design workflow for the Hybrid-Lambda Rotor. AoA -
angle of attack; a4 — design angle of attack; § — twist angle; By — pitch angle;
¢ — chord length; ¢, cr, and crpm — power, thrust, and flapwise root bending
moment coefficients; f(...) —as a function of (...); FS — full scale; LE - leading
edge; LW - light wind; A — tip speed ratio; r — local radius; Re — Reynolds
number; SW — strong wind; TE — trailing edge; ucut-in, Uts, Ute, and yateq — Wind
speeds at cut-in, start of transition, end of transition, and rated power. . . . . .
Figure 4.3 Chord (a) and twist distribution (b) for the scaled Hybrid-Lambda
Rotor and the scaled NREL 5 MW turbine. . . . . . ... ... ... ....
Figure 4.4 Control schedule for the Hybrid-Lambda model turbine (HL MT),
derived from BEM simulations. . . . . . ... ... .00
Figure 4.5 Axial induction (a) for the light-wind mode (at uts) and the strong-
wind mode (at ue) for the Hybrid-Lambda model turbine (MT), the full-
scale (FS) rotor, and the conventional model turbine in BEM simulations
and respective angle of attack distributions (b). . . . . ... ... ... ..
Figure 4.6 Reynolds number for three different operating modes, derived

from BEM simulations. . . . . . . . . . ... .

67

83



Xiv List of Figures

Figure 4.7 Experimental set-up, side (a) and top view (b), indicating the
measurement positions of the hot wires, LDA, and Prandtl tube. The
coordinate system is located in the rotor centre. MoWiTO 1.8 with the
Hybrid-Lambda blades (¢), D = 1.8 m, hub heightof 1.5m. . . . ... .. 90

Figure 4.8 Power coefficient (a), thrust coefficient (b), and non-dimensional
flapwise RBM (c) from measurements and BEM simulations for various
TSRs and pitch angles fp;ich, at a constant rotor speed of 500rpm. . . . . 98

Figure 49 Axial induction along the blade span (a) and angle of attack (b)
from measurements and BEM simulations for the light-wind (LW) and
strong-wind (SW)modes. . . . ... ... ..o oo oo 99

Figure 4.10 Averaged radial velocity component (a) and envelope of the radial
velocity component (b) in the rotor plane from FVW simulations for the
twomodel turbines. . . . . ... ..o oo Lo 101

Figure 4.11 Streamlines from FVW simulations for the Hybrid-Lambda model
turbine in the LW mode and the conventional model turbine (same ct).

The rotor is indicated with the vertical black bar, and the low-induction
tips are displayed in brightred. . . . . ... ... ... ... 0oL 101

Figure 4.12 Gust in the wind tunnel: inflow hot-wire measurements in the rotor
plane and scaled IEC gust, displayed 8 times slower than ideal scaling; gust
amplitude is not scaled (a). Flapwise RBM response of the Hybrid-Lambda
Rotor and the conventional rotor. The shaded area indicates the 95 % confidence
interval of the 45 repetitions of the gustevent(b). . . . . . .. ... ... ... 102

Figure 4.13 Mean normalized wind speed (a—d) and turbulence intensity (e-h)
from hot-wire measurements in the wake of the model turbines. From
top to bottom: conventional rotor (a, e) and Hybrid-Lambda Rotor in the
LW mode (b, f), in the SW mode (¢, g), and at rated wind speed (d, h).
Nacelle and blades are displayed in black, and the outer 30 % of the
Hybrid-Lambda blades are displayed in red. The black arrows point at
the second shear layer starting at the blade design blending region. . . . 104

Figure 4.14 Wake profiles at a distance of 0.4 D downstream for the two model
rotors. At T; = 2 % for different operating modes (a) and in the light-wind
mode for different 7; values (b). . . . . . . . . .. ... ... ... ..... 105

Figure 4.15 Normalized wind speed (a) in the light-wind (left) and strong-
wind modes (right). Vorticity magnitude (b) in the light-wind (left) and
strong-wind modes (right) for the Hybrid-Lambda model turbine (top)

and the conventional model turbine (bottom) from FVW simulations. . . 107



List of Figures

XV

Figure 5.1 Steady-state operating points for the Hybrid-Lambda model tur-
bine, derived from steady-state measurement data. Background colours
indicate the operating mode: green, light-wind mode (LW); yellow, trans-
ition (TS); red, strong-wind mode (SW). uts and ute: wind speed at start
and end of transition. . . . . ... ... L Lo L oL

Figure 5.2 (a) Rotational speed and generator torque as a function of wind
speed, derived from BEM simulations. (b) Saturations and set points for
the torque controller. Shaded areas indicate the permissible generator
torque for a given rotational speed. . . . . . ... ...

Figure 5.3 Baseline pitch controller. Torque controller indicated in simpli-
tied form. Rounded rectangles: input/output of (measured) variables.
Rectangles: processes. Parallelograms: datainput. . . .. ... ... ...

Figure 54 Load feedback (LFB) pitch controller. Torque controller indicated
in simplified form. . .. ... ... ... o o Lo oo

Figure 5.5 Feed-forward (FF) pitch controller. Torque controller indicated in
simplified form. . . . .. ... ... Lo o

Figure 5.6 Wind speed measurement processing for the FF pitch controller. .

Figure 5.7 Exemplary wind speed measurement processing for the FF pitch
controller for a gust event. (a) Raw and filtered data, (b) final propagation
and (c) final signal with removed propagation for visualization purpose.
The final output signal detects up-ramps early but delays down-ramps.

Figure 5.8 (a) Experimental set-up, side-view. (b) MoWiTO 1.8 with the
Hybrid-Lambda blades, diameter of 1.8 m, hub height of 1.5m. . . . ..

Figure 5.9 Turbine response with the baseline, LFB and FF controllers to
the test case with wind steps: time series (a) and statistical analysis of
RBM (b) and power (c). Background colours indicate the operating mode:
green, light-wind mode (LW); yellow, transition (TS); red, strong-wind
mode (SW). Middle markers, median; boxes, 25th and 75th percentiles;
whiskers, minimum and maximum of the considered data. The baseline
controller works well in following the TSR of 6 in the SW mode, but
the loads are higher than expected due to model uncertainties. The
LFB controller uses higher pitch angles and is able to correctly constrain
the loads. However, this leads to reduced aerodynamic torque and
consequently lower rotational speed and lower TSRs in the SW mode.
Furthermore, the power output of the LFB controller is lower in the SW



XVi

List of Figures

Figure 5.10 Turbine response to gust events. Solid lines show the ensemble

average over 50 gust repetitions. The shaded areas indicate the 95 %
confidence intervals. Wind speed measurements are performed 2.7 m
upstream of the rotor and are not propagated in this plot. The LFB
and FFLFB controllers can limit the loads in steady state perfectly to
the load constraint. During the gust, the baseline and LFB controllers
react too slowly and show the highest load overshoots. The FF and

FFLFB controllers react in advance and reduce the load overshoot. The

FF controller further reduces the variations in rotational speed and torque.135

Figure 5.11 Power spectral density of (a) the pitch signal and (b) the wind

speed excitation for the gust test case in the wind tunnel and for aero-
servo-elastic simulations with extreme operating gust for the 15 MW
tull-scale (FS) Hybrid-Lambda turbine. The model turbine (MT) con-
trollers are about 10 times slower than ideally scaled (n; = 1/114). This
corresponds to the gust duration which is 8 times slower than ideally

scaled. . . . ..

Figure 5.12 Turbine response to turbulent inflow. Background colours indicate

the desired operating modes: green, light-wind (LW); red, strong-wind
(SW); yellow, transitioning between the operating modes. All control-
lers are able to follow the LW-TSR of 7.5, and the torque controller can
maintain the rotational speed constant in the transition region. In the SW
mode, the LFB controller uses higher pitch angles, effectively constrain-
ing the loads but resulting in TSRs that are lower than the set point of

Figure 5.13 Top: wind speed derived from hot-wire measurements on the

centre line (propagated) and derived from the wind speed estimator.
Bottom: radial distance of the wake centre to the rotor centre. Only
for very large wake centre displacements did the single-point hot-wire
measurements converge towards the rotor effective wind speed, which is

predicted by the wind speed estimator.. . . . . .. ... ... .. ... ..

Figure 5.14 Turbine response to waked inflow. (a) 200s and (b) 60's excerpt

of the full test case. Background colours indicate the desired operating
modes: green, light-wind; yellow, transitioning between the operating
modes. The FF controller leads to the highest load overshoots for very
large wake centre displacements. The baseline controller estimates the

rotor-averaged wind speed much better and shows lower loads than the



List of Figures Xxvii

FF controller. The LFB and FFLFB controllers perform best in limiting the

loads. . . . . ... 141
Figure 5.15 DEL and pitch actuator duty cycle for the three inflow cases: gust,

turbulent wind field and waked inflow. For the gust test case, the FF

controller leads to around 3 times higher pitch actuation but reduces

the fatigue loads. Also for the turbulent wind field test case, the FF

controller shows the highest pitch actuation, although the actuation is

lower than for the gust test case. The fatigue loads for the waked test

case are strongly increased for all controllers due to the non-uniformity

oftheinflow. . . . . ... ... .. L 143



Xviii List of Figures




List of Tables

Table 1.1  Generic scaling laws for wind turbines. The ratio is defined as the
quantity for the scaled model turbine divided by the quantity for the
full-scale turbine. . . . . .. ... ... .. Lo 8

Table 2.1  Set of ultimate design load cases investigated in aeroelastic simula-

tions. . . .. 26
Table 2.2  General parameter of the Hybrid-Lambda Rotor and the reference
turbine. . . . ... 27

Table 2.3 Weibull factors (A k), AEP and annual economic revenue expressed

as ratio to the reference turbine (ref.) for three reference sites . . . . . . . 51

Table 3.1 Comparing the power ratio of downstream and upstream turbines
in LES (operatingmode 1) . . . . ... ... .. ... ... . .. L. 71

Table 4.1 General parameter of the wind tunnel model and the full-scale

Hybrid-Lambda Rotor. . . . . . . ... ... ... . ... ... ...... 87
Table 4.2 Investigated operating modes for the Hybrid-Lambda wind tunnel
model. . ... 92

Table 5.1 Scaling of controller parameters for the Hybrid-Lambda Rotor. . . 126

Table 5.2 Advantages (+) and disadvantages (-) of all tested controller ver-
sionsforalltestcases.. . . . .. ...... . ... ... . L. 148

Table 5.3 Scaling parameters for the Hybrid-Lambda Rotor, relevant for the
scaling of the aerodynamic torque. . . . . ... ... .. ... ....... 152

Table 5.4 Data necessary for the calculation of the time constants in Eq. (5.9). 152



XX

List of Tables




List of Symbols and Abbreviations

Omax,L/D

Ostall
B

B

Bpitch
Bpitch,i-1
Bpitch
Bpitch,max
G

Cq

Definition

Weibull scale parameter

Axial induction factor

Tangential induction factor
Angle of attack

Design angle of attack

Angle of attack for maximum lift-to-drag ratio
Stall angle of attack

Number of blades

Twist angle

Pitch angle

Pitch angle from the last iteration
Pitch rate

Maximum pitch rate

Lift coefficient

Design lift coefficient

Chord length

Power coefficient

Torque coefficient

Flapwise blade root bending moment coefficient
Thrust coefficient

Rotor diameter

Diameter full-scale model



XXii List of Abbreviations

Au Wind speed difference

AB Pitch increment

n Dynamic viscosity

f (as subscript) Full-scale

f.) As a function of (...)

fe Cut-off frequency in the dynamic wake meandering model

Y Geometrical angle between the chord of the local blade segment
and the rotor plane, consisting of twist and pitch

I Rotational inertia
Weibull shape parameter; constant in torque control law

L Lever arm

Iy Blade length

A Tip speed ratio

AdLw Design tip speed ratio for light-wind mode

Ad sw Design tip speed ratio for strong-wind mode

Ad inner Design tip speed ratio for inner blade section

Ad outer Design tip speed ratio for outer blade section

M, Aerodynamic rotor torque

Mg Generator torque

My s Low-speed shaft torque

M; Torque due to friction losses

M, Flapwise blade root bending moment

m (as subscript)
N, crit

n

n

ny

Ntower

w

Dshifty Drans

Model

Critical amplification factor

Scaling ratio

Geometric length scaling factor

Time scaling factor

Geometric scaling factor for the tower height
Rotational speed

Rotational speed in transition region



List of Abbreviations

XXiii

P, rated

¢
R

Re

-

u,v
Uoo, U]

u

Ucut-in
Urated
Urel

Ute

Utg
Vshift,end

Vshift,start

Abbreviation
ABL

ADC

AEP

AoA

BEM

BeRT

Rated power

Inflow angle

Rotor radius

Reynolds number

Local radius

Density

Wind shear

Standard deviation

Time constant

Turbulence intensity

Time

Wind speed

Undisturbed inflow wind speed

Wind speed in the rotor plane

Axial velocity

Cut-in wind speed

Rated wind speed

Relative velocity

Wind speed at end of transition region
Wind speed at start of transition region
Wind speed at end of transition region

Wind speed at start of transition region

Definition

Atmospheric boundary layer
Actuator duty cycle

Annual energy production
Angle of attack

Blade element momentum

Berlin research turbine



XXiv List of Abbreviations
CoVE Cost of valued energy
DEL Damage equivalent load
DLCs Design load cases
DTU Technical University of Denmark
EWSH Extreme vertical wind shear
FF Feed-forward
FFLFB Combined feed-forward and load feedback controller
ES Full-scale
FVW Free vortex wake
HL Hybrid-Lambda
IEA International energy agency
LCoE Levelized cost of energy
LDA Laser-Doppler-Anemometer
LES Large-eddy simulation
LFB Load feedback
LUT Look-up table
LW Light-wind
MT Model turbine
MoWiTO 1.8 Model wind turbine Oldenburg
NTM Normal turbulence model
PI Proportional-Integral
PS Pressure side
RBM Flapwise blade root bending moment
SS Suction side
SW Strong-wind
TS Transition region
TSR Tip speed ratio
WISDEM Wind-plant Integrated System Design and Engineering Model



Chapter 1

Introduction

1.1 Motivation

Wind energy is widely seen as one of the main pillars of the energy transition towards
an energy supply free of greenhouse gas emissions and nuclear waste (Wiser et al., 2011;
Lee et al., 2023). A fast, large-scale exploitation of wind energy is needed to master this
transition and to limit climate change to the absolutely unavoidable minimum. But,
with the rising share of wind power in the energy system, the market value of wind
power decreases during periods of strong winds and can be close to zero on windy
days, as predicted by May et al. (2015). However, there is still a large value during light
wind periods. Lépez Prol et al. (2020) named this effect self-cannibalization of wind
energy. The higher the share of wind energy in the overall energy mix, the steeper is
the descending slope of the relation of market value versus wind speed. A second
challenge arises with the limited available space for offshore wind farms. The close
spacing leads to large cluster wakes, diminishing the available wind resource and
reducing the efficiency of many wind farms, especially in light winds (Dérenkamper
et al., 2023; Schneemann et al., 2020).

These problems emphasize that there is a need for a change of mindset when
designing wind turbines for a reliable and profitable energy supply. Future wind
turbine design should focus more on improving the value for the entire energy system
by generating more power in light winds, and by providing a more evenly distributed
energy generation over a wide range of wind speeds. This can be accomplished by
increasing the rotor diameter in relation to the rated power, i.e. reducing the specific
rating (rated power divided by rotor swept area), as stated among others by Hirth and
Miiller (2016), Johnson et al. (2021) and Wiser et al. (2021). Such large rotors can only be
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technically and economically feasible if the extreme loads are reduced by advanced
control strategies, fostering a lightweight and cost-effective blade design. Load limiting
control strategies always come along with losses in efficiency on a single turbine level,
and the aim is to keep them as small as possible. On the other hand, load limiting
strategies can also reduce the wake effects, and improvements on a wind farm level can

be expected.

It is essential to include these objectives already in the blade design. This can be seen
as a compromise finding. Either maximize the power generation in low wind speeds,
where the load constraint is not active. Or accept a reduction in maximal efficiency,
but therefore improve the performance in operation within the load constraint region.
Especially at offshore sites with a higher annual average wind speed, it is crucial to limit
the losses due to load limiting strategies, since a large portion of the energy yield would
be achieved in wind speed regimes with reduced aerodynamic efficiency. Thus, there
is a need for novel blade design and control methodologies that enable large offshore
rotors with low-specific ratings. To address these challenges, the Hybrid-Lambda Rotor
concept and the accompanying control methods are developed in this thesis. They are
extensively examined using simulations on different fidelity levels and wind tunnel
experiments. The concept features a non-uniform distribution of axial induction along
the blade span and a design for two different tip speed ratios (TSR, ratio of peripheral
tip speed to inflow wind speed). This is coupled to the control strategy, as the rotor
is operated at the high TSR in light-wind mode for maximum aerodynamic efficiency
and at the low TSR in strong-wind mode where the load limitation technique is applied

with reduced losses in efficiency compared to conventional approaches.

1.2 State of the art

This section provides a general overview of the topic. First, the trend of the specific
rating of recently installed wind turbines is reported. This is followed by an overview
of traditional blade design approaches and conventional wind turbine control strategies.
Since this thesis also comprises a new scaling methodology for the novel rotor design
to wind tunnel size, we introduce conventional scaling approaches for wind energy
applications. A more comprehensive literature review can be found in the individual
Chapters 2 to 5.
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1.2.1 Specific rating of wind turbines

The specific rating of a wind turbine is defined as the ratio of rated power to rotor
swept area. A clear trend of reduced specific rating for newly installed turbines has
been reported by several authors. For the installation of offshore wind turbines in
Germany, Liiers (2024) reports a reduction in specific rating from 470 Wm~2 in 2009
to 390 Wm~2 in 2024. For onshore turbines in the U.S., Bolinger et al. (2021) states a
reduction of average specific power from 330 Wm~2 in 2009 to 235 Wm ™2 in 2018. The
mean specific power of all installed turbines in Europe has decreased from 380 Wm 2
in 2008 to 310 Wm ™2 in 2016, as reported by Hand et al. (2018).

The higher annual average wind speed and the increased design loads at offshore
sites traditionally favour higher specific ratings if a low levelized cost of energy (LCoE)
is the design driver. The LCoE is the estimated cost per kWh of produced electricity
over the lifetime of a wind turbine based on the ratio of the annualized total costs of
the system and the expected annual energy production (Simpson et al., 2020). For the
period of 1995 to 2020, Borrmann et al. (2018) report a modest decrease in the specific
rating from 450 to 350 Wm~2 for European offshore wind farms, but the study also

shows a significant variance in the specific rating.

The optimal sizing, i.e. rated power and rotor diameter, of offshore wind turbines is
highly dependent on the project conditions, such as the wind resource, farm parameters,
grid and area constraints, and it further depends on the choice of objective function.
Optimizing for a traditional metric of LCoE, Mehta et al. (2024a) found the optimum
turbine size of 16 MW and 236 m (366 W m~2) which is close to a current state of the art
industry turbine. He further found that a constraint only on the available farm area
pushes the optimum towards higher specific ratings. In contrast, a constraint only on
the rated power of the wind farm pushes the optimum towards lower specific power
designs, because the wake losses in the partial load range are reduced. However, LCoE
cannot capture the value of wind energy and the dependency of market price vs. wind
speed and time of production. Optimizing for cost of valued energy (CoVE), Mehta
et al. (2024b) found the optimum at lower specific ratings. But, the outcome is highly
dependent on the market scenario and the estimated dependency of price vs. wind
speed. Other objective functions are used in design studies that optimize turbine sizing
for the profitability in the day-ahead market (Mehta et al., 2024b) and for hydrogen
production (Mehta et al., 2022). Canet et al. (2023) introduced further design metrics
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which characterize the environmental impact and societal value of a wind turbine. They
conclude that lower specific ratings can increase the economic and environmental value

with only mild increases in the levelized cost of energy.

1.2.2 Traditional aerodynamic blade design

Nowadays, the design of wind turbine blades is highly interdisciplinary and is
usually approached with systems engineering optimization routines that couple the
effects of aerodynamics, structural design, control theory and economic aspects. This
introduction describes only the analytical formulations for aerodynamic blade design
as historically derived by Betz, 1926 and Schmitz, 1955/56.

The task of defining the aerodynamic design of a rotor blade for a wind turbine
generally consists of choosing the number of blades, the rotor diameter, the aerodynamic
profiles, the design TSR, and the angle of attack or the lift coefficient. With these
parameters, a blade can be designed relatively straightforward and the chord and twist
distribution along the blade span can be calculated with the help of the Betz or the
Schmitz/Glauert approach (Schmitz, 1955/56). Betz (1926) analysed a wind turbine
heavily idealized as a disk that extracts the power from the wind by decelerating the
flow without any losses. He concluded, that the maximal power can be achieved if
the flow in the rotor plane is retarded to 2/3 of the inflow velocity, which leads to an

optimal induction factor a of 1/3. The latter is defined with

up =ui(l —a) (1.1)

where u; is the undisturbed inflow wind speed and u; is the wind speed in the rotor
plane. This means that if the rotor blade is designed with a constant axial induction
factor of 1/3 the maximum physically possible share of 16/27 of the energy in the
stream tube with the given diameter can be extracted, neglecting all losses. Schmitz
(1955/56) extended this approach by including losses due to the rotation of the wake.
This approach is historically correct and has been (and still is) widely used in wind
energy for the preliminary design (Burton et al., 2011). However, it does not include
the rotor diameter as a free design variable, nor does it consider technically feasible
load constraints or economic aspects. Chaviaropoulos and Sieros (2014) analysed how
the power extraction can be maximized, if the rotor diameter and the axial induction
factor are free design variables, but the turbine loads are constrained to a load level of a

reference turbine with classical Betz design. He concluded, that 8.7% more power can
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be extracted if the rotor diameter is enlarged by a factor of 1.136 and the axial induction
factor is reduced to 0.187. Jamieson (2020) took this idea one step further and derived
an optimal distribution of axial induction factor along the blade span, which led to a
greater power gain with a modest increase in rotor diameter, compared to the solution

with a constant axial induction factor.
Another important design parameter is the tip speed ratio (TSR, A) which describes
the ratio of peripheral tip speed to inflow wind speed:

_ R
_I/t

A (1.2)

The TSR consequently defines the velocity triangles along the blade span. Turbines
with a high TSR have fewer and more slender blades compared to turbines with a low
TSR. For high TSR turbines, the maximum power coefficient is strongly influenced by
the profile drag. Hence, airfoils with a high lift to drag ratio should be used (Gasch and
Twele, 2012).

1.2.3 Conventional wind turbine controllers

Since the Hybrid-Lambda Rotor design methodology is closely coupled to an adaptation
of the control strategy, we first introduce the conventional control theory for horizontal
axis wind turbines, as described among others by Abbas et al. (2022) and Gasch and
Twele (2012). In general, five operating regions are distinguished depending on the
wind speed, as depicted in Fig. 1.1. The numbering of the regions varies in the literature.
In Region zero, the wind speed is below the cut-in wind speed, the turbine is at standstill
(or idling) and no power is produced. In Region 1, the wind speed is sufficient to start
the operation of the turbine but the rotor does not operate in the aerodynamic optimum
because the rotor speed is constrained by the minimum generator speed. This means
the TSR is higher than the optimum and the pitch angle is set in order to obtain the
best efficiency for the given TSR. In Region 2, the turbine operates in partial load, the
torque controller is used to track the optimal TSR (i.e. the rotor speed increases linearly
with the wind speed) and the pitch angle is set to a constant value that leads to the
optimal aerodynamic efficiency (usually called fine pitch). In this region, the power
rises with the cube of the wind speed. The rotor thrust and the flapwise blade root
bending moment (RBM) increase with the square of the wind speed. In region 3, the
wind turbine operates above rated wind speed. The pitch controller is used to maintain

a constant rotational speed. Generator torque and power are constant at their rated
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values. The loads decrease above rated wind speed, because the blades are pitched
towards feather. Above the cut-out wind speed, in region 4, the turbine is shut down
because further operation is too risky. In addition to the torque and pitch control, the
yaw angle of the turbine is controlled in order to align the rotor perpendicular to the
wind direction, which is not covered in this thesis. The Hybrid-Lambda control strategy

deviates from this theory in regions 2 and 3 as explained in Sect. 2.2.1.

region: 0 1 2 3 4
=
e- Jr—
e
2]
o
i
o
2
o
(o8
=
m
o
LT
ucut-in urated ucut-out
wind speed

Figure 1.1: Qualitative control schedule of a conventional horizontal axis wind
turbine.

In the modern design of onshore wind turbines, the rotational speed is often kept
constant before rated power is reached because the maximum rotational speed is con-
strained by noise limitations. This results in a region 2.1 (approx. 2 to 4ms~! below
rated wind speed) in which the turbine operates at a TSR below the optimum, and
consequently the power coefficient is reduced. Such an approach can be viable for
onshore turbines because the average wind speed lies in region 2 (before the rotational
speed constraint), where the turbine operates at the optimum power coefficient. These
turbines usually feature a high design TSR, leading to a very slender blade design. This
results in relatively light blades and can be economically attractive, as material usage
and costs can be reduced. However, the increased blade flexibility needs to be carefully
considered, and thicker airfoils may ultimately be required to ensure structural integ-

rity. For offshore turbines, the annual average wind speed is much higher and would
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coincide with the region of reduced efficiency. Consequently, a better compromise is
required for offshore designs, which is addressed by the Hybrid-Lambda blade design

and control methodology.

1.2.4 Conventional scaling approaches in wind energy applications

In this thesis, the topic of scaling is applied in Chapter 2, where the rotor diameter is
increased in order to capture more energy in light winds and in Chapter 4, where the
rotor concept is transferred to wind tunnel size. In both applications, we introduce
innovative and unconventional scaling approaches. Thus, we first explain the
elementary methodology for scaling wind turbines, as described by Canet et al. (2021),
Bottasso and Campagnolo (2021) and Gasch and Twele (2012).

Applying the theory of similarity, two rotors with different diameters will have the
same characteristics (i.e. non-dimensional performance curves such as power-, thrust-

and torque-coefficients) if the following rules are applied:

* the tip speed ratio is maintained

* the airfoil profiles along the blade are maintained

* the number of blades is maintained

* the same materials are used

* all three dimensions in space are scaled proportionally

* the change in Reynolds-number is small and the associated changes in aerody-

namic behaviour can be neglected.

This ensures the same velocity triangles along the blade span and since the same
airfoil profiles are used the lift and drag coefficients are preserved. In other words, the
aerodynamic behaviour is equivalent and the non-dimensional performance curves
are reproduced. Furthermore, Wang et al. (2021) show that the wake of appropriately

scaled turbines are very similar.

We introduce scaling ratios n which are defined by dividing the quantity of the
scaled model turbine (subscript m) by the quantity of the full-scale turbine (subscript f).
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For example, the geometric length scaling factor n; is defined by the ratio of the rotor

diameters D.

=5 (1.3)

n

For many wind tunnel experiments, the time is also scaled which basically defines the
rotational speed of the wind tunnel model (Canet et al., 2021):

ng=—=— 1.4

== (14)

Based on these elementary scaling ratios, all matched and unmatched quantities can

be fully characterised. An overview of generic scaling laws is provided in Table 1.1. In

many applications, the time scaling n; is set equal to the length scaling n; or it is chosen

in the same order of magnitude. In this case, the wind speeds remain unchanged and

the scaling laws can be simplified accordingly.

Table 1.1: Generic scaling laws for wind turbines. The ratio is defined as the
quantity for the scaled model turbine divided by the quantity for the full-scale
turbine.

Quantity Ratio
Length n
Time (simplified) n
TSR 1
Rotor speed 1/ny
Natural frequencies 1/ny
Wind speed ny/nt
Power n /n
Torque n /ng
Thrust ni /ng
Flapwise blade root bending moment n /n}
Edgewise blade root bending moment ny
(only gravity driven component considered)

Weight n
Aerodynamic forces n /ng
Centrifugal forces nt /ng

Reynolds number nt /ng
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The Reynolds number is an important non-dimensional key figure that describes

the ratio of inertial forces to viscous forces in a fluid and is defined as:

_ C-lUge]- P

Re = — (1.5)
Here, c is the airfoil chord length, u, is the relative velocity over the airfoil, p is the air
density and 7 is the dynamic viscosity. p and n are usually approximately constant
when the rotors are tested in air in the wind tunnel or in the field. The aerodynamic
properties of airfoils, such as lift and drag behaviour for varying angles of attack, are
strongly dependent on the Reynolds number. This important quantity scales with nf /n;
and thus can usually not be held constant, because setting the time scaling factor to
ny = nf would increase the required wind speeds and rotational speeds to unfeasible
values for wind tunnel applications. The Reynolds number mismatch is the largest
drawback when scaling down to wind tunnel size, because the aerodynamic properties,

such as stall angles, are changed and the aerodynamic efficiency is reduced.

For upscaling to larger diameters, the biggest challenge is the cubic increase of weight
which leads to a linear increase of the bending stress in the blade root due to gravitational
forces. In fact, it can be shown that the bending stresses due to aerodynamic and
centrifugal forces remain constant for ideal scaling scenarios (Gasch and Twele, 2012).
Thus, weight is the limiting factor for the turbine size and innovative, lightweight
concepts are required for very large rotors. This simplified introduction to the science
of wind turbine scaling does not cover the complex topic of aero-elasticity and transient

responses. Again, the interested reader is referred to the three above mentioned articles.

1.3 Thesis objectives

The overall objective of this thesis is to develop methodologies for the rotor and control-
ler design which enable very low-specific ratings for offshore wind turbines in order
to capture more energy in light winds, thus increasing the value of wind energy. More

specifically, the objectives are:

1. Introduction of a design methodology for very large rotors with blades that are

aerodynamically optimized for the application of peak shaving.

2. Development of a method on how to scale the Hybrid-Lambda Rotor concept

to wind tunnel size and the experimental characterization and validation of the
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aerodynamic design concept on wind tunnel scale.

3. Investigation of the influence of the steep gradients of axial induction along the
blade span on the aerodynamics and the characterization of the wake of the
Hybrid-Lambda Rotor:

(a) With mid-fidelity simulations and

(b) Experimentally in the wind tunnel.

4. Development of control methodologies for very large turbines with a load con-
straint that fulfil the Hybrid-Lambda control strategy, their application on the
wind tunnel model and the experimental validation with respect to extreme loads,

short-term fatigue, pitch actuation and power output.

1.4 Structure of the thesis

The first objective is addressed in Chapter 2, which is published by Ribnitzky et al.
(2024a). Here, the Hybrid-Lambda Rotor design methodology is introduced and
the connection to the control strategy for load constraints is outlined. A substantial
increase in the rotor diameter while maintaining rated power would be beneficial
for the energy system and insights on how this could be realized are provided.
By designing the blade for two TSRs and reducing the operational TSR for strong
winds when the loads need to be constrained, the efficiency losses due to the load
limiting techniques are reduced. The combination of TSR reduction and pitch angle
increase leads to a beneficial redistribution of the angle of attack. The aerodynamic
forces are shifted with an increase for the inner part of the blade, but a decrease
for the outer part of the blade, i.e. moving the lever arm closer to the blade root.
Further, an aero-structural optimization of the blade design is carried out and the
concept is investigated on a systems engineering level by means of aero-servo-elastic
simulations. The chapter concludes with a techno-economic evaluation with em-

phasis not only on conventional cost metrics, but also on the value for the energy system.

The aforementioned investigations are based on the blade-element momentum the-
ory (BEM) which has the inherent assumption that all blade elements are independent
of each other. In the Hybrid-Lambda concept, the distribution of axial induction along
the blade span features a steep gradient and this assumption is violated. Therefore,
free vortex wake (FVW) and Large-Eddy Simulations (LES) are used in Chapter 3 to



1.4 Structure of the thesis 11

investigate the severity of this violation. Further, the wake of the Hybrid-Lambda
Rotor is characterized. This chapter addresses the objective 3a and it is published by
Ribnitzky et al. (2023).

In Chapter 4, which is published by Ribnitzky et al. (2025), the next step in the
concept validation is provided. A methodology for scaling the Hybrid-Lambda Rotor
to wind tunnel size is introduced, addressing the second objective. Further, the steep
gradients of axial induction distribution along the blade span are experimentally
investigated with Laser-Doppler-Anemometer measurements and the near wake of
the Hybrid-Lambda Rotor is characterized with hot-wire measurements (objective
3b). The rotor concept is validated under reproducible turbulent inflow conditions
produced with an active grid in the wind tunnel. This includes gust events and wake

characterizations under various turbulence intensities in the inflow.

The tremendous increase in rotor diameter can only be feasible if an innovative blade
design is accompanied by advanced control strategies that master the trade off between
limiting extreme loads and maximizing the power output. Such control methodologies
are developed in Chapter 5, addressing the fourth objective. Those methods are applied
on the model turbine, facing the challenges that come along with the evaluation of
control methods on a hardware set-up, such as the scaling of the controller characteristics
and inflow test cases and the presence of model uncertainties. This chapter provides
a solution on how the transition between the operating modes can be accomplished.
Further, the torque and pitch controllers are active simultaneously over a wide range
of wind speed, which is not the case for conventional wind turbine controllers and the
associated challenges are discussed. The control methods are experimentally validated
under turbulent reproducible inflow conditions in the wind tunnel. This chapter was
submitted to the Wind Energy Science Journal on 30.07.2025.

Chapter 6 summarizes the main findings and conclusions of Chapters 2 to 5 and provides

suggestions for future research.
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Chapter 2

Hybrid-Lambda: a low-specific-rating

rotor concept for offshore wind turbines

Apart from minor adjustments and corrections, the content of this chapter is identical to
that of the following publication:

Ribnitzky, D., Berger, F., Petrovi¢, V., and Kiihn, M.: Hybrid-Lambda: a low-specific-
rating rotor concept for offshore wind turbines, Wind Energ. Sci., 9, 359-383,
https:/ /doi.org/10.5194/wes-9-359-2024, 2024.

Reproduced in accordance to the Creative Commons Attribution 4.0 License.

Abstract

We introduce an aerodynamic rotor concept for an offshore wind turbine which is
tailored for an increased power feed-in at low wind speeds by a substantial increase
in the rotor diameter while maintaining the rated power. The main objective of the
conceptual design is to limit the steady-inflow loads (blade flapwise root bending
moment (RBM) and thrust) to the maximum values of a reference turbine. The outer
part of the blade (i.e. outer 30 % span) is designed for a higher design tip speed
ratio (TSR) and a lower axial induction than the inner part. By operating at the high
TSR in light winds, the slender outer part fully contributes to the increased power
capture. In stronger winds the TSR is reduced and the torque generation is shifted
to the inner section of the rotor. Moreover, the blade design efficiently reduces the

power losses when the flapwise RBM is limited through peak shaving, below rated
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wind speed. This is of high importance, given the wind speed distribution at offshore
sites. The characteristics of the rotor are first investigated with stationary blade element
momentum simulations and further analysed with aeroelastic simulations, considering
the flexibility of blades and tower to show that a structural design is feasible even
for a blade of this size and complexity. The economic revenue and the cost of valued
energy of the turbine are estimated and compared to the IEA 15 MW offshore reference
turbine, considering a fictitious wind-speed-dependent feed-in price. Our results for the
turbine concept with an increase in rotor diameter by 36 % show that the revenue can
be increased by 30 % and the cost of valued energy can be reduced by 16 % compared to

the reference turbine.

2.1 Introduction

In the last few decades, wind turbines have been designed extremely successfully
to reduce the levelized cost of energy (LCoE) of wind power. With the rise in the
proportion of wind power in the energy system, the market value of wind power
decreases during periods of strong winds and the exchange price for wind power
can be close to zero on windy days, as expected by May et al. (2015). Lépez Prol
et al. (2020) named this effect the self-cannibalization of wind power and emphasized
that there is a need for a change in mindset in wind turbine design. Future wind
turbine design should focus more on improving the value of wind power in the entire
energy supply system. This should favour more steady power feed-in, higher capacity

factors, reduced power forecast errors and a better utilization of the transmission system.

In the past few years, a clear trend has been observed in reducing the specific rating
(i.e. the ratio of rated power to rotor swept area) for newly installed turbines, especially
onshore as reported by Hand et al. (2018) and Bolinger et al. (2021). Typically, such
modern three-bladed onshore turbines operate with a high design tip speed ratio (TSR)
of up to 10 and a high power coefficient in the lower partial-load range, extending
from the cut-in wind speed to approximately 7.5 to 9ms™~!. The high aerodynamic
efficiency matches perfectly with the dominant range of the wind speed distribution at
light- to medium-wind sites. Due to the high TSR, such turbines reach the rated rotor
speed at the aforementioned wind speed, which is well below the rated wind speed.
Consequently, the power coefficient ¢, and thrust coefficient ct decrease significantly
before rated power is reached (at approx. 10 to 11 ms™!), which results in considerable
power losses, as described in Gasch and Twele (2012). However, the high design
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TSR results in slender blades and the reduced ct values facilitate load-reduced and
cost-efficient blade designs. Consequently, the swept rotor area can be significantly
increased compared to traditional designs. All in all, such an onshore design philosophy
has resulted in significant gains in annual energy production (AEP) and higher capacity
factors, which has dramatically lowered the LCoE in recent years.

Several investigations (e.g. Hirth and Miiller, 2016; Johnson et al., 2021; Wiser et al.,
2021) state that turbines with larger swept rotor areas in relation to rated power are
beneficial for the energy system. Thus, an increased and more steady power feed-in at
low wind speeds would be desirable. In contrast, the power feed-in at strong wind
speeds could be partially reduced, as sufficient power will be available from the
increasing number of conventional wind energy converters. Recent studies address
wind turbine concepts with very low specific ratings for onshore sites. The Low-Wind
turbine, developed at the Technical University of Denmark (DTU) by Madsen et al.
(2020), with a specific rating of 100 Wm ™2, has a uniquely low cut-out wind speed of
13ms~!. The physical challenge of resisting increased loads is at least partially avoided,
as the concept does not operate at high wind speeds. Swisher et al. (2022) discuss the
economic competitiveness of such an onshore turbine. Further innovative concepts
for very large rotors are discussed by Johnson et al. (2019) within the big adaptive
rotor project. Increasing the power output in light winds but decreasing the loads in
strong winds contradicts basic physical principles. A large swept rotor area would be
needed in light winds, while the rotor area should be reduced to limit the loads in
stronger winds. Concepts that mechanically adjust the rotor area have a long history
but have never reached the level of technical feasibility on a large scale. Jamieson et al.
(2005) approached this problem with telescopic blades. Among others, Agarwala and
Ro (2015) introduced a separated pitch system for the blade tip and Feil et al. (2020)
investigated trailing-edge flaps. Noyes et al. (2020) and Qin et al. (2020) designed and
discussed downwind morphing rotors. These ideas all have in common the fact that
additional actuators increase the mass and costs of the blade and introduce a complex
dynamic blade response. Consequently, there is a need to approach this design problem
with pure aerodynamic and control design tools without any additional mechanical
actuators. Lowering the axial induction and sacrificing a high power coefficient to
favour larger rotor diameters comprise a frequently discussed approach. Jamieson
(2020) took the idea of the low-induction rotor developed by Chaviaropoulos and
Sieros (2014) one step further and derived an optimal axial induction distribution over

the blade span, which allows for greater power gain with a modest increase in rotor
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diameter compared to a constant low induction factor of 1/5. Designing a blade with
variable design conditions along the blade span has sometimes been proposed. Wobben
(2001) issued a patent for a blade with a step in the radial distribution of the design TSR.
This concept follows the objective of reducing unintended stall effects on the blade of a
variable-speed turbine in gusty winds. It was not used to enable large rotors with low
specific ratings, as pointed out with the Hybrid-Lambda concept.

We want to take the idea of low-specific-power wind turbines one step further
to offshore applications. But the transfer of the current onshore design approach to
offshore sites would be inherently uneconomic. With the usage of large blades comes
the need for peak shaving (e.g. pitching to feather below rated power) to limit the
flapwise root bending moment (RBM). Many blade designs are optimized for one single
operational point, usually zero pitch at the design TSR. Thus, peak shaving comes with
great losses in the power coefficient. These losses significantly reduce the AEP as they
occur close to rated wind speed, where most offshore sites see a probability of very high
wind speed in the Weibull distribution. The higher annual average wind speed and the
increased design loads at offshore sites traditionally favour higher specific ratings if a
low LCoE is the design driver. For the period of 1995 to 2020, Borrmann et al. (2018)
report a modest decrease in the specific rating from 450 to 350 Wm~2 for European
offshore wind farms, but the study also shows a significant variance in the specific
rating. It is unclear whether future offshore projects will request a further reduction in
specific ratings in favour of the energy system or prefer medium specific ratings and

increased rated power to optimize the LCoE on the wind farm level.

We postulate that more system-friendly offshore turbines with dramatically lower
specific ratings are required for the large-scale exploitation of offshore wind energy
and the decarbonization of the electricity sector in the 2030s and 2040s. Therefore, we
introduce an innovative concept with an increased power feed-in during light winds,
which still allows for further turbine operation at higher wind speeds by finding a good

compromise between load reduction and aerodynamic efficiency.

The objective of this paper is the introduction of an innovative aerodynamic rotor
concept for offshore wind turbines, which allows, in combination with advanced
turbine control strategies, the above-mentioned modifications in the power curve
characteristics. As a reference turbine, we use the IEA 15 MW offshore wind turbine,
designed by Gaertner et al. (2020). The main objectives of the conceptual design
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are twofold. Firstly, the steady-inflow loads (blade flapwise RBM and thrust) are
limited to the maximum values of the reference turbine while greatly increasing the
swept rotor area to capture more energy in light-wind conditions. Secondly, instead
of aerodynamically optimizing the blades for the operation below rated wind speed
and below the maximum allowable loads, a blade design should already take the
application of peak shaving into consideration. The design process should be seen
as a compromise finding between power maximization below the limiting loads and
minimization of losses when peak shaving is applied. We want to introduce a design
methodology for blades that are aerodynamically optimized for peak shaving. The
aim is to address challenges in the design process concerning aerodynamics, structural
design and control strategies. We want to pinpoint the advantages of the conceptual
design in transient load cases as well as design driving dynamic loads, and we address

the economic competitiveness of the resulting turbine concept.

This paper is based on the design methodology and steady-state aero-static in-
vestigations of the general concept introduced by Ribnitzky et al. (2022). The current
publication includes a more comprehensive development of the concept, an aero-servo-
elastic optimization for the blade and tower design, a dynamic analysis of the turbine
including controller design, a reduced set of design load cases, an investigation of

transient extreme wind shear events, and a techno-economic evaluation.

2.2 Methodology

This section first describes the aerodynamic concept. The second subsection explains
the methodology that is used to design the rotor and to simulate the aerodynamics and

loads.

2.21 Aerodynamic concept: the Hybrid-Lambda Rotor

The main idea of the concept is to dramatically increase the rotor swept area. This is
accompanied by designing the outer part of the blade (e.g. outer 30 % of the rotor) for
a higher TSR (compared to the inner part) and reducing the design axial induction
factor in the outer region, resulting in a much more slender outer section. The design
methodology can be applied to any given wind turbine rotor by adjusting the main
design variables, namely the specific rating, the TSRs for the inner and outer part of

the blade, the spanwise position of the transition between the two design regions, and
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the desired axial induction factors for the two blade regions (see Sect. 2.3.1). In this
study, we applied the methodology to a 15 MW offshore wind turbine to simplify the
understanding of the concept and to discuss a use case. The IEA 15 MW reference

turbine serves as a basis for the design.

The rotor is designed to operate in a light-wind and a strong-wind mode. Figure 2.1
visualizes the desired axial induction in the two operating modes and provides an

overview of the characteristic key points for the two parts of the rotor.

(a) (b) Inner blade section Outer blade section
Design TSR=9 Design TSR = 11
 “Conventional rotor” » Power production

Light winds * Axial induction = 0.33 * Optimum angle of attack

#odbl lnduetion Operating TSR = 11 + Axial induction = 0.2

1
1
| Lever arm of resulting bending force
1

033 ¢t | Conventional rotor Limiting loads are reached

« Power production « Relieved

* Optimum angle of attack * More permeable rotor disc
02171 ! Low induction rotor

1 Operating TSR =9 + Axial induction = 0.2 + Axial induction - 0
i ,no load* blade Lever arm of resulting bending force
0.7 1 1R Rated power reached

Figure 2.1: (a) Desired axial induction along the blade span for the operating
modes in light wind (blue) and strong wind (yellow). (b) Schematic overview of
the design criteria of the Hybrid-Lambda concept.

In light-wind conditions, the rotor operates at the high TSR of 11 and the slender
outer part fully contributes to the increased power capture. The outer part is now
operating at its design point, defined as the high TSR, an axial induction factor of 0.21
and the optimal angle of attack (the latter is here derived from the optimal lift-to-drag
ratio). The outer part can thus be interpreted as a low-induction rotor extension. The
inner part of the rotor operates like a conventional rotor with an axial induction factor
close to 0.33. This is chosen in order to maximize the power output in light winds. But
the reader should bear in mind that this part is not operating at its design point, as it is
designed for a lower TSR of 9.

In stronger winds (but still below rated wind speed), the design value of the
stationary RBM is reached. Then the TSR is reduced to a value of 9 and the torque
generation is shifted to the inner section of the rotor, which is now operating at
its design point, defined as the low TSR, an axial induction factor of 0.21 and the

optimal angle of attack (AoA). In contrast, the outer region is significantly relieved,



2.2 Methodology 19

as it is now operating at very low angles of attack. Ideally, the outer part of the
rotor would now operate at an axial induction of zero, which means it is no longer
contributing to the power production and would not produce any thrust loads.
Of course, this is not feasible, but it should serve as an objective. In this way, the
outer part of the rotor disc becomes more permeable and the lever arm of the
resulting bending force is reduced. As the rotor is designed for and operated at

two different TSRs, we refer to the concept in the following as the Hybrid-Lambda Rotor.

The transition between the operating modes introduces a new control region, since
the switching of the TSR is not a sudden change but rather a continuous reduction in
TSR. In this paper, it is realized with a constant rotational speed (in revolutions per
minute, rpm) in region 2.2 as shown in Fig. 2.2. The reduction in TSR alone (with a
constant rpm) is not enough to limit the loads. On the contrary, it is part of the design
methodology to combine a reduction in TSR and pitching to feather for load limitation
as further analysed in Sect. 2.3.1. Consequently, the so-called strong-wind mode cannot
be described with a constant pitch angle. With increasing wind speed the pitch angle
is gradually increased towards feather to limit the flapwise RBM. This action will be
referred to as peak shaving in the following. Note that the transition of TSRs could also
be realized in different ways (e.g. a sudden reduction or gentle increase in rpm). In
fact, the optimal combination of TSR and pitch for the transition region can be found
by constraining the flapwise RBM and searching for the optimum in the matrix of
power coefficients for all relevant TSR and pitch values. These optimization routines
resulted in a gently increasing rpm throughout region 2.2 and 2.3. However, for all
wind speed bins, the increase in the power output was never larger than 0.5% of
rated power compared to the constant rpm solution presented here. Consequently, the

aforementioned alternative for the transition region is not presented in this paper.

Furthermore, we design the blade in a way that peak shaving is applied more
efficiently. The inner section is designed with a twist offset towards stall. This comes
with several advantages. The inner section does not operate in the design point in the
low-wind regime. As it is twisted towards stall and operated at a higher TSR than it
was designed for, a fairly conventional induction factor of 0.33 can be reached, which
leads to an increase in the power coefficient in the low-wind regime. The angle for
the twist offset is derived iteratively in stationary blade element momentum (BEM)
simulations to reach the desired axial induction factor of 0.33 in the inner section at

the high TSR. Using the twist instead of the chord length as a tool for this increase
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Figure 2.2: Rotational speed and pitch schedule over wind speed; crosses indicate
operational points shown in Figs. 2.6 and 2.8 with corresponding colours.

in the axial induction factor allows us to use smaller chord lengths, which leads to
more slender, lighter and possibly cheaper blades. Hence, the twist offset defines
the difference in the axial induction factor between the light- and strong-wind mode
for the inner part of the blade and it further influences the pitch angle at vgpift eng
that is needed to limit the loads. In fact, the pitch angle of 2.2° at vgpift enqg almost
perfectly counterbalances the twist offset of —2.5°. Hence, the inner part of the blade
operates in its optimal lift-to-drag ratio at this wind speed, although the entire blade
is already pitched to feather for load reduction. When peak shaving is applied,
pitching shifts the inner section to operate at its aerodynamic optimum rather than
moving away from it. It reaches its design point (an induction factor of 0.21 at the
low TSR), which is beneficial for load reduction. In contrast, the outer section is now
operated in a “pitched-to-feather condition” and is greatly relieved. The limits to
this methodology are negative lift and the stall angle. The latter is also plotted in Fig. 2.8.
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The overall design and optimization workflow is illustrated in Fig. 2.3. The process
can be explained in four steps: an aerodynamic blade optimization, an aero-structural
optimization of the blade, a structural optimization of the tower and the aero-servo-
elastic simulations. In the first step (aerodynamic optimization), the design variables
are the transition point between the inner and outer blade section, the design TSRs, the
design axial induction factors, the twist offset, and the design angle of attacks. Once
a reasonable design is established, the influence of the rotor radius is investigated. In
the second step (the aero-structural optimization), the design variables are the airfoil
positions and the spar cap thickness. Once the aero-structural optimization is converged,
the aerodynamic optimization is re-calculated once with the new airfoil positions. As a
third step, the tower and monopile are optimized for a fixed rotor design. The resulting

turbine design is then investigated in aero-servo-elastic simulations.

2.2.2 Design and simulation methodology

In the first step in the blade design, we calculated the chord and twist distribution
along the blade span. As the Hybrid-Lambda Rotor is compared with the IEA 15 MW
reference turbine, the same airfoil family is used and the airfoil distribution along the
blade span is adopted in a first step. The airfoil position is later optimized as described
in Sect. 2.2.3. With the target design TSR (44), the design axial induction factor (a)
and the design AoA (oy), the corresponding chord (c) and twist distribution () for
the two blade sections are calculated, following a procedure described by Burton et al.
(2011). We chose the design AoA and the corresponding lift coefficient (C7) as the angle
with the highest lift-to-drag ratio individually for each blade station. This results in
a slightly discontinuous chord and twist distribution. Therefore, smoothing with a
moving average window is applied. First, the tangential induction factor (a’) from
Eq. (2.1) is calculated. The distribution of the inflow angle (¢) can be calculated as
written in Eq. (2.2) and the twist distribution results according to Eq. (2.3). Finally, the
chord distribution (c) is calculated with Eq. (2.4).

,  a(l—a)
a = (2.1)
23 (%)
l1—a
tan(]) = W (22)

B=¢—-0q (2.3)
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Here, R is the radius of the turbine, r is the mean radius of the local blade element

and B is the number of blades.

In the second step, the twist offset towards stall is applied to the inner section and
smoothing of the chord and twist distribution is applied where necessary. In the root
section, the non-dimensional chord c/R is adopted from the reference turbine (which
will be necessary to carry the increased torsional and edgewise bending moments) and
the maximum twist is limited to 15°. The design process continues with iterations on
the axial induction distribution and the twist offset to meet the requirements regarding
the angle of attack and axial induction distribution in both operating modes.

To iterate the design process, we investigate the derived design concepts as rigid
structures with steady-state BEM simulations (as described by Hansen, 2008), including
Prandtl tip-loss and root-loss corrections as well as the Glauert high-thrust correction
with the approximation by Buhl (2005). The full set of relevant TSRs and pitch angles
is computed, and in a second step, the control schedule is defined, e.g. assigning the
specific TSR and pitch angle over the operational range of wind speeds. We iteratively
optimize the blade design on the basis of the BEM simulations. After the design criteria
are satisfied, we continue investigating the rotor concept with aeroelastic simulations,

as described in the next section.

2.2.3 Structural design, aeroelastic simulation and optimization meth-

odology

To further investigate the feasibility of the Hybrid-Lambda Rotor, we develop a
structural model for the blade. The workflow described in this section is carried
out after freezing the design output variables’ rotor radius and the chord and twist
distribution. A link back to the aerodynamic optimization was only performed for a
few major design versions, as indicated in Fig. 2.3. An initial layup, which is close
to a scaled layup of the IEA 15 MW reference turbine, is designed in NuMAD (Berg
and Resor, 2012), consisting of a blade shell, two spar caps, two shear webs, and
leading-edge and trailing-edge reinforcements. Blade cross-section properties are
calculated with PreComp (Bir, 2005). In the next step, the blade is optimized with
the Wind-Plant Integrated System Design and Engineering Model (WISDEM; Dykes
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et al., 2021). This open-source tool allows for rapid design space exploration, including
the calculation of characteristic curves, steady-state load calculations, material stress
assessments and optimization routines. The source code of WISDEM is adjusted to
implement the control strategies of the Hybrid-Lambda Rotor, as described in the
following. For each design iteration, the wind speed vgpif start at which the transition
from the light-wind to the strong-wind mode should start is calculated first. This is
done by finding the operational point at the maximum power coefficient for the given
turbine design (at TSR = 11 and fine pitch = —0.8°) when the limiting flapwise RBM is
first reached. For higher wind speeds, the rotational speed schedule is adjusted in order
to execute the transition to the low TSR. Further, a peak-shaving algorithm ensures
the limitation of the flapwise RBM. In a steady-state load calculation, the strains in the
spar caps are calculated according to Hansen (2008) and the maximum tip deflection is
derived. Free design variables are the radial positions of the airfoils for the inner blade
section (airfoils for the outer blade section are locked) and the spar cap thickness on the
suction and pressure side. Constraints for the optimization process are tip deflection,
blade eigenfrequencies (must be above the rated blade passing frequency, 3P), the
strains in the spar caps and a stall margin. The latter would only be active if the change
in the airfoil position leads to an operating angle of attack larger than the stall angle of
the respective airfoil (chord and twist are not optimized in this structural design step).
The objective function of the optimization process is the cost of valued energy. For each
iteration the schedule of rpm, pitch, power, thrust and flapwise RBM over wind speed
is re-calculated. The load case considered for the constraints is a steady inflow at the
strongest wind speed in the light-wind mode vgpift start, @s calculated for each design
iteration (in this case v = 6.9ms™!, TSR = 11, Bpitch = —0.8°). This is the operational
point just before the limitation of the flapwise RBM starts by lowering the TSR and
pitching, and it is found to be the most critical regarding steady-inflow tip deflection
and RBM (compared to other steady-inflow wind speeds). To account for higher
loads that will certainly occur under dynamic-inflow load cases, the constraints for
tip deflection and strains are set relatively strictly. This way, the optimization routine

can run computationally efficiently and more complex load cases are verified afterwards.

The tower of the turbine is optimized with WISDEM, too. As the main focus of
this paper is the aerodynamic rotor concept, we only present a preliminary tower
design and the simple choice of a monopile foundation was made, although the
authors are well aware that in reality, such a large turbine will most likely be mounted

on a jacket substructure. Design variables for the optimization are the tower and
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monopile diameter and the material thickness. Constraints are the material stresses,
shell buckling, and global buckling and the first structural natural frequency should be
between 1P and 3P excitation (with a 10 % safety margin) within the operational range
of the rotor speed. The objective function of the optimization routine is the combined
structural mass of tower and monopile. For the optimization, a constant loading is
applied at the tower top. This loading is derived with an initial aeroelastic simulation
with an extreme turbulence model and a mean wind speed of 9ms~!. Safety factors
are chosen according to IEC 61400-1 (2019), but the partial safety factor for loads was
increased from 1.35 to 1.35-1.2 = 1.62 to account for the simplified load analysis for this

preliminary optimization study.

The cost model implemented in WISDEM based on the work from Fingersh et al.
(2006) was used to create a breakdown of the costs of major wind turbine components.
The model includes a rather detailed estimation of the blade costs, as described by
Bortolotti et al. (2019), including assumptions for materials, labour, tooling and many
more aspects. On the contrary, the costs for parts like the pitch system and the hub
are implemented as simple functions of the rotor diameter or the blade mass. The
assumption of the direct drive generator costs was adjusted, since the original model
only takes the machine rating as an input. In our case, the rated power remains constant
but the rated torque increases, since the maximum rpm is reduced (constant maximum
blade tip speed). According to Fingersh et al. (2006), the generator mass scales with
Mg,rated0'606, with Mg 1aeq being the rated generator torque. We accounted for the mass
increase in the cost estimation, assuming that the costs increase linearly with the mass.
Overall, the cost model can serve to point out trends in the development of costs when
increasing the turbine size, but absolute values should be handled with care.

Aeroelastic simulations are carried out with OpenFAST V3.1 (Jonkman et al., 2022).
The aerodynamic modelling includes the effects of tower shadow and the aerodynamic
loading on the tower, as well as the Minnema-Pierce dynamic stall model, as described
by Damiani and Hayman (2019). For the purpose of this conceptual study, the authors
chose ElastoDyn as a structural model which uses the Euler-Bernoulli beam theory
with fitted mode shapes. This module is computationally inexpensive and allows
for efficient design iterations. The shortcoming is the low modelling fidelity as the
blades are modelled as straight, isotropic beams and blade torsion is neglected. For
high-fidelity investigations, this assumption does not hold true for blades of this size,

and further simulations are planned using the fully coupled 6 x 6 mass and stiffness
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matrices to elaborate the impact of the simplifications made with the low-fidelity
structural model. The authors are also aware that aeroelastic stability can be a main
design driver for the structural design of such a long and slender blade. However, this

is out of the scope of this aerodynamically focused paper.

To investigate the aeroelastic behaviour of the Hybrid-Lambda Rotor under transient
inflow conditions, a set of design load cases (DLCs) are defined in Table 2.1. The DLCs
are numbered according to the standard Det Norske Veritas group: DNV-GL ST-0437
(November 2016 (amended: November 2021)). From preliminary investigations, the
most critical DLCs were identified as extreme wind shear, storm events with yaw
misalignment and power production with the normal turbulence model (NTM). Those
DLCs are simulated for the Hybrid-Lambda Rotor and the IEA 15 MW reference turbine
with the same simulation methodology with the exception of DLC 6.3, which could not
be simulated for the IEA 15 MW reference turbine due to stability problems for large

yaw angles.

Table 2.1: Set of ultimate design load cases investigated in aeroelastic simulations.

DLC Description Wind speed at hub height
[ms~']
DLC 1.5 Transient extreme wind shear 10

(vertical and horizontal wind shear
positive and negative)

DLC 1.6 Power production, NTM 5,7.5,10,13,18, 21

DLC 6.1 Extreme wind speed model, 50
50-year storm, yaw misalignment of £8°

DLC 6.3 Extreme wind speed model, 40

1-year storm, yaw misalignment of +20°

2.3 Results

In this section, we focus on the given use case of the 15 MW offshore wind turbine, no
longer generalizing the concept, in order to simplify the understanding. This means
only one specific turbine diameter is presented here, although the influence of the rotor

radius as a design variable was investigated and is further described below. We first
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address the resulting aerodynamic blade design and the influence of certain design
variables. Table 2.2 summarizes general turbine parameters. The second part deals
with loads, axial induction, the angle of attack and power generation under steady- and
uniform-inflow conditions. This is followed by the results of the structural design and

the aero-servo-elastic investigations.

Table 2.2: General parameter of the Hybrid-Lambda Rotor and the reference
turbine.

Description Symbol  Hybrid-Lambda IEAref. Unit Type of design variable
Rotor  turbine

Number of rotor blades B 3 3 - fixed

Rated power Prated 15 15 MW fixed

Rotor diameter D 326 240 m optimized

Specific rating 180 332 Wm2 optimized

Hub height 193 150 m derived from rotor diameter

Design TSR inner 70 % of blade span Ad,inner 9 9 - optimized

Design TSR outer 30 % of blade span Ad,outer 11 9 - optimized

Max rotor speed Wmax 5.38 7.56 rpm derived from rotor design

Min rotor speed ®min 2.8 5.0 rpm derived from rotor design

Max blade tip speed 95 95 ms~! fixed

Cut-in wind speed Vcut-in 3 3 ms™! fixed

Rated wind speed Vrated 10.2 10.6 ms™! derived from rotor design

Cut-out wind speed Veut-out 25 25 ms™! fixed

Blade prebend 5.43 40 m fixed/derived from diameter ratio

Unloaded tip-to-tower clearance 38 32 m fixed/derived from diameter ratio

Rotor precone angle 4 4 ° fixed

Shaft tilt angle 6 6 ° fixed

Blade mass 140 65 t optimized

Max power coefficient p 0.48 0489 - derived from rotor design

Thrust coefficient in light-wind mode CLLW 0.78 0.799 - derived from rotor design

Thrust coefficient in strong-wind mode ¢t sw <0.52 0.799 - derived from rotor design

2.3.1 Aerodynamic blade design

The Hybrid-Lambda Rotor has a specific rating of 180 Wm~2 and a rotor diameter of
326 m, which corresponds to an increase in rotor diameter and the swept area by a
factor of 1.36 and 1.84, respectively. As shown in Fig. 2.4, the above-described design
principles lead to a very slender blade due to the design for a lower induction factor
of 0.21. The outer blade section is even more slender due to the design for the higher
TSR. Nevertheless, the blade root diameter is scaled by the same factor as the rotor
radius to create space for a larger pitch bearings. Figure 2.5 shows the blade twist. Of
particular interest are the negative twist offset in the inner blade section and the design
for optimal AoA in the outer blade section when operated at zero pitch in light winds.

The twist offset is further described and investigated in Sect. 2.3.2.
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In the following paragraphs, we discuss some challenges in the design process and
the influence of certain design parameters. First, we discuss the influence of the specific
rating and thus the rotor radius. In these considerations, we assume the distribution
of axial induction and the relative position of the transition point between the inner
and outer blade section are unchanged. These are addressed in the next paragraphs.
When varying the rotor radius, we still keep the objective of limiting the steady-inflow
flapwise RBM to the maximum value of the reference turbine. If the rotor radius is
enlarged, the power output is increased before the limiting loads are reached (e.g. in
region 1 and 2.1). But at higher wind speeds, when peak shaving is applied (in region
2.2 and 2.3), the blade must be pitched further and power losses are more pronounced.
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This can even lead to the fact that the turbine reaches rated power at higher wind
speeds compared to the initial design. Furthermore, at a lower wind speed, the limiting
loads are reached and the blade operates in a wider range at maximum loads (flapwise
RBM). The choice of the optimal rotor radius is therefore taken by carefully choosing a
reasonable value for the wind speed at which the limiting loads are reached (in this
case about 70 % of rated wind speed), with the further aim of reducing the rated wind
speed compared to the reference turbine. In the given case, this leads to a specific rating
of 180 Wm~2 and a diameter of 326 m for the conceptual design. Typical specific ratings
for offshore turbines are on the order of magnitude of 400 Wm~2 and are expected by
Dorenkdmper et al. (2023) to drop to approximately 330 Wm ™2 in the next few years.
For onshore turbines, Dérenkdmper et al. (2023) reported a drop in the average specific
rating for newly installed turbines in Germany from around 400 Wm~2 in 2012 to
300 Wm~2 in 2018. These numbers highlight the extremity of the Hybrid-Lambda Rotor
design and clearly show the change in design philosophy.

As a second aspect, we address the relative position of the transition point
between the inner and outer blade sections. The induction distribution within the
two sections is again considered unchanged. In this case, a shift of the transition
point towards the blade tip increases the section of the blade that experiences higher
loading. Therefore, the turbine reaches the limiting loads at lower wind speeds
and the range of peak shaving becomes wider. Again, this shifts the compromise
finding towards power maximization in the light-wind mode. If the transition point
is moved too far towards the tip, the tip-loss effects can overshadow the beneficial
aerodynamic influence of the low-loaded tip section. In the present study, we chose
the transition point to be at 70% blade span, which allows for two descriptive
explanations: first, the swept areas of the two blade sections have almost identical
sizes (inner rotor disc and outer rotor annulus). Second, the inner rotor disc has
almost the same size as the swept area of the reference turbine, which means the

slender outer section of the blade can be interpreted as an extension of the original blade.

As a third design variable, the axial induction is addressed. When a blade operates
at a higher TSR than it is designed for, an undesired increase in axial induction along the
blade span towards the tip is observed. This means, when plotting the axial induction
vs. radius, the line tilts upwards. The design point for the inner blade section is the low
TSR of 9 and an axial induction factor of 0.21 with a pitch angle of 2.2° to achieve the

above-mentioned change in AoA distribution. At the same time, when operated at a
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high TSR and zero pitch, an axial induction factor of 0.33 is desired with a distribution
that is as uniform as possible over the inner blade section. To find a compromise
between these two requirements, the induction in Egs. (2.1), (2.2) and (2.4) is linearly
lowered from 0.225 at 30 % blade span to 0.17 at the end of the inner blade section
(at 70 % blade span) before the twist offset is applied. In this way, we can achieve a
tairly constant axial induction in the inner section in the light-wind mode, while in the
strong-wind mode a modest decrease in the axial induction towards the tip is beneficial
for load reduction. Figure 2.6 shows the axial induction for various operational points
as a result of stationary BEM simulations. In fact, the decreasing axial induction towards
the blade tip in the strong-wind mode (see Fig. 2.6, yellow line) shows a similar trend to
that derived by Jamieson (2020), which is beneficial for rated load reduction.
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Figure 2.6: Axial induction: light-wind mode (blue), transition (red), strong-wind
mode (yellow), peak shaving (dashed, purple), rated power (dash-dotted, green)
and design value 0.21 (dash-dotted, black).

2.3.2 Aerodynamics, loads and power in steady-inflow BEM simula-

tions

After addressing the blade design, we present results from the BEM simulations
and the derived control strategies with steady and uniform inflow and with rigid
structures. The concept is further compared to the reference turbine. Note that due
to the gradients along the blade span, the assumptions made in the BEM theory can
reach their limit. We used free-vortex wake methods to investigate to what extent the
assumption of independent blade elements in the BEM theory is violated. Results show

good agreements for rotor-integrated quantities (power and thrust), although some
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differences are noticeable in the radius-resolved variables when the gradients along
the blade span are large in the light-wind mode. The interested reader is referred to
Ribnitzky et al. (2023).

First, the control strategy for the Hybrid-Lambda Rotor is presented in Fig. 2.2.
At a cut-in wind speed of 3ms~! and above, the minimum rotational speed is set to
2.78 rpm, which is approximately half of the maximum rotational speed. From 4 m g1
on, the rotor operates at the high TSR of 11 in the light-wind mode and at a fine pitch
angle of —0.8°, which leads to the maximum power coefficient. This pitch angle is
called fine pitch since the pitch angle for optimal ¢, was derived after the blade design
was concluded. The limiting loads are reached at 6.8 ms~!. For higher wind speeds,
peak shaving ensures the limitation of the flapwise RBM and the rotational speed is
kept constant until the lower TSR of 9 is reached. During the strong-wind operation
mode, this TSR is maintained until the maximum rotor speed is approached. In the
pitch schedule in Fig. 2.2, it is visible that the necessary pitch angle to limit the flapwise
RBM increases more slowly in region 2.2 (where the transition of the operating modes
takes place) compared to region 2.3. From a wind speed of 15ms™~!, rated power and
the rotational speed are linearly decreased. This takes into account the oversupply of
wind power from conventional turbines, and it is expected to further reduce the fatigue

loads of the very slender blades.

To better understand the aerodynamic concept and to take additional benefits from
the operation with two design TSRs, we take a closer look at the transition between the
two design points. When the TSR is lowered (constant rpm, increasing wind speed),
the AoA and therefore the lift coefficient increases because the axial flow component
increases and the circumferential component remains constant. But in terms of reducing
the loads, an increase in AoA is not desired. For an ideal transition from light-wind to
strong-wind mode, the blade would see an increase in AoA in the inner section and a
decrease in AoA in the outer section. This would shift the power generation to the inner
section and reduce the lever arm of the resulting bending forces. Figure 2.7 shows the
inflow angle distribution over a non-dimensional radius for a varying TSR for a certain
constant axial induction factor a, as described in Eq. (2.5) according to Gasch and Twele

(2012). We plotted a wider range of TSRs to emphasize the differences.

6(r) = arctan ((1 - a)%) (2.5)
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Figure 2.7: Inflow angle distribution for a varying TSR (assuming constant a = 1/3
over the blade length).

This formula is valid for a constant axial induction factor along the blade span,
which is not the case for the given concept. But to simplify the understanding, we will
use the formula for the following findings. Obviously, closer to the root the change
in the inflow angle is greater than at the tip. Thus, the above-mentioned change in
AoA distribution (i.e. inboard increase and outboard decrease) can be achieved if
the blade is pitched towards feather while simultaneously reducing the TSR. To the
authors’ knowledge, this technique has never been documented before in wind energy
applications, and we will use this technique to fine-tune the aerodynamic behaviour
during the transition between the two operational modes, emphasizing the change in
AoA. Figure 2.8 shows the angle-of-attack distribution for the Hybrid-Lambda blade.
The outer blade section operates at the optimal AoA in the light-wind mode, while
the inner blade section operates below the optimal AoA because it is operated at a
higher TSR than it was designed for. When transitioning to the strong-wind mode
(i.e. lowering the TSR and pitching to feather), the AoA decreases in the outer section
but increases in the inner section. In this way, the inner section operates closer to the
optimal AoA, and the change in the AoA distribution reduces the lever arm of bending
forces.

In this paragraph, we analyse the power output of the Hybrid-Lambda Rotor
and investigate whether the desired advantages are met. Close to cut-in wind speed,

wind turbines operate at very high TSRs because the minimum rotational speed is
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Figure 2.8: Angle of attack (BEM): light-wind mode (blue), transition to strong-
wind mode (red) and strong-wind mode (yellow).

set by the generator characteristics and by the first tower eigenfrequency. As seen in
the power curve, the presented concept (solid red line in Fig. 2.9) shows advantages
because the light-wind design point of the blade is at a higher TSR and therefore
closer to the operational TSR at cut-in. The Hybrid-Lambda Rotor operates at the
high design TSR up to 6.8 ms~! until the limiting flapwise RBM is reached. At this
point, the turbine’s power is 1.8 times greater than the reference turbine’s power (blue
line). The aerodynamic power coefficient in the light-wind mode is 0.481, which is
only 1.7 % lower than the maximum power coefficient of the reference turbine. At
higher wind speeds, the turbine operates at the lower TSR and peak shaving through
pitching to feather is applied to limit the loads. Here, the different efficiencies in peak
shaving are visible. The potential is shown by the dotted red line, which represents
the power output if the loads are not limited through peak shaving. The dashed green
line indicates the power curve of the reference blade that is geometrically scaled by the
same factor and where conventional peak shaving is applied to limit the flapwise RBM.
This means only the pitch angle is set to a higher value to constrain the flapwise RBM
while the rpm follows the design TSR. In contrast, the dotted black line represents the
same blade (geometrically scaled IEA 15 MW) but peak shaving is applied in a similar
manner to for the Hybrid-Lambda Rotor. This means for v > vgpif start the rpm is kept
constant until the operational TSR is reduced from 9 to 7. For v > vgpift eng the rpm
schedule follows the TSR of 7, which is an arbitrary choice in this case and should be
optimized in a detailed design study. In addition, the pitch angle is set for v > vghif start
in order to limit the flapwise RBM. In short, we are applying the Hybrid-Lambda

control strategy to a conventional blade design. The results show that the power output
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can be greatly increased if the TSR is lowered in region 2.2 and 2.3 (compare dashed
green and dotted black line in Fig. 2.9). Thus, peak shaving should be accomplished not
only by increasing the pitch angle, but also by optimizing the operational TSR with
respect to the load constraint (as also indicated by Madsen et al., 2020). Since the results
show that a reduction in the operational TSR is beneficial in the peak-shaving region, it
makes sense to account for this fact already in the blade design which is integrated in
the Hybrid-Lambda design methodology. Indeed, the Hybrid-Lambda Rotor enables
even lower power losses in the peak-shaving region, since the TSR reduction is already
accounted for in the blade design (compare solid red and dotted black line in Fig. 2.9).
The turbine concept reaches its rated power at 10.2ms ™!, which is 0.4 ms~! lower than

the reference turbine.
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Figure 2.9: Power output of the Hybrid-Lambda Rotor (solid red) compared to the
reference turbine (blue) and a scaled reference turbine (dashed green and dotted
black).

Further benefits become clear when looking at the thrust characteristics of the
Hybrid-Lambda Rotor in Fig. 2.10. Low thrust coefficients are beneficial in terms of
design driving loads and wind farm efficiency. The maximum thrust coefficient of the
conceptual rotor is comparable to the reference turbine. But the real advantage lies in
the transition to the strong-wind mode. The blade is pitched and the thrust coefficient
decreases rapidly, which leads to much lower wake losses for wind speeds greater than
6.8 ms~!. The wake losses of the Hybrid-Lambda Rotor are addressed by Ribnitzky et al.
(2023). Results show significant advantages even in a scenario with constant absolute
spacing (compared to the IEA 15 MW reference turbine). The maximum dimensional
steady thrust is only 3 % higher than the maximum value for the reference turbine.

Since the thrust is employed over the 85 % larger swept area, the thrust coefficient
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drops significantly. A breakdown of the contribution to the thrust coefficient of the
inner and outer parts of the rotor is depicted in Fig. 2.10. Those are calculated by
separately considering the respective swept area and blade span for the actual thrust
force and reference force. As the inner rotor operates at higher axial induction factors
(in light-wind mode) compared to the reference turbine, higher thrust coefficients are
derived. But for wind speeds greater than 7.4ms™! the thrust coefficient of the inner

rotor disc is lower than the value of the reference turbine due to peak shaving.
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Figure 2.10: Thrust coefficient of the Hybrid-Lambda Rotor (RBM limited) com-
pared to the reference turbine.

2.3.3 Optimization of the structural blade and tower design

Multi-disciplinary design and optimization routines are nowadays common practices
in wind energy research. Consequently, the objective of this section is not to provide a
new design methodology but to elaborate on a consistent and realistic system design
also being possible for such an innovative and in some sense unconventional rotor
design. A common problem with very long and slender blades is the low area moment
of inertia that such cross-sections provide. Thus, the stiffness provided by the geometric
shape is relatively low and massive reinforcements by very thick carbon spar caps need
to be added. This often leads to heavy and expensive blades, which means that the
advantage of a slender blade, which is expected to use less material, is counterbalanced.
This thesis is supported, as the initial blade design of the Hybrid-Lambda Rotor is only
5% lighter than expected by the cubic scaling law if the reference blade were scaled
geometrically (see Fig. 2.11).

A possible solution is to increase the relative thickness (which is equivalent to pushing

the thicker airfoil sections closer to the tip) to increase the geometric area moment of
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Figure 2.11: Comparison of structural parameters between initial (dashed lines)
and optimized (solid lines) blade design: relative thickness distribution (a), spar
cap thickness distribution (b), strains in the spar caps (SS, suction side; PS, pressure
side) (c) and blade mass relative to the cubic scaling law of the IEA 15 MW blade
mass (d).

inertia and reduce the spar cap thickness accordingly to save material, mass and costs.
On the one hand, the designer sacrifices aerodynamic efficiency and consequently AEP,
as the thicker airfoils are less efficient. On the other hand, the blade can be designed
to be lighter and less costly. This trade-off is made by minimizing the cost of valued
energy (COVE), using the multi-disciplinary optimization algorithm WISDEM which
was adjusted by the authors to implement the Hybrid-Lambda design methodology,
as described in Sect. 2.2.3. Three design parameters are compared along the blade
span between the initial and the optimized blade in Fig. 2.11. The relative thickness
for the inner blade section is increased while the airfoils are locked for the outer blade
section in order to maintain the aerodynamic characteristics of the tip region, which
is designed for the light-wind regime. The spar cap thickness is reduced, especially
for the root section (0 < r/R < 0.4). This section sees much larger chord lengths, as
the blade root diameter is scaled by the same factor as the increase in rotor diameter
to create space for larger pitch bearings which will be needed to carry the increased
edgewise bending moments. Due to this large chord length close to the root and

the further increase in relative thickness in the optimization, the area moment of
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inertia is relatively large and the spar cap thickness can be reduced significantly. This

leads to a more uniform distribution of the strains in the spar caps, as shown in Fig. 2.11c.

Special care needs to be taken on the transition of the inner and the outer blade
section at 70 % blade length. In this area, the chord length and the aerodynamic forces
change over a small spanwise section. In the initial design, this area was reinforced
by a thicker spar cap layup (see dashed blue line in Fig. 2.11) to reduce the peak that
was observed in the strains in this transition area. Of course, such a distribution
of spar cap thickness is not beneficial in terms of eigenfrequencies because it adds
more mass closer to the tip, which drives down the eigenfrequencies and most likely
has to be compensated for by a stiffer design of the inner blade section. However,
the optimization algorithm reduced the spar cap thickness in this transition area at
70 % blade length, too, which did not lead to a significant increase in the strains. The
resulting mass and stiffness distributions are compared to those of the IEA 15 MW
turbine in Fig. 2.12, clearly showing the steeper gradient in the flapwise stiffness in
the transition area of the Hybrid-Lambda blade. The reader should bear in mind that
the structural solver PreComp is a 2D cross-sectional solver and does not account for
stress concentration due to rapid changes in the geometry in the spanwise direction.
Overall, the optimized blade is 14 % lighter compared to a geometrically scaled blade
of the same size. If we were to define n as the ratio of diameters of the reference and
the Hybrid-Lambda turbine, the blade mass would increase with n, according to
Gasch and Twele (2012), while our design leads to an exponent of 2.5 instead. Note
that the reference exponent of 3 is only derived by geometric considerations. Griffith
and Richards (2014) summarize recent trends for commercial and research blades and
state mass scaling exponents of 2.5 for moderately innovative blades and 2.1 for highly

innovative designs.

The initial tower is designed as an isotropic, tapered steel tube. The design is similar
to the tower of the IEA 15 MW reference turbine with the adjusted hub height and an
increase in tower diameter from 10 to 11 m at the tower base. After the optimization
the tower base diameter is reduced to 8.54 m and the material thickness is increased
accordingly to meet the requirements for buckling, stress constraints and eigenfrequen-
cies. The monopile diameter is reduced to the same value. Overall, the combined
structural mass of tower and monopile is reduced by 17.5 % compared to the initial
design, which leads to significant cost savings, as further described in Sect. 2.3.5. As

shown in Fig. 2.13, the tower design results in a classic soft—stiff design with the first
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eigenfrequencies between the rotational (1P) and blade passing (3P) frequency. The first

flapwise eigenfrequency of the blades is safely above 3P excitation.
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Figure 2.12: Mass and stiffness distribution for the optimized Hybrid-Lambda
blade (red) and the IEA 15 MW blade (blue).
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Figure 2.13: Campbell diagram for optimized blade and tower design. Safety
margins of 10 % for 1P and 3P excitations are shown in grey.

2.3.4 Aeroelastic load simulations

After setting up a consistent turbine model, we investigate the Hybrid-Lambda Rotor

with aeroelastic simulations. First, the controller design is described. In Sect. 2.3.4.2,
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we describe the transition between the operating modes in a turbulent wind field. We
turther investigate a set of design load cases in Sect. 2.3.4.3, and in Sect. 2.3.4.4 we
examine extreme wind shear events. The presented conceptual investigation does not
include a fatigue analysis. Despite its general importance, this is considered out of the

scope of the paper, which is further discussed in Sect. 2.4.

Initial controller design

The innovative operating characteristics described in Sect. 2.3.2 open up new challenges
and opportunities in the design of the controller. The partial-load regime below rated
is no longer governed by a pure torque controller. Two newly arising challenges are
the transition between the operating TSRs and the limitation of the flapwise RBM.
Changing the TSR is certainly an important topic for the controller design and drive
train dynamics, given an increase in the rotational inertia of the Hybrid-Lambda Rotor
compared to the reference turbine by a factor of 3.5. According to generic scaling laws,
the rotational inertia increases with n°, while the slender blades and lower radius of the
centre of mass of the Hybrid-Lambda Rotor lead to an exponent of 4.1 instead. In this
study, we aim for a controller that fulfils these basic requirements using only standard
methods like pitch and torque control. Of course, an advanced controller design like
individual pitch or observer-based feed-forward control would be beneficial for a rotor

of this size, but it is not in the scope of this paper.

To better describe the control strategy, we will distinguish four regions below rated
power, as depicted in Fig. 2.2. Following a certain TSR (11 in region 2.1 or 9 in region

2.3) is achieved by setting the generator torque as

B TR pep(®)

My=—1 (2.6)

Note that there is no unique ¢ in region 2.3 since the pitch angle is a function of wind
speed. Hence, the desired ¢, from steady-inflow simulations is implemented as a
function of rotational speed. The transition between the two TSR values is based on a
proportional and integral (PI) controller, similarly to how the transition to the full-load
region is realized or how the torque control near the cut-in wind speed is done, as
described by Burton et al. (2011). During the transition between the two TSR values
(region 2.2), the PI controller keeps the rotor speed at the constant value wg;e; by setting
the generator torque. To assure a smooth transition to the constant-TSR regions, the PI

output is constrained by the torque values from Eq. (2.6) corresponding to TSR =9 and
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TSR = 11, respectively. In that way, the PI torque controller is active only during the
transition region, while the constant-TSR regions are achieved by the torque control law
from Eq. (2.6), similarly to conventional turbines with partial load. A similar PI-based
solution is also used for conventional turbines to avoid rotor speed values near the cut-in

and the rated wind speed that are too low or too high, as described in Burton et al. (2011).

For the pitch controller, two versions are implemented. The first version is referred to
as the simplified controller and implements the transition of the TSR and a look-up table
for the pitch signal for region 2.2 and 2.3. This simplified controller is used for the load
case calculations in Sect. 2.3.4.3. A second version is developed that features a feedback
from the flapwise RBMs, further referred to as the load feedback controller, and it is
applied in Sect. 2.3.4.2. The functionality of the pitch controller can be described in
three parts. Firstly, below rated, we use a conventional implementation with a look-up
table for region 1 and a constant pitch for the maximum power output in region 2.1.
The argument of the look-up table is the filtered wind speed, mimicking a wind speed
estimator. Secondly, above rated, a standard PI pitch controller ensures a constant
rotational speed or a linear decrease in rotational speed in region 3.2. Thirdly, in parallel
to these two functionalities, we implemented a load limiter (for region 2.2 and 2.3). To
do so, the mean of the three flapwise RBMs is low-pass-filtered and fed back to the
controller. The RBM feedback is then compared to the maximum allowed flapwise
RBM. As long as the RBM feedback is larger than the constraint, the reference pitch
value (output of the controller) is increased, thus not allowing the blades to reduce their
pitch angles, which would further increase the RBMs. The change in the reference pitch
angle is proportional to the difference between the RBM feedback and the constraint.
The output signal is saturated with the maximum pitch rate of 3°s™'. The proportional
gain is a controller parameter that needs to be tuned. Once the RBMs drop below the
constraint, the reference pitch angle is also reduced, thus allowing the PI pitch controller
to reduce the pitch angles to the optimum pitch in region 2 or to keep the rotor speed
constant in region 3.1. In this way, the amplitude of load variations can be drastically
reduced and load overshoots are less severe. Nevertheless, the increased pitch activity
needs to be considered when sizing the actuators and bearings which will influence the
resulting cost function. Instead of using the mean of all three RBMs, it is also possible to
use the maximum of the three signals as a load feedback. The implementation would be
identical to that described above. This results in larger pitch angles and lower loads but
obviously also reduces the energy yield. The choice of the respective feedback signal

and the magnitude of the constrained RBM are always a compromise between the load
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limitation and power maximization. In an advanced setting of turbine control and
structural health monitoring, this could also be adjusted throughout the lifetime of the
turbine, considering the actual condition of the turbine.

Additionally, advanced control designs are required to further limit the loads in
dynamic- and turbulent-inflow conditions. In fact, some findings from the aeroelastic
simulations show a need for an improved controller design, but this is in the scope of

future work.

Transition of operating modes in a turbulent wind field

From a conceptual viewpoint, the ability of the Hybrid-Lambda Rotor to switch
between the light-wind and strong-wind operating modes under turbulent inflow is of
special interest. For this purpose, a wind field with a normal turbulence model, a mean
wind speed of 7.5ms ™! and a turbulence intensity of 21 % is chosen and the ability of the
load feedback controller is tested. The results are shown in Fig. 2.14 (TSR, wind speed
and flapwise RBM are low-pass-filtered). Considering steady inflow, the maximum
flapwise RBM (dashed black line) is reached at a wind speed of 6.9 ms™! (Vshift start —
dashed blue line) and a pitch angle of 0°, and according to the design concept, the rotor
should switch to the strong-wind mode (lower TSR) for higher wind speeds. The time
periods with the wind speed at hub height below vgpif start are marked with a green
background to indicate that the rotor should be (in theory) in the light-wind mode
with the high TSR. For wind speeds greater than 8.3 ms™! (Vshift end — dash-dotted blue
line) the rotor should operate at the low TSR and those time periods are marked in
red. The time periods with the wind speed between vgpif start and Vghift end are marked
in yellow, indicating that the rotor is transitioning between the two operating modes.
Minor short-term exceedances of the transition wind speed are not highlighted.

In Fig. 2.14, three transitions from light-wind to strong-wind mode are visible. The
tirst one, starting at 212 s, shows a sudden gust event with an increase in wind speed
from 5.5 to 9.2ms ™! in only 14s. The rotor is able to reduce the TSR from 11 to 9.75
in 15s. The attentive reader will notice that for large rotors with a high moment of
rotational inertia, the TSR will decrease by default for a sudden increase in wind speed,
as the rotor speed changes much more slowly than the wind speed. However, as a
reaction to this gust event, the controller increases the torque rapidly (as shown with
the dash-dotted red line) to keep the rotational speed constant and to even enforce the
reduction in the TSR. The second ramp event takes place at 275, and the controller

reaction is similar to the above-described case. The third transition to the strong-wind
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mode occurs at 390s, and for the following relatively long strong-wind period, the
controller is able to reduce the TSR fully to the desired value of 9. However, this
transition is rather slow, occurring over a time period of 37s. The transitions from
strong-wind mode back to light-wind mode take place at 175, 227 and 335s. Especially
the latter transition happens relatively quickly (12s from TSR 10 to 11), reaching the
desired TSR of 11 exactly at the time when the wind speed drops below vgpigt start-
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Figure 2.14: Transition of operating modes in a wind field with the normal turbu-
lence model and a mean wind speed of 7.5ms~!; background colours indicate the
desired operating modes: green, light wind; red, strong wind; yellow, transitioning
between the operating modes.

This investigation shows that it is in general possible to apply the control strategies
described in Sect. 2.3.2 in a turbulent wind field in a fully aeroelastic simulation. Al-
though the transition between the operating modes is found to be possible, this method
is more suitable for slow changes in the mean wind speed. Sudden gust events, as
observed at 212, still lead to a minor exceedance of the flapwise RBM compared to the
limit that was applied in steady BEM calculations. Furthermore, it becomes clear that
the current controller setup could imply large torque variations and associated high
drive train fatigue loads. More advanced controller concepts (e.g. model predictive

control) are likely required.
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Comparison of ultimate loads with the reference turbine

After investigating the transition between the operating modes, we address ultimate
loads in the set of design load cases from Table 2.1. To reveal further advantages or
disadvantages of the aerodynamic design of the Hybrid-Lambda Rotor, we performed
these simulations with the simplified controller without the feedback of the loads (only
implementing the transition of the TSR with a look-up table for the pitch). Figure 2.15
presents the ultimate loads of the Hybrid-Lambda Rotor with solid bars and those
from the reference turbine with hatched bars. Three groups are distinguished by their
texture. First, the white bars illustrate the maximum loads under steady and uniform
inflow including elastic deformations. Two wind speeds (rated and vgpift start) Were
investigated, and the more severe case is displayed here. Second, the grey bars show
the theoretical load increase according to the generic scaling law as described by Gasch
and Twele (2012), which would apply to a geometrically scaled reference turbine
without changing the aerodynamic concept (e.g. scaling the steady-inflow loads of the
IEA 15 MW, displayed with white hatched bars). This means that flapwise RBM scales
with n?, edgewise mass-driven RBM with n*, thrust with n? and the tower base fore—aft
bending moment with "% - Niower (neglecting the rotor mass increase), where n is the
scaling factor of the rotor diameter and ntower the scaling factor of the hub height. The
out-of-plane tip deflection scales with n assuming that the aerodynamic forces scale
with n?, geometrical dimensions scale with n and the second area moment of inertia
of the blade cross-section scales with n*. The unloaded tip-to-tower clearance scales
with n, too (neglecting gravitational effects). Thus, the loaded tip-to-tower clearance
scales with n as it is the difference between two variables, both scaling with n (the
unloaded tip-to-tower clearance and the maximum tip deflection with the blade in
front of the tower). These scaling factors are only an indication of the upper bound,
since the design methodology of the Hybrid-Lambda Rotor includes peak shaving
with a constant flapwise RBM. Third, the coloured columns relate to the dynamic load

quantities from aero-servo-elastic simulations.

We first address the differences between the generic scaling law and the steady-
inflow loads (white and grey bars). As per definition of the design methodology,
the maximum flapwise RBM moment is maintained in steady- and uniform-inflow
conditions. Nevertheless, the blade length is enlarged and the edgewise mass-driven
RBM has to increase. Due to the very slender and relatively light outer blade section,

the lever arm of the centre of mass is shorter in relation to the total blade length. Hence,
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Figure 2.15: Ultimate loads in solid bars for the Hybrid-Lambda Rotor and in
hatched bars for the IEA 15 MW reference turbine; only critical loads are displayed.
Abbreviations: EWSH, extreme wind shear horizontal; EWSV, extreme wind shear
vertical; f-a BM, fore-aft bending moment; s-s BM, side-side bending moment.

the edgewise RBM is enlarged by a factor of 2.36 (cf. the blade mass increases by a
factor of 2.15). This means the edgewise RBM scales only with n?® rather than with
n* as with geometrical scaling. The tip-to-tower clearance represents a reserve; thus a
higher value indicates a safer design. Note that the unloaded tip-to-tower clearance
also increased as documented in Table 2.2. The loaded tip-to-tower clearance is larger
for the Hybrid-Lambda Rotor under steady—uniform inflow as expected by the scaling
law. The thrust is expected to be lower for the Hybrid-Lambda Rotor as a part of
the blade is designed for low induction. The tower base fore-aft bending moment is
approximately the same for the two turbines in steady-inflow simulations. On the
one hand, a constant thrust and an increased tower length would increase the tower
base bending moment. On the other hand, the increased rotor-nacelle-assembly mass
introduces a counterbalancing moment. In total, this leads to an equal tower base

fore-aft bending moment in steady-inflow simulations for the two turbines.

Next, we discuss the ultimate loads from the aero-servo-elastic simulations (coloured

bars). For each type of loading, the most critical load cases are displayed as bars in
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Fig. 2.15. If a load case is not displayed for a certain type of loading, it is considered
uncritical. The objective of the Hybrid-Lambda Rotor is to limit the stationary flapwise
RBM to the maximum value of the reference turbine in steady-inflow BEM simulations.
Thus, it is of special interest how much this type of loading increases in transient
aeroelastic simulations. The ultimate load from normal power production is indeed
marginally increased compared to the load level of the reference turbine from normal
power production. But, when compared to the load level of the reference turbine under
extreme wind shear events, the increase is only marginal. For the storm events, the
ultimate loads could be reduced by pitching to 94° instead of 90°. Still, the increase in
DLC 6.3 is significant compared to the reference turbine. Due to the large yaw error
of £20°, the blade experiences relatively large angles of attack (for certain azimuthal
positions), which leads to an increase of 40 % in the flapwise RBM. Still, for the
Hybrid-Lambda Rotor the absolute values of the flapwise RBM for the storm events are
lower than the maximum values for DLC 1.5 and DLC 1.6, which are the design driving
load cases for the flapwise RBM. In the storm events, the slender blade design shows
additional benefits. The shorter chord length reduces the lift forces arising from the

complex interaction of blade twist, azimuthal position and yaw error.

The strongest increase in the ultimate edgewise RBM is observed for normal power
production, extreme wind shear horizontal (EWSH) and extreme wind shear vertical
(EWSV; the difference between EWSV 1 and EWSV 2 is explained in Sect. 2.3.4.4),
which are the design driving load cases for both turbines. The increase is expected as
much larger blades are necessarily heavier and have a longer lever arm. But, if those
values are compared to the generic scaling law, the advantage of the very slender and
relatively light blades of the Hybrid-Lambda Rotor becomes clear. The maximum
edgewise RBM is almost twice as large as for the reference turbine, but it is still only

80 % of the increase expected by the generic scaling law.

The tip-to-tower clearance turns out to be uncritical, since it is larger compared to
the reference turbine. Looking at the ultimate loads for the thrust, this type of loading
is uncritical, too. Since a part of the rotor is designed as a low-induction rotor and
the limitation of the flapwise RBM is the stronger constraint in setting up the control
schedule, the ultimate thrust is lower compared to the reference turbine for this reduced
set of DLCs. The tower base fore-aft bending moment is increased for the Hybrid-
Lambda Rotor in the dynamic load cases although it is constant for the steady-inflow

cases, which highlights the importance of investigating transient effects.
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Extreme vertical wind shear

As seen in the previous section, the Hybrid-Lambda Rotor is very sensitive to extreme
wind shear, which we study in more detail. In the standard IEC 61400-1 (2019), transient
extreme vertical wind shear is modelled in a way that the wind speed stays constant at
hub height (here only shown for rated wind speed); the wind speed at the upper end of
the rotor disc increases while the wind speed at the bottom of the rotor disc decreases.
The unsteady event starts at 200 s and lasts for 12 s with a maximum wind speed at the
top of the rotor disc after 6s. We further define wind shear (s) as the slope of the wind
speed (v) over the height (z), as described in Eq. (2.7).

Av

N

We investigated two transient non-turbulent wind fields with different vertical wind
shear. The first one (EWSV 1) implements the transient wind profiles as described in
the standard IEC 61400-1 (2019) for the two turbines with the respective rated wind
speed and hub height. These wind profiles are shown in Fig. 2.16, which makes clear
that both turbines experience almost the same maximum wind speed at the top of the
rotor disc and the wind speed at hub height remains constant at rated wind speed. In
fact, the wind speed at the top increases from around 11 to 18 ms™! in 6s. As these
wind profiles are modelled with the respective turbine parameters, this approach
corresponds to a turbine-type-specific wind field. Consequently, the maximum wind
shear after 6s is lower for the Hybrid-Lambda Rotor than for the reference turbine
(compare dashed lines in Fig. 2.16), but the wind speed at the top of the rotor disc
is similar. This approach is according to the standard IEC 61400-1 (2019), but it was
issued for much smaller rotors. It neglects the fact that larger rotors cover a greater
spatial area and are more prone to larger differences in the spatially distributed wind
speed. Therefore, we also investigated a more conservative approach. In the second
case (EWSV 2), we place the Hybrid-Lambda Rotor in exactly the same wind field as
for the reference turbine (blue lines in Fig. 2.16). Thus the maximum wind shear is the
same, but the maximum wind speed at the top of the rotor disc is much larger for the
Hybrid-Lambda Rotor due to its larger diameter. In fact, the wind speed at the top of
the rotor plane increases from 12.5 to 23 ms~!in 65, and at the bottom, it decreases from
7.7 to 0.8 ms~!. Here, one should question whether this is still a realistic shear event.
Further, the wind speed at hub height is larger in general and marginally increases
during the transient event, as the hub height of the Hybrid-Lambda Rotor is higher. All

in all, the second approach can be considered a site-specific wind field, as both turbines
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experience exactly the same wind. EWSV 2 might be over-conservative, but we want to

investigate the extremes in load case definitions.
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Figure 2.16: Extreme vertical wind shear profiles according to IEC 61400-1 (2019)
for the Hybrid-Lambda Rotor and the IEA 15 MW reference turbine.

As seen in Fig. 2.15, the increase in flapwise RBM is very mild, with a factor of 1.09
for the turbine-type-specific approach (EWSV 1). As expected, the increase for the
site-specific approach (EWSV 2) is larger, with a factor of 1.2. Still, it can be considered
a great advantage that the increase in flapwise RBM is relatively low for blades of that
size. Here, the low-induction design for the outer section of the blade shows additional
benefits. This is the part of the blade that experiences the highest wind speeds in an
extreme shear event, and it is beneficial if it is designed for a lower loading.

To support this hypothesis, we want to have a deeper look at the out-of-plane forces
distributed over the blade span in Fig. 2.17. For this investigation, the site-specific wind
field (EWSV 2) was used and the azimuth positions of the rotors were set in such a way
that both turbines have a blade pointing up at the time of the maximum wind shear (at
2065s). In Fig. 2.17, we display the force distribution before the transient shear event
happens (at 200s) and at the time of maximum shear (206s). The non-dimensional
lever arm (L) of the resulting bending force is calculated according to Eq. (2.8) and is
indicated with the vertical black lines. Here, f is the aerodynamic out-of-plane force

per unit length, x is the dimensional position along the blade span and /, is the length

of the blade.
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The force distribution of the Hybrid-Lambda Rotor shows the characteristic decrease
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in the outer blade section with a maximum at approx. 65 % blade length and a lower
lever arm of the resulting bending force of approx. 55 %. In comparison, the force
distribution for the reference turbine increases more or less linearly almost until the
tip, which leads to a lever arm of approx. 65%. The maximum out-of-plane force
per unit length is even 1.5 times larger than for the Hybrid-Lambda Rotor. Note
that the Hybrid-Lambda Rotor operates at a lower thrust coefficient at rated wind
speed compared to the reference turbine. In addition, we investigated the transient
wind shear event at vg,;¢ to ensure a similar thrust coefficient for the two turbines.

But this load case leads to less severe ultimate loads and is consequently not shown here.
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Figure 2.17: Out-of-plane forces per unit length under extreme vertical wind shear
(EWSV 2): for the Hybrid-Lambda Rotor (a) and for the IEA reference turbine (b).
Resulting lever arms are indicated with vertical black lines.

Next, we look at the time-resolved change in the force distribution during the ex-
treme shear event. For the reference turbine, the radial gradient of the force distribution
increases with increasing wind shear. For the Hybrid-Lambda Rotor, the characteristic
kink in the force distribution leads to lower maximum out-of-plane forces per unit
length, even in the transient case. The non-dimensional lever arm is only slightly in-
creased during the event and is still much lower than for the reference turbine. We
further found the increased flexibility of the Hybrid-Lambda Rotor beneficial in this
case. The increasing wind shear leads to a downwind deflection of the blade, which
reduces the relative inflow in the outer part of the blade and consequently reduces the
load overshoot.

Allin all, the lower non-dimensional lever arm and the dynamics of the blade contribute
to beneficial behaviour under extreme shear events, which leads to only mild increases

in the flapwise RBM compared to the reference turbine.
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2.3.5 Techno-economic evaluation

After discussing the aerodynamic characteristics of the Hybrid-Lambda Rotor and
setting up a structural model for the blades and the tower, we can combine those
findings in a techno-economic evaluation. We calculate the gross AEP (neglecting
availability, grid and wind farm losses) for three different offshore sites with the
corresponding Weibull distributions shown in Fig. 2.18. First, we chose a reference site
in the German North Sea at the north-west end of zone 4 (according to Federal Maritime
and Hydrographic Agency of Germany, 2020) where the application of 15 MW offshore
wind turbines is expected in the near future. The Weibull distribution is derived by
averaging wind data from the New European Wind Atlas for 10 years. A generic
US East Coast site serves as a second reference site, as mentioned in the reference
turbine report by Gaertner et al. (2020). A third site is chosen to mimic the future wind
conditions in the centre of the German Bight when the increasing number of installed
wind farms will influence the wind resource in the boundary layer. Here, a Weibull
distribution is adopted from Pettas et al. (2021), where data from the measurement

platform FINOT1 are analysed after the beginning of operation of upstream wind farms.
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Figure 2.18: Weibull distributions for three reference sites.

First, we want to discuss how the modified power curve corresponds with the
annual energy production. Figure 2.19 shows the gross energy yield per wind speed
bin together with the Weibull distribution of the cluster-wake-affected reference site. It
becomes clear that for wind speeds of less than 10ms~!, the energy yield is significantly
increased by the Hybrid-Lambda Rotor. The financial losses due to derating the concept
turbine for wind speeds greater than 15ms™! are very mild due to the low-wind-speed

probability and the low market value of wind power.
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Figure 2.19: Gross energy yield, wind speed distribution (FINO1 cluster-wake
affected) and market value of wind power.

As explained in Sect. 2.1, the AEP should no longer serve as merit functions because
wind power will be more valuable on light-wind days. To evaluate the results from
the stationary BEM simulations, we calculate the economic revenue by weighting the
energy production in each wind speed bin with the market value, as predicted by May
et al. (2015) and visualized in Fig. 2.19. The results for the three reference sites are
reported in Table 2.3, and the investigation points out a clear trend. The increase in
economic revenue is always greater than the increase in AEP because the energy yield
in light winds is more valuable on the energy system level. The benefit of the concept
further increases if the future development of the offshore wind resource is considered.
The power characteristic of the Hybrid-Lambda Rotor becomes even more attractive if
the best sites are occupied and if cluster-wake effects need to be considered. In this case,
AEP and economic revenue increase by 21 % and 30 %, respectively, when compared to
the reference turbine. Enlarging the rotor diameter always leads to an increased AEP.
Therefore we further compare the Hybrid-Lambda Rotor to the scaled version of the
reference turbine with conventionally applied peak shaving, limiting the same maximal
flapwise RBM (see dashed green line in Fig. 2.9). Considering the cluster-wake-affected
wind speed distribution, the AEP can be increased by 3 % and the economic revenue by
4%.

Considering costs usually leads the designer to the objective function LCoE. But this

metric neglects the variability in the market value of wind power and should not be
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Table 2.3: Weibull factors (A k), AEP and annual economic revenue expressed as
ratio to the reference turbine (ref.) for three reference sites

A k  Ratio: Hybrid-Lambda / ref. | Ratio: Hybrid-Lambda / scaled ref.
(conv. peak shaving)

[m s_l] [-] Revenue AEP | Revenue AEP
German North Sea zone 4 1148 222 1.21 1.11 1.03 1.02
Generic US East Coast site 9.77 212 1.27 1.17 1.036 1.027
FINOI1 cluster-wake affected 8.96 2.06 1.30 1.21 1.04 1.03

used to assess turbine concepts that aim to provide a demand-oriented power feed-in.
When evaluating the aero-structural optimization on an energy system level, we use
the cost of valued energy (COVE). This metric is defined by dividing the annualized
costs by the produced energy weighted with the normalized market value at the time
of production as described by Simpson et al. (2020). With a cost model implemented
in WISDEM, the annualized costs are calculated. Further, the energy yield per wind
speed bin is weighted with the expected normalized market price of wind power in
the corresponding wind speed bin, as depicted in Fig. 2.19. Figure 2.20 shows that the
COVE could be reduced by 13 % with the initial blade and tower design (cf. Fig. 2.11)
and by a further 3 % with the structural optimization of the blade and the tower for
the cluster-wake-affected wind speed distribution. This figure also includes the LCoE
to give an insight into how much of this reduction can be attributed to cost and AEP
optimization versus the adaption of the market conditions. A breakdown of the costs
for the most important turbine components is shown in Fig. 2.21. Obviously, the largest
increase in costs compared to the reference turbine is seen for the blades, since this is the
part that increased the most in terms of size and complexity. In fact, the costs of a blade
increased by a factor of 2.8 (equals n*-37). Related to the much heavier blades and the
increased aerodynamic loading, the pitch system also needs to be sized properly. Hence,
the pitch system (plotted for all three blades) sees the second highest increase with a
factor of 1.8 compared to the reference turbine. The tower costs increased by a factor of
1.2. The costs for the direct drive generator have the largest share of the total turbine
costs, and the derived generator costs for the reference turbine are comparable with the
findings of Barter et al. (2023). For the Hybrid-Lambda Rotor, they increased by a factor
of 1.22, since the rated generator torque increased. These numbers should only indicate
an approximate trend of the cost breakdown, since the cost model in WISDEM relies on
simplified scaling rules coupled to empirical datasets. For more insights, sophisticated

models need to be set up for components like the pitch and yaw system or the generator.
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Figure 2.20: Reduction in the cost of valued energy and the LCOE relative to the
reference turbine for the cluster-wake-affected wind speed distribution.
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Figure 2.21: Estimation of turbine component costs for the IEA 15 MW (blue) and
the optimized Hybrid-Lambda turbine (red).

2.4 Discussion

Designing blades for wind turbines usually follows several objectives and involves a
multi-disciplinary approach. The novelty of our method is the dramatic reduction in
the specific rating for offshore turbines. Moving away from designing the blade for
one single optimized operational point, we include the application of peak shaving in
the design process and introduce a design for two TSRs. This enables a unique change
in the angle-of-attack distribution over the blade span when switching between the
operating modes without complicating the technical implementation with additional
actuators on the blade. Combined with an adapted controller, the design driving loads
in transient DLCs can be reduced. The design methodology introduced should be seen
as a basis for a wide range of blade design problems and can be customized accordingly.
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The exemplary solution worked out in this paper, a 15 MW turbine with a specific
rating of 180 Wm ™2, should only illustrate the possibilities of the design methodology.
Further, we draw the comparison once again to existing offshore turbine designs that
feature specific ratings from 350 to 450 Wm ™2, as reported by Borrmann et al. (2018).
Other design problems will lead to other solutions, including different specific ratings.
Moreover, the choice of design TSRs can be adopted, and the fact that we chose a
stepwise implementation along the blade span with a sharp transition region should
not hinder the designer’s creativity. Alternatively, a continuous distribution of design

TSRs along the blade span would be a possible extension of the methodology.

The Hybrid-Lambda concept can play an important role in the future path of the
deployment of offshore wind energy. The increased power production in light winds
will lead to a more steady power feed-in and will increase the value of wind power
in the broader context of the future energy mix. This leads us to the question of the
objective functions for the given design problem. Optimizing for the lowest LCoE
on a single turbine level, as has mostly been done in the past, will lead to turbines
with increased rated power and medium to high specific ratings. As pointed out by
many other studies (e.g. Dykes et al., 2020; Simpson et al., 2020), there is the need for a
change in mindset in the design objectives. The variability in the market value of wind
power can no longer be neglected, and objective functions like the COVE, “system
levelized cost of energy” or “value factor”, just to name a few, as described in Simpson
et al. (2020), should be included in future design problems. Further, wind-farm-related
design objectives like wake—turbine interactions, wind farm control and large cluster
wakes will influence forthcoming optimization objectives and might drive the designs

in the direction of lower specific ratings and lower induction factors.

Placing the Hybrid-Lambda concept in the context of the literature, we see common
trends for several design variables, especially the axial induction factor and the specific
rating. In the strong-wind mode, the distribution of the axial induction over the blade
span shows similarities with the one derived by Jamieson (2020). This is the analytically
derived distribution that leads to the most possible extension of the rotor radius by
incorporating a low-induction design that features constant loading compared to
a conventional design. In terms of the specific rating, the Hybrid-Lambda concept
follows similar objectives to the DTU Low-Wind turbine for onshore siting by Madsen
et al. (2020), but the innovations in the presented design methodology enable the

application for offshore sites. A simple transfer of a low-specific-rating turbine with
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a conventional blade design to offshore sites would be inherently inefficient as the
reduced aerodynamic efficiency in the upper partial-load range would coincide with
the maximum wind speed distribution and associated high losses in the energy yield.
The idea of designing a blade for two TSRs was first mentioned by Wobben (2001).
However, the main objective of this design was the reduction of stall effects in turbulent

wind conditions.

One of the main pillars of the Hybrid-Lambda concept is the ability to change the
angle-of-attack distribution over the blade span by switching between the operating
modes. In fact, this change seems to be very small as we are tweaking the distribution
by only a few degrees. Although 1° in the change in the angle of attack can mean a lot to
an aerodynamicist, these values are computed in steady-state simulations and neglect
blade torsion as per definition of the structural methodologies used in this paper. Thus,
we want to raise the question of whether controlling 1° in the angle of attack is at all
feasible in a real application of a blade with 158 m length. Dealing with atmospheric
turbulence, blade torsion, extreme shear events, low-level jets and other complex
phenomena in offshore applications raises the question of whether those effects would
simply dominate the uncertainties in the operation of such a blade. We owe an answer
to that in this paper. The concept could possibly be supported and the effects of the
angle-of-attack change could be even enhanced by the usage of distributed aerodynamic
control elements on the blade. Trailing-edge flaps could increase the change in lift
difference, and leading-edge slats could enlarge the operational range of the airfoils
by delaying stall effects and allowing for higher angles of attack. Nevertheless, the
authors decided to carry out this study without the usage of active control elements
on the blade. Additional actuators introduce many problems, especially on very large
blades, like additional masses, lightening issues, increased costs and reduced reliability.
Although those add-ons could mitigate the dynamic loads when the turbine is in
operation, storm events are still critical design load cases. The presented design method
leads to only 20 % increases in flapwise RBM for the DLCs with extreme transient shear
events. But storm events with a large yaw misalignment still lead to an increase of 40 %
compared to the respective ultimate load from the reference turbine. Nevertheless, the
absolute value of the flapwise RBM is lower for the storm events than the maximum
values for normal power production and extreme shear events. Limiting the loads in
storm events is a difficult exercise as the turbine is not in operation and the usage of the
control system is limited in the occurrence of faults. Nevertheless, we see a benefit in
the slender blade design of the Hybrid-Lambda Rotor as the shorter chord length leads
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to reduced lift forces. Especially the outer part of the blade has a high lever arm and
contributes the most to the RBM. But the slender design of the outer region helps to

reduce the storm loads on the blade.

The consequences of the above-mentioned limitations of the methodology can
be used as a guideline for further research. The blade design needs to be extended
by including blade torsion, which also opens up new opportunities for further
improvements in the load-limiting techniques using bend—-twist coupling. Extending
the structural methodology would allow us to calculate the blade torsional deformation
under specific operating conditions. An iterative step back to adjust the design
twist could optimize the angle-of-attack distribution for a given operational point,
introducing increased loading for lower wind speeds and further relief for higher
wind speeds. Finally, all those design features will not lead to a viable blade design as
long as the aeroelastic stability is not given. As pointed out by Branlard et al. (2022a),
aeroelastic stability is a critical issue for very large wind turbine blades and it can easily

overshadow other design drivers.

As mentioned above, the analysis does not include fatigue loads. This is certainly a
very important topic for large rotors. But in our opinion, including fatigue would only
make sense if the conclusions lead to adjustments and improvements in the design.
Achieving a fatigue-safe design could further require adapted controller strategies
(like individual pitch control, model predictive control or lidar-based feed-forward
control) and a thorough implementation in the aero-servo-elastic simulations, which

goes beyond the scope of this publication.

As a final point, we discuss the application of design load cases to rotors of such
size. In Sect. 2.3.4.4, we introduced two wind fields for the event of extreme vertical
wind shear. Given the implementation of the wind profile as equated in the IEC 61400-1
(2019), a larger turbine will be tested with lower shear. Across rotors with different
radii, the maximum wind speed at the top of the rotor disc is kept constant rather than
accounting for larger spatially distributed wind speed changes. On the other hand, the
investigations above made clear that placing a large turbine like the Hybrid-Lambda
Rotor in the same wind field as the reference turbine barely leads to a realistic load case,
considering a wind speed change at the top of the rotor disc from 12.5 to 23ms™!' in 65
and wind speeds close to zero at the bottom. Further metrological investigations will

reveal what special inflow conditions very large wind turbines will need to face. Those
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are operating in regions of the atmospheric boundary layer, like the transition to the

laminar Ekman layer, where the interactions with the rotor are not yet fully understood.

2.5 Conclusions

In this paper, we introduced an innovative design method for offshore wind turbines.
It can be applied to any given design problem that aims to tremendously reduce
the specific rating to enable an increased power feed-in for low wind speeds while
maintaining the design driving loads. The design method integrates the application of
peak shaving into the design process rather than accepting peak shaving as a necessary
evil. Designing the blade for two different TSRs gives the opportunity to switch
between a light- and a strong-wind mode during operation. In the latter operational
mode, peak shaving is applied very efficiently, thanks to a beneficial change in the
AoA distribution. This can be achieved with careful consideration of three aspects: the
change in the inflow angle when lowering the TSR, a twist offset applied to the inner
blade section and simultaneous pitching during the transition to the lower TSR. The
power characteristics of the turbine better match the demand in the power system as
the energy yield in light winds is significantly increased. Putting this into the context of
the future development of the wind resource, the advantages become apparent, as wind
probability distributions will shift to lower wind speeds due to the increasing clustering
of large wind farms in several regions. Although the peak-shaving region coincides
with the maximum of the Weibull distribution for offshore sites, the losses are mild
thanks to the efficient load reduction technique and the AEP is increased significantly.
As energy will be (and already is) more valuable in light winds, the concept profits
from a low COVE.

The presented design method was elaborated on a 15 MW offshore wind turbine to
illustrate its concrete benefits. Comparing the Hybrid-Lambda Rotor to the reference
turbine, the AEP and the economic revenue can be increased by 21 % and 30 %,
respectively. With an optimized blade and tower design, the COVE can be reduced
by 16 % compared to the reference turbine. We further compared the Hybrid-Lambda
Rotor to a conventional blade design (upscaled to the same rotor radius) with a simple
peak-shaving application that limits the same maximum flapwise RBM. In this case, the
Hybrid-Lambda Rotor can still outperform the conventional design by 3 % in terms of
AEP and by 4 % in terms of economic revenue.
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Using state-of-the-art design tools, we showed that it is possible to set up a consistent
system-based turbine model for such an innovative rotor concept. The aero-structural
optimization resulted in a blade that is 14 % lighter compared to a geometrically scaled
blade of the same size. Aeroelastic simulations showed the ability of the controller
to change between the operating modes in turbulent wind, and the Hybrid-Lambda
Rotor was further compared to the reference turbine in a set of design load cases. This
comparison shows promising results for the flapwise RBM, blade-tip-to-tower clearance
and thrust. The flapwise RBM can be limited to the same maximum value as the
reference turbine in power production DLCs. In extreme shear events, the flapwise
RBMs are 20 % higher and in storm events 40 % higher compared to the reference
turbine. Thrust and blade-tip-to-tower clearance could be limited to the same value
as for the reference turbine. The increase in edgewise RBM and tower-top movements
shows open challenges in designing wind turbines of this size. It further becomes clear
that advanced control strategies are needed to further limit the dynamic loads and
to improve the switching between the operating modes. Nevertheless, even with a
basic controller, the Hybrid-Lambda Rotor shows significant advantages in reducing
the loads, although the swept rotor area is increased by 84 % compared to the reference

turbine.

Data availability

For the Hybrid-Lambda Rotor, we provide the turbine model in the windIO format,
the simulation model for OpenFAST and operational parameters in tabulated format
under the following repository: https://doi.org/10.5281/zenodo.10406459,
Ribnitzky, 2023.
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Chapter 3

Rotor and wake aerodynamic analysis of
the Hybrid-Lambda concept -

an offshore low-specific-rating rotor concept

Apart from minor adjustments and corrections, the content of this chapter is identical to

that of the following publication:

Daniel Ribnitzky, Pietro Bortolotti, Emmanuel Branlard and Martin Kiihn (2023). ‘Rotor
and wake aerodynamic analysis of the Hybrid-Lambda concept - an offshore low-
specific-rating rotor concept’. In: Journal of Physics: Conference Series 2626.1, p. 012008.
ISSN: 1742-6588. DOI: 10.1088/1742-6596/2626/1/012008

Reproduced in accordance to the Creative Commons Attribution 3.0 License.

Abstract

The low-specific-rating rotor concept Hybrid-Lambda introduces a blade design with
nonuniform distribution of design variables (design tip speed ratio and axial induction)
along the blade span to alleviate loads of the outboard section in strong winds. In
this paper, we validate aerodynamic design calculations, which were carried out with
the blade element momentum theory by comparing the results to free vortex wake
investigations (FVW). Furthermore, we investigate the wake behaviour with FVW and
large-eddy simulations. The results show good agreements between the blade element

momentum theory and FVW for integrated rotor quantities (power and thrust). Small
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deviations are present when the gradients of axial induction along the span are large.
The wake of the Hybrid-Lambda Rotor shows advantages in the near-wake region
(up to 4 diameters [D] downstream), especially in the outer wake annulus and in low
turbulence scenarios. For further downstream positions, the wake is comparable to that

of the reference turbine.

3.1 Introduction

Countries with a high share of wind power in the energy system suffer from low
market values of wind power during periods of strong winds, whereas the market
value during light-wind-days is comparably high (May et al., 2015). Thus, there
is a demand for turbines with an increased power capture on light-wind-days. In
recent years, low-specific-rating (also referred to as “low-wind”) wind turbines have
received increased attention (e.g. Madsen et al. (2020)), especially onshore. Large
rotors increase their power capture in light winds, but they generally come with
the need for load-reduction techniques when approaching rated wind speed. This
is usually done by peak shaving (pitching to feather to limit the loads) and leads
to large losses in the upper partial-load range. Especially for offshore sites, this
coincides with the peak of the wind speed distribution. The Hybrid-Lambda Rotor,
introduced by Ribnitzky et al. (2022) and further explained in Sect. 3.2, integrates the
application of peak shaving into the blade design process rather than accepting it as
a necessary evil. The design process is approached by balancing the two objectives
of limiting power losses in the peak-shaving region and maximising power output
below this region. The design features a nonuniform distribution of the axial induc-

tion along the blade span to alleviate loads of the outboard blade section in strong winds.

The enhanced wake recovery of a turbine with a nonuniformly loaded rotor
was investigated by Kelley et al. (2014) and Yang et al. (2015). They found that a
blade design with larger spanwise gradients of bound circulation exhibit shorter and
faster mixing far wakes. Further, Madsen et al. (2021) analysed additional benefits of
low-specific-rating turbines on wind farm effects. Knauer (2021) introduced a rotor
design that enhances wake diffusion, using a ventilation area with negative axial

induction close to the blade root.

However, the design objectives as well as the resulting blade design of the

Hybrid-Lambda Rotor differ from the aforementioned studies, because it was designed
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for efficient load reduction and not primarily for enhanced wake mixing. The specific

aerodynamics are of interest from a scientific point of view.

First, the nonuniform distribution of the axial induction along the blade span leads
to large circulation gradients. This raises the question: To what extent is the assumption
of independent blade elements in the blade element momentum (BEM) algorithm
violated? The application of free vortex wake (FVW) methods would be scientifically
more appropriate because they do not rely on independent blade elements. Modelling

of radially varying circulation is addressed by Branlard and Gaunaa (2016).

Second, a specific wake characteristic is expected, because only a part of the rotor is
designed as a low-induction rotor and the rotor disc is nonuniformly loaded. Common
wake engineering models can no longer be applied. We expect additional gradients
in the wake profiles, and we address the question whether those will destabilize and
further diffuse the wake.

The objectives of this paper are to analyse the Hybrid-Lambda Rotor with high-
tidelity aerodynamic simulation tools, specifically to:

1. Investigate the Hybrid-Lambda Rotor with the FVW code and study the limits
of the calculations made with the BEM theory. We compare integrated rotor

quantities as well as spanwise resolved variables across the two methods.

2. Compare the wake characteristics of the Hybrid-Lambda Rotor with the Interna-
tional Energy Agency (IEA) 15-MW offshore reference turbine on different fidelity

levels:

(a) FVW simulations with a steady uniform inflow and numeric turbulent wind
field

(b) Large-eddy simulations (LES) with a neutral and stable atmospheric bound-
ary layer (ABL)

3. Investigate a simplified wind farm layout in LES and compare the power output

to asses the benefits of the Hybrid-Lambda concept.
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3.2 The rotor concept

The Hybrid-Lambda Rotor is a low-specific-rating concept for offshore siting, exem-
plified with a 15 MW wind turbine. The uniquely low specific rating of 180 W m 2
corresponds to a D of 326 m. The objective of the conceptual design is to limit the sta-
tionary loads (blade flapwise root bending moment (RBM) and thrust) to the maximum
values of the IEA 15-MW reference turbine (Gaertner et al., 2020) (with a D of 240 m).
The main idea of the concept is to design the inner 70% of the rotor differently than the
outer 30% and to operate the rotor at a tip-speed ratio (TSR) of 11 in light winds and at
a TSR of 9 in stronger winds. The outer portion of the blade is designed for a TSR of 11
and an axial induction of 0.21. When operated at the TSR of 9 the outer portion should
produce an axial induction below 0.15. The design for a high TSR and low induction
results in a much more slender outer section compared to a traditional design. The
inner portion of the rotor is designed for a TSR of 9 and an axial induction of 0.21. When
operated at the TSR of 11 the inner portion should produce an axial induction close to
0.33. In light wind conditions, the rotor operates at the high TSR, and the slender outer
part contributes to the increased power capture. The inner part of the rotor operates
like a conventional rotor with an axial induction factor close to 0.33. The axial induction
distribution and the shift in the operating mode is shown in Fig. 3.1. In stronger winds
(but still below the rated wind speed), the design value of the stationary RBM is reached.
Then, the TSR reduces to a value of 9, and the torque generation shifts to the inner
section of the rotor, which is now operating at its design point. In contrast, the outer
region is significantly relieved, because it is no longer operating at its aerodynamic
optimum. This reduces the lever arm of the resulting bending force, and additional peak
shaving by blade pitching ensures the limitation of the loads. For further information
on the Hybrid-Lambda Rotor, the reader is referred to Ribnitzky et al. (2022).

3.3 Methods

We performed aeroelastic simulations in OpenFAST, using ElastoDyn as the elastic
solver (Bonnie Jonkman et al., 2022). To address the first objective, i.e., the comparison
of the BEM and FVW code, we simulated the Hybrid-Lambda Rotor using steady and
uniform inflow with the standard BEM solver and the FVW module OLAF (Branlard
et al., 2022b; Shaler et al., 2020). We investigated three operating modes:

1) Operating point 1: Light-wind mode, defined by the high TSR of 11 and maximum

wind speed just before the limiting loads are reached, which is 6.8 m s™!
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2) Operating point 2: Strong-wind mode, defined by the low TSR of 9 and the cor-
responding wind speed when the transition from the high to low TSR completes,

which is 8.3 ms!

3) Operating point 3: Rated power conditions, defined by the low TSR of 9 and a
wind speed of 10.2 m s~

To investigate the wake characteristics, we first isolate the effects on the wake due
to the unique aerodynamic rotor design of the Hybrid-Lambda Rotor in steady and
uniform inflow in FVW. Then, we can evaluate if those advantages are still present in
realistic inflow conditions by simulating numeric turbulent wind fields (FVW) and full
ABLs (LES).

We performed FVW simulations with both the Hybrid-Lambda Rotor and the
reference turbine. We investigated steady and uniform inflow conditions in operating
points 1 and 3 and turbulent wind fields, calculated with TurbSim (Jonkman and Buhl,
2006) for operating point 1. For the wind fields, we chose a relatively low turbulence
intensity of 5% and a low shear exponent of 0.1. Those values are of high relevance for
wake investigations, because power losses due to distinct wakes are most present in

those low turbulence conditions.

We further performed LES for a single turbine with the incompressible flow solver
AMR-wind (Sprague et al., 2020), using its actuator line model coupled to OpenFAST.
We investigated a neutral and a stable ABL for operating point 1. In this case, both
turbines (the Hybrid-Lambda Rotor and IEA 15-MW turbine) were simulated in the
same ABL precursor run, resulting in slightly different mean wind speeds and wind
directions at their specific hub heights. Turbines were yawed to the exact wind direction
at hub height, and the resulting wind fields were turned by the yaw angle to align the
wakes of the Hybrid-Lambda Rotor and the IEA 15-MW. This approach corresponds to
a site-specific turbine comparison, highlighting the advantages of possibly repowering
existing wind farms. The LES wind fields represent operating point 1. This means the
Hybrid-Lambda Rotor is in light-wind mode and the reference turbine is in region 1.5
with an average pitch angle of 1.6° to feather (with controllers active for both turbines).
This leads to averaged thrust coefficients of 0.79 for the reference turbine and 0.75 for
the Hybrid-Lambda Rotor. The neutral ABL shows a turbulence intensity of around
10% and the stable ABL of around 2.4%. The average shear exponents are 0.09 and 0.14,

respectively. In the turbine simulations, we used grid refinements in proximity of the
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rotor to sufficiently resolve the nonuniform distribution of the variables along the span
of the blade. We aimed for a grid size of 3.75 m, which corresponds to 87 points along

the rotor diameter for the Hybrid-Lambda Rotor and 64 points for the reference turbine.

The wake investigations are analysed by calculating time-averaged wake profiles,
normalized to the rotor diameter of the respective turbine. We further compare the
mean velocity wind fields in a horizontal plane at hub height. For averaging, an output

frequency of 1 Hz is used, and the time window is set to 400 seconds.

To address the performance of the Hybrid-Lambda Rotor in a wind farm config-
uration, we performed LES with two aligned turbines. In order to investigate the
opportunity of the Hybrid-Lambda Rotor to be used as a repowering solution for ex-
isting wind farms, we chose a fixed absolute spacing of 6 of the reference turbine’s
diameters for both turbine simulations. This results in a relative spacing of 4.4 D for
the Hybrid-Lambda Rotor. This simulation setup corresponds to a wind farm design
problem when the given surface area is restricted and the ratio of rated power to surface

area is kept constant rather than the relative turbine spacing.

3.4 Results

In this section, we first compare the BEM and FVW results for the Hybrid-Lambda

Rotor. In the second and third part, we address the wake investigations using the FVW
code and LES.

3.4.1 Comparison of BEM and FVW results

We performed aeroelastic simulations for the Hybrid-Lambda Rotor for operating
points 1 and 2 using BEM and FVW methods. Results show that, for steady uniform
inflow, the integrated rotor quantities (power and thrust) are in very good agreement
for the two methods. For the light-wind mode, the aerodynamic power exactly matched,
whereas the FVW code computed about 0.5% higher thrust. For the strong-wind mode,
the FVW code computed 1.5% higher power and 0.75% higher thrust.

Next, we compare the radially resolved axial induction factor (as shown in Fig. 3.1).
For the light-wind mode, the FVW code computed an axial induction factor that is
about 5% lower for the inner part of the rotor and up to 15% higher for the outer part of
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the rotor compared to the BEM results. Thus, the FVW code predicts a smaller change
of induction between the two blade regions. The observed differences might be due
to additional vortices, which are created by the strong gradients of the circulation
distribution at a 0.7 nondimensional blade length. These vortices increase the induction
on the outer part of the rotor and decrease the latter on the inner part. Looking at the
strong-wind mode this trend persists but is much less distinctive. The axial induction
distribution is in good agreement for the strong-wind mode among the two methods.
As the gradients in the axial induction distribution at a 0.7 nondimensional blade
length are reduced in the strong-wind mode, weaker vortices are created, which
leads to reduced differences between the BEM and FVW results compared to the
light-wind mode. The angle of attack distribution in Fig. 3.1 shows similar results. In
the light-wind mode, the higher axial induction outboards (computed by the FVW
code), leads to slower axial velocity components. Consequently, the angle of attack is
reduced for the outer part of the blade in the FVW calculations. For the inner part of the
blade, a similar line of arguments can be applied vice versa. Again, the differences in
the angle of attack distribution in the strong wind mode between the two codes are

very mild.

In summary, the FVW simulations confirm that the aerodynamic design ideas of the
Hybrid-Lambda Rotor are applicable, although they reach the limit of the assumptions
made in the BEM theory. The assumption of independent blade elements is violated
in the transition region of the two blade regions, as strong gradients in the circulation
are present. These gradients introduce additional vortices, but they act in favour of
the Hybrid-Lambda concept, as the aerodynamic power computed by the FVW code
slightly increased.
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Figure 3.1: Axial induction distribution (left) and angle of attack distribution
(right) for operating point 1 (solid lines) and operating point 2 (dashed lines),
comparing BEM (blue) and FVW (red)
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3.4.2 Wake investigations using FVW

In this section, we investigate the wake behaviour of the Hybrid-Lambda Rotor
simulated by the FVW model. We first address steady and uniform inflow to identify
general characteristics of the near wake. The FVW method is not ideal to investigate the
far wake, and the reader is referred to section 3.4.3 for further information about the far
wake. In the FVW simulations, the wake becomes unstable beyond 2.5 D. Beyond this
distance, the wake profiles should be considered with care, because OLAF does not
account for viscous diffusion. Further, the nacelle is not modelled in FVW, which led to
an overspeed in the center of the wake within the first 1 D downstream. Nacelle effects
were modelled in the LES investigations (Sect. 3.4.3).

Figure 3.2 compares the wake of the Hybrid-Lambda Rotor with the reference
turbine for the light-wind mode and rated wind speed. The inner 70% of the rotor
is displayed with a black bar, whereas the outer part of the rotor, which is designed
for low induction, is displayed with a red bar. The axial induction distribution of
the Hybrid-Lambda Rotor is reflected in the wake velocity. For the light-wind mode,
the outer part of the blade causes less deceleration of the flow, which led to an outer
annulus of the wake with a higher wind speed. The strong-wind mode further revealed
the potential for wind farm power to increase, because the flow in the wake did not
decelerate as much as the reference turbine. This is not only due to the aerodynamic
rotor design but also due to operation at lower thrust coefficients in the peak-shaving
region. Still, it highlights a major advantage as wake deficits are greatly reduced close

to rated wind speed.

Figure 3.3 compares the wake deficit profiles for operating point 1 and 3 at different
downstream locations. The profiles show a slightly higher wake deficit for the
Hybrid-Lambda Rotor for the inner rotor part, compared to the reference rotor. This is
also in line with the blade design, as the axial induction for the inner rotor (0.33 for the
Hybrid-Lambda Rotor) is slightly higher compared to the reference turbine (0.3 for
the IEA 15-MW). Further, the gradients to the inner wake core are relatively strong in
the near wake and smooth out at around 3 to 4 D downstream. For rated wind speed
(operating point 3), a similar behaviour can be recognized, but the gradients in the
wake profiles are reduced, which is in line with the axial induction distribution (see
Fig. 3.1). The wake deficit is only almost half as strong as it is for the reference turbine
in the near wake, which highlights the clear advantages in the wake deployment of the
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Hybrid-Lambda Rotor. The wake of the Hybrid-Lambda Rotor also shows a straight
outline in the strong-wind mode. In contrast, a significant wake extension can be
observed for the reference turbine, leading to a wake width (95% of the free stream
velocity) of about 1.3 D at a downstream position of 4 D, whereas the the wake width of
the Hybrid-Lambda Rotor is still only around 1.1 D.
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Figure 3.2: Averaged axial velocity component for steady uniform inflow (FVW).
Top: Hybrid-Lambda Rotor; bottom: IEA 15-MW turbine; left: Operating point 1
(6.8 ms™!); and right: Operating point 3 (10.2ms™1).
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Figure 3.3: Normalized wake deficit profiles (FVW, steady uniform) for operating
point 1 (left) and 3 (right). Dashed lines indicate 70% rotor radius. Red: Hybrid-
Lambda Rotor; and blue: IEA 15-MW turbine.
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Steady and uniform inflow does not reflect reality, but it helped us to identify and
understand some basics in the wake characteristics of the Hybrid-Lambda Rotor. Next,
we used numeric turbulent wind fields with the FVW code to evaluate if the charac-
teristics, identified in the steady and uniform case, are still present when turbulence
is considered. The results are shown in Fig. 3.4. The reduced wake deficit in the outer
annulus is still present, but it smooths out much faster (compared to the steady case)
beyond a downstream position of 1.5 D. Turbulence is the main driver for wake diffu-
sion and the wakes of both turbines mix much faster compared to the steady-inflow
case. The wake profiles indicate a marginally better recovery for the Hybrid-Lambda
Rotor at around 3 D downstream. For positions further downstream, both wakes seem
almost fully recovered, but note that this is related to the truncation of the wake in the

FVW code and does not represent a realistic behaviour for a turbulence intensity of 5%.
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Figure 3.4: Left: Averaged axial velocity component for numeric turbulent wind
field (FVW), light-wind mode (top: Hybrid-Lambda Rotor; bottom: IEA 15-MW
turbine); right: Normalized wake deficit profiles

3.4.3 Wake investigations using LES and actuator line model

In a final step, we investigate the wake characteristics with LES coupled to an actuator
line model and OpenFAST. We compare the wake of the two turbines and further
distinguish between a neutral and a stable ABL stratification.
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Starting with the neutral stratification, the corresponding wake profiles are displayed

in Fig. 3.5. The gradients in the wake of the Hybrid-Lambda Rotor are comparable to

the ones obtained with the FVW simulations. However, they smooth out more quickly

compared to the FVW investigations. Advantages are especially distinct up to a distance

of 4 D downstream and the recovery of the outer 30% of the wake is improved. In

general, higher wind speeds are observed in the wake of the Hybrid-Lambda Rotor.
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Figure 3.5: Neutral stratification: Normalized wake deficit profiles from LES

(light-wind mode)
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Comparing these results to the stable stratification is of high interest, because wake
losses are most prominent in such atmospheric conditions with a very low turbulence
intensity. The results are shown in Fig. 3.6. The major driver for wake diffusion,
atmospheric turbulence, is reduced, which results in wider and longer wakes. For
downstream positions greater than 3 D the wake profiles for both turbines are wider
and more plateau-like, compared to the neutral case. Further, the additional gradients
in the wake of the Hybrid-Lambda Rotor persist longer. At downstream positions of 1
and 1.5 D (compare Fig. 3.5 and 3.6), the gradients are already smoothed out in the
neutral case but still noticeable in the stable stratification. In Fig. 3.7, the averaged
velocity fields are normalized with the same reference diameter for both turbines. This

visualisation emphasis the different absolute size of the wakes.
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Figure 3.7: Stable stratification: Averaged axial velocity component for LES (light-
wind mode); top: Hybrid-Lambda Rotor; and bottom: IEA 15-MW turbine with
coordinates normalized with the diameter of the IEA 15-MW rotor for both plots

Finally, we compare configurations with two turbines in both stratifications, neutral
and stable. First, we compute the energy yield by integrating the sum of the power
output of the two turbines over the simulation time. The two Hybrid-Lambda Rotors
can yield 1.85 times more energy in the neutral ABL and 1.91 in the stable ABL compared
to the two reference turbines, respectively. Those findings are in line with the previous
investigations of the wake profiles, because the advantages of the Hybrid-Lambda
Rotor are more distinct in a stable ABL with a low turbulence intensity. We further

compare this number to the expected scaling ratio, which results from the increase in
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the swept rotor area (1.84). The additional energy yield results, apparently, from the
improved wake recovery of the Hybrid-Lambda Rotor. We further compare the power
ratio of the downstream and upstream turbines in Table 3.1. In the neutral ABL, the
downstream Hybrid-Lambda Rotor produces 48.9% of the upstream turbine, whereas
the downstream reference turbine only produces 46.8% of the upstream reference
turbine. A similar trend is observed for the stable ABL with power ratios of 46.1% and

43.9%, respectively.

Table 3.1: Comparing the power ratio of downstream and upstream turbines in
LES (operating mode 1)

Neutral Stable

Hybrid-Lambda Rotor 0.489 0.461
Reference Turbine 0.468 0.439

3.5 Discussion

The Hybrid-Lambda Rotor was not designed with the objective of enhanced wake
mixing. Nevertheless, the design with a nonuniform distribution of the axial induction
raises interesting scientific questions on how this affects the wake deployment. In this
study, we compared two rotors of different diameters. This is a challenging comparison,
but the reduction in the specific rating is the first step in the design concept of the
Hybrid-Lambda Rotor. This step enables increased power capture in light winds, which
is highly important for the future path of decarbonization. Blades of this size come
with the need for load-reducing techniques. But applying peak thrust shaving also
significantly reduces wake losses close to the turbine rated wind speed. This coincides
with the maximum in the Weibull wind speed distribution (offshore) and will further
increase the annual energy production on a wind farm level. Even for the light-wind
mode, when no peak shaving is applied, advantages in the wake recovery are identified.
To fully support this thesis, further case studies considering higher turbulence intensity
and bigger farm layouts with various spacings and inflow directions should be analysed.

3.6 Conclusions

In this study, we validated the aerodynamic design concept of the Hybrid-Lambda
Rotor with high-fidelity aerodynamic simulations, FVW and LES, and compared the
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results to the ones predicted by BEM theory. We identified its characteristic wake
behaviour and compared it to the wake of the IEA 15-MW reference turbine.

The FVW investigations support the design principles of the Hybrid-Lambda
Rotor that were originally identified using the BEM theory. The integrated rotor
quantities (power and thrust) obtained with the FVW and BEM methods are in very
good agreement, deviating by a maximum of 1.5%. Discrepancies in the radius resolved
variables are most distinct when the gradients along the blade span are large. In the
light-wind mode, differences of about 15% in the axial induction distribution are
observed between BEM and FVW. In the strong-wind mode, the deviations are less

prominent, as the gradients along the blade span are reduced.

The wake of the Hybrid-Lambda Rotor has unique characteristics, and it shows
advantages, especially in the near-wake region (up to 4 D downstream). In detail, these
are higher wind speeds in the outer-wake annulus and decreased wake expansion and
significantly reduced wake deficits in the strong-wind mode. Those characteristics are
observed fairly consistently with both methods (FVW and LES). The advantages are
most prominent in low turbulence conditions and can smear out in higher turbulence

which is still the main driver for wake diffusion.

In summary, the design of a blade with strong gradients along its span is possible
with the BEM theory, but a verification with a FVW code is advisable. Gradients
in the axial induction distribution are reflected in the wake and can be beneficial
for the wake recovery. The advantages found in this study favour an application
of low-specific-rating turbines in a scenario with close spacing and low turbulence
conditions. In a simplified wind farm configuration with two turbines in a fixed
absolute spacing, the Hybrid-Lambda Rotor was found to yield almost twice the energy
as the reference turbine (noting that both turbines have the same power rating but
different diameters). Further, the ratio of the downstream to upstream turbine power
production increases for the Hybrid-Lambda Rotor. This could open opportunities for
repowering existing offshore wind farms with low-specific-rating turbines. Maintaining
the given farm layout will save costs due to the reuse of existing infrastructure but leads
to a reduced relative spacing of the larger turbines. An innovative turbine concept, like
the Hybrid-Lambda Rotor, is promising for mitigating wake losses as it is better suited
for close spacing.
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Abstract

The Hybrid-Lambda Rotor is an aerodynamic rotor concept that enables low-specific-
rating offshore wind turbines in order to increase the power output in light winds and
to limit the loads on the very long and slender rotor blades in strong winds. In this
paper, the rotor concept is scaled to wind tunnel size and validated under reproducible
inflow conditions. The objectives are to derive a scaling methodology, to investigate
the influence of the steep gradients of axial induction along the blade span, and to
characterize the wake of the Hybrid-Lambda Rotor in wind tunnel experiments. The
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scaling objectives are to match the axial induction distribution and to incorporate the
change in the angle of attack distribution when switching between the light-wind and
strong-wind operating mode. The derived model rotor with a diameter of 1.8 m is
experimentally investigated and compared to a conventional model wind turbine in the
large turbulent wind tunnel in Oldenburg under tailored inflow conditions produced
with an active grid. A two-dimensional laser Doppler anemometer is used to measure
the axial induction in the rotor plane, and the wake is characterized by means of a hot-
wire rig. The measurement data are supplemented with free-vortex wake simulations of
both scaled rotors. The results demonstrate that switching the operating modes with the
characteristic change in the angle of attack distribution works similarly for the model
and the full-scale turbine. The strong gradients of axial induction along the blade span
lead to complex three-dimensional flow structures, such as an increased radial flow
component in the rotor plane. The low-induction design of the outer part of the rotor
reduces the load overshoots in gust events compared to the conventional model turbine.
The wake characterization reveals an outer annulus with reduced wake deficits, an
additional shear layer and vortex system, and overall reduced wake deficits over a
wide range of wind speeds below rated power. The derived results can improve the
understanding of the unique flow patterns that are introduced by the Hybrid-Lambda
Rotor and provide a valuable complementary data set to the simulations on the full-scale

rotor.

4.1 Introduction

The large-scale employment of offshore wind energy is one of the main pillars used to
tight climate change. However, integrating more and more conventional wind turbines
in the energy grid will lead to an oversupply of power feed-in during strong winds,
while a deficit still remains in light winds. This effect is often named self-cannibalization
of wind energy (Lépez Prol et al., 2020) as it is self-amplifying with the share of wind
energy in the overall energy mix. It is further intensified by the effect of large cluster
wakes, which will significantly reduce the efficiency of many wind farms, especially
in light winds and in the context of limited available offshore sites and very close
spacing of wind farm clusters (Dérenkdmper et al., 2023; Schneemann et al., 2020).
Self-cannibalization leads to high prices of electricity during light-wind days and low
to zero (or sometimes negative) prices during strong-wind days, as predicted by May
et al. (2015). Thus, there is a need for wind turbines that produce more power in light

winds. Onshore, this aim is usually accomplished by means of larger rotor diameters in
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relation to the rated power, i.e. so-called low specific power (Swisher et al., 2022). The
increasing length and mass of the blades result in loads that are no longer technically
feasible, which consequently leads design and control engineers to apply load-limiting
techniques. The purpose is to reduce the extreme loads close to rated wind speed, but
feasible solutions come with a loss in aerodynamic efficiency and thus reduced power.
At offshore sites in particular, this contradicts the higher annual average wind speed
since a large portion of the energy yield would be achieved in wind speed regimes
with reduced aerodynamic efficiency. There is a need for novel design and control
methodologies that enable large offshore rotors with low specific ratings. Such concepts
limit the power losses due to load-limiting strategies, which can go hand in hand with

techniques that reduce the wake losses.

For this purpose, the Hybrid-Lambda Rotor concept for offshore turbines was
developed by Ribnitzky et al. (2024a). It features a rotor design for two tip speed ratios
(TSRs) and a non-uniform axial induction distribution along the blade span. To limit the
loads, the blades are pitched towards feather before rated wind speed, and, in addition,
the rotor is switched to a strong-wind mode. Here, the rotor is operated at a lower
TSR and a lower axial induction, and the spanwise angle of attack distribution is tilted
with a decreasing trend towards the blade tip. When limiting the loads to a certain
constraint, this novel combination of blade design and control strategies was proven to
cause lower losses in power production compared to conventional blade designs and

load-limiting strategies, such as solely pitching the blades to feather.

In previous studies, Ribnitzky et al. (2022) investigated the rotor concept with
standard simulation methodologies such as the blade element momentum (BEM)
theory. This theory relies on the assumption of independent blade elements. The rotor
design with the steep gradients of the axial induction distribution along the blade span
consequently reaches the limits of the applicability of the BEM theory. In subsequent
investigations, Ribnitzky et al. (2023) analysed the concept using free-vortex wake
(FVW) simulations and large-eddy simulations (LESs), and the results were compared
to the BEM theory. Although reasonable agreement was found for rotor-integrated
quantities like power, thrust, and blade root bending moment, discrepancies were
noticed in the spanwise-resolved variables, like the axial induction and the angle
of attack distributions. Those studies further revealed a second shear layer in the
wake that trails from the mid-span blade region with the steep gradients. This raises

interesting questions about the blade aerodynamics and the wake of such a rotor. To
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consolidate the findings from the simulation-based studies, an experimental validation
of the Hybrid-Lambda Rotor concept is lacking. This leads us to the question of how

the rotor concept can be scaled to wind tunnel size.

Designing a model wind turbine blade for use in a wind tunnel usually aims to
replicate certain physical characteristics of a full-scale rotor. This process involves
finding a delicate compromise since an exact match of all relevant physical parameters
between the model and the full-scale turbine is usually not possible. Canet et al. (2021),
Bottasso and Campagnolo (2021), and Gasch and Twele (2012) thoroughly analyse
the scaling of wind turbines in general. Scaling the Hybrid-Lambda Rotor involves
four major challenges. First, the large geometric scaling factor of 1/181; second, the
high design TSR of 11 of the full-scale rotor; third, the non-uniform distribution of
the axial induction along the blade span; and, fourth, the ability to change between a
light-wind and a strong-wind operating mode. The first two aspects can lead to very
low chord lengths, which is a challenge for manufacturability and which leads to very
low Reynolds numbers. This would result in an undesired change in the airfoil polars
and a loss in aerodynamic efficiency. The latter two aspects require a delicate blade
design for two main operating conditions that can mimic the characteristics of the
Hybrid-Lambda Rotor even in the small-scale environment of a wind tunnel. In this
study, the emphasis is on the aerodynamic effects. Consequently, the model blades are
designed over-proportionally stiff to separate aerodynamic effects from aero-elastic
interactions. Further, the design and application of a transient controller for the wind

tunnel model will be addressed in future studies.

Once successfully designed and manufactured, a wind tunnel model could provide
valuable insights into the influence of the steep gradients of the axial induction along
the blade span. It further allows us to explore the possibilities of changing the operating
modes and changing the spanwise angle of attack distribution, and it enables an
in-depth characterization of the wake of the Hybrid-Lambda Rotor. Wang et al. (2021)
showed that wakes of scaled wind turbines can deliver a very good representation of
the full-scale counterpart, with minor exceptions due to nacelle effects in the inner
near-wake region. The study presented here gives valuable insights into aerodynamic
effects and design methods for low-specific-rating wind turbines. This includes an
understanding of the flow in the rotor area and in the near wake of rotors with a
non-uniform axial induction distribution. Further, the study can serve as an example for

various complex scaling problems in wind energy research and provides guidelines and
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inspirations for designing scaled model turbine blades for aerodynamic investigations

in the wind tunnel.

Further innovative rotor concepts have been developed in the wind energy research
community. A non-uniform spanwise load distribution of the rotor can lead to
enhanced wake mixing, according to Kelley et al. (2014) and Yang et al. (2015). They
investigated blade designs with larger spanwise gradients of bound circulation with
FVW simulations and LESs and found that those rotors exhibit shorter and faster mixing
far wakes. Dong et al. (2023) compared the wake of rotors with different spanwise load
distributions and found that the wake recovery rate is higher for a blade design with a
load distribution that is shifted more towards the blade root. Low-specific-rating tur-
bines that operate at lower thrust coefficients over a wide range of wind speeds can have
additional advantages on a wind farm level (Madsen et al., 2020). Further rotor concepts
that aim to enhance wake diffusion also exist. Knauer (2021) introduced a rotor design
with a nearly inverse axial induction distribution compared to the Hybrid-Lambda
Rotor, using a ventilation area with negative axial induction close to the blade root to

introduce a small jet of relatively high wind speeds into the rotational centre of the wake.

The overall objective of this paper is to experimentally characterize and validate
the aerodynamic design concept of the Hybrid-Lambda Rotor under reproducible,
turbulent, and transient inflow conditions on a wind tunnel scale. More specifically, the
contribution aims to (1) develop a method on how to scale the Hybrid-Lambda Rotor
concept to wind tunnel size, (2) investigate the influence of the steep gradients of axial
induction along the blade span on the aerodynamics, and (3) characterize the near wake
of the Hybrid-Lambda Rotor.

4.2 Scaling methodology of the Hybrid-Lambda Rotor

In this section, we scale the Hybrid-Lambda Rotor with a rated power of 15 MW and
a diameter of 326 m (Ribnitzky et al., 2024a) to the size of the Model Wind Turbine
Oldenburg with a diameter of 1.8 m (MoWiTO 1.8). The model turbine is usually
operated with a conventional set of blades, as described in Berger et al. (2018) and
Berger et al. (2021). This rotor is an aerodynamically scaled version of the NREL
5 MW reference turbine, defined by Jonkman et al. (2009), scaled under the objective of
maintaining the design TSR and the lift distribution along the blade span, and it serves

as a reference rotor for this study.
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4.21 Geometric scaling vs. aerodynamic redesign

The scaling methodology for the Hybrid-Lambda Rotor presented here differs from the
aforementioned scaling approach of the reference rotor. The Hybrid-Lambda design
methodology, as described by Ribnitzky et al. (2024a), aims to increase the rotor diameter
compared to a reference rotor in order to increase the power in light winds. In contrast,
the scaling approach presented here aims to have the same rotor diameter as the
reference model turbine (1.8 m). This ensures similar boundary conditions in the wind
tunnel between the two rotors, considering rotor aerodynamics and wake extension.
The most straightforward approach to deriving a scaled model would be a geometric
downscaling of the full-scale blade. Scaling the Hybrid-Lambda Rotor from a diameter
of 326 to 1.8 m leads to a length scaling factor of nj = Dy, /Dy = 1/181, where D is the
rotor diameter and the subscripts m and f refer to the model turbine and full-scale
turbine, respectively. An exact geometric downscaling would lead to a chord length
at the tip of only 8mm and an unfeasibly low blade thickness of 0.8 mm. Further, if
the internal blade shape were scaled exactly, this would lead to a blade mass of only
24 g and a tip deflection under rated conditions of 14 cm. Clearly, these values illustrate
that a geometrical downscaling is not an option. Besides manufacturing constraints,
the short chord length would lead to very low Reynolds numbers of about 37000 at
the blade tip at rated power, resulting in non-negligible changes in the airfoil polars
and unacceptable losses in the aerodynamic efficiency. Consequently, an aerodynamic
redesign of the blade is necessary. This means a new blade shape is defined that matches
some pre-defined characteristics of the full-scale rotor. Choosing different airfoils and a
new chord and twist distribution leads to a visually different blade, which is, however,
completely irrelevant as long as the relevant aerodynamic properties are reasonably
matched. The first step is to properly define the scaling objectives and to choose the
aerodynamic characteristics that should be matched, since, as previously mentioned,

not all characteristics can be fulfilled at the same time.

4.2.2 Scaling objectives

Common scaling approaches aim to replicate the TSR and the non-dimensional spanwise
circulation distribution. However, the aforementioned challenges forced us to partially
deviate from this approach. In contrast, in this study we focused on matching the
axial induction distribution along the blade span for the light-wind and strong-wind
operating modes of the full-scale Hybrid-Lambda Rotor, and we adapted the operational
TSRs. Further, we aimed to incorporate the possibility to change the operating mode
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and, consequently, to tilt the angle of attack distribution, similar to the full-scale rotor.
More precisely, tilting the angle of attack distribution during the transition from the
light-wind (LW) mode to the strong-wind (SW) mode means that the angle of attack is
lowered in the outer part of the blade but increased for the inner part. With the focus on
aerodynamic investigations, we decided to design the model blades over-proportionally
stiff in order to exclude elastic effects and unintended fluid—structure interactions that
could overshadow fundamental effects resulting solely from the novel blade design
methodology.

4.2.3 Adaptation of design TSRs

An application of the design TSRs of 11 and 9 from the full-scale rotor is not feasible
for the wind tunnel size, as the derived chord lengths and local Reynolds number (Re)
would be too low, even with the choice of new airfoils. Using Egs. (4.1)-(4.4), we explain
why a reduction in design TSR will increase the Reynolds number. The latter is defined
by Eq. (4.1).

Re = & trel’P (4.1)

n

Here, p is the air density and 7 is the dynamic viscosity, which are both usually constant
across full-scale and wind tunnel applications. The relative velocity at the respective
blade element u, is proportional to the inflow velocity u.. and the design TSR Ay, as
denoted in Eq. (4.2). The characteristic length c is the chord length which follows the
trends as expressed in Eq. (4.3) according to a Betz blade design, as described by Gasch
and Twele (2012). Here, R is the rotor radius, B is the number of blades and Cj 4 is the
design lift coefficient. Consequently, Re scales with the reciprocal of A4, as denoted in
Eq. (4.4), and larger Reynolds numbers can be achieved by reducing the design TSR and

choosing a low design lift coefficient.

Urel < Ad * Uoo (4.2)
R
o< — 4.3
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The design TSRs from state-of-the-art model wind turbines range from 4.5 to 7.5.
Examples include model wind turbines that are scaled for aero-servo (and potentially
elastic) investigations, such as the MoWiTO 1.8 (Berger et al., 2018), the TU Munich G2
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(Bottasso et al., 2014b), and the Polimi model turbine (Bayati et al., 2016) with a design
TSR of 7.5. Model turbines that are designed for wake (and potentially wind farm)
investigations are the TU Munich G1 (Campagnolo et al., 2016) with a design TSR of 7,
the NTNU (Krogstad and Lund, 2012), and the MoWiTO 0.6 (Schottler et al., 2016) with
a design TSR of 6. Even lower design TSRs of 5 and 4.5 are chosen for model turbines
with smart blade applications, such as the TU Delft (Hulskamp et al., 2011) and the
TU Berlin (BeRT) (Soto-Valle et al., 2020) turbines. Models with large diameters, like the
MEXICO rotor (Schepers and Snel, 2008) or the NREL phase VI turbine (Hand et al.,
2001), with diameters of 4.5 and 10m, are also designed for relatively low TSRs of 6.7
and 5.4, respectively.

Consequently, we decided to reduce the design TSRs of the Hybrid-Lambda Rotor
for the wind tunnel model. Within the iterative design process, several TSRs were in-
vestigated. We found that a design TSR for the light-wind mode A4 1w = 7.5 works well
in order to fulfil the constraints of minimal chord length (3 cm) and Reynolds number
(70000). Further, there is the advantage of the comparability with the conventional
blades for the MoWiTO 1.8, as they feature a design TSR of 7.5, too. The design TSR
for the strong-wind mode A4 gy was chosen in order to incorporate a similar change
in the inflow angle distribution to that of the full-scale rotor when switching from the
light-wind to the strong-wind mode. The aforementioned change can be calculated
with Eq. (4.5) and is visualized in Fig. 4.1 using the axial induction distribution from
the full-scale rotor. Here, asy and ayyy are the induction factors in the strong-wind and

light-wind modes, respectively.

R
r-Adsw

) _ arctan ((1 () —X ) (4.5)

r-AdIw

A¢(r) = arctan ((1 —asw(r))

It can be readily seen that a reduction of the TSR from 7.5 to 6.7 would lead to a
similar change in the inflow angle compared to a reduction from 11 to 9 (as for the
tull-scale rotor) in the relevant blade region, except for the segments close to the blade
root. However, we chose the strong-wind TSR to be 6 for two reasons. First, we want to
enlarge the effect of the change in the angle of attack distribution in order to facilitate
the measurability with the background of measurement uncertainties. Second, the
transition from the light-wind to the strong-wind mode at a constant rotational speed
will expand over a wider range of wind speeds if the design TSRs are further apart.
For instance, with the start of the transition region at uis = 6.3ms™!, the tip speed

ratio in the strong-wind mode of A4 gw = 6.7 would lead to the end of the transition
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Figure 4.1: Change in the inflow angle distribution for operational transition of
TSRs, with the full-scale rotor represented with the dashed line.

region at uge = 7.0ms~!, whereas a lower tip speed ratio Agsw = 6 would result in
a wider transition region with ue = 7.9ms™!. This opens up more opportunities for
control-related investigations in the wind tunnel that focus on the transition between

the operating modes.

4.2.4 Design and scaling constraints

With the choice of design TSRs being made, the design process continues with the
application of the Hybrid-Lambda design methodology, which is visualized in Fig. 4.2.
However, certain constraints need to be taken into account. The Reynolds number
should be at least 70 000, as suggested by Bottasso and Campagnolo (2021), to limit the
reduction in aerodynamic efficiency. The chord length directly influences the Reynolds
number. In addition, the constraint of the minimal chord length due to manufacturing
reasons is set to 3 cm. This is not a strict limit, but it is related to the minimal leading
edge radius and the minimal trailing edge thickness of 0.5 mm within the milling process
of the blade mould. The smaller the chord length, the larger the adjustments that need
to be applied to the airfoil shape in order to maintain the constraints for the leading edge
radius and trailing edge thickness. The blade root diameter is constrained to 35 mm in
order to include the same pitch actuation mechanism and the same blade root connection
to the hub as is used for the conventional blades. In theory, the maximum flapwise
blade root bending moment (RBM) scales with n7. With a maximum value for steady
inflow of 62.9 MNm for the full-scale model, this would result in a value of 10.6 Nm for

the wind tunnel model. This is the load level where the transition from the light-wind to
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strong-wind mode takes place in a steady-state assumption. However, under transient
inflow conditions, higher loads are expected. Due to the load-limiting constraints of
the MoWiTO 1.8, we lowered the design value for the steady-state maximum flapwise
RBM to 7.5 Nm. The operational range of the rotational speed must be between 420 and
600 rpm. It is constrained by the first tower eigenfrequency (6.7 Hz) at the lower end
and by the maximum rotational speed of the slip ring in the drive train at the upper

end.
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Figure 4.2: Scaling and design workflow for the Hybrid-Lambda Rotor. AoA — angle of
attack; oy — design angle of attack; B — twist angle; Byiich — pitch angle; ¢ — chord length; ¢y,
cr, and crpm — power, thrust, and flapwise root bending moment coefficients; f(...) —as a
function of (...); FS — full scale; LE — leading edge; LW —light wind; A — tip speed ratio; r —
local radius; Re — Reynolds number; SW — strong wind; TE — trailing edge; ucut-in, Uts, Ute,
and uyateq — Wind speeds at cut-in, start of transition, end of transition, and rated power.
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4.2.5 Inputs to the aerodynamic redesign

Before starting the design process, appropriate airfoils need to be chosen. We investig-
ated several low-Reynolds-number airfoils and decided to use the SG6040 and SG6041
airfoils (Giguere and Selig, 1998), which were also used for the conventional blades of
the MoWiTO 1.8, for the sake of comparability. The polars are simulated with XFoil
for the individual blade element with the respective Reynolds number with an Nt
value of 7 and without a forced transition. N is the critical amplification factor that
describes the transition between laminar and turbulent flow over the airfoil.

Next, the Hybrid-Lambda design methodology, as described by Ribnitzky et al. (2024a),
is applied with the following input variables. The design TSRs are set to 7.5 and 6,
as explained above. Identical to the full-scale rotor, the blending region between the
inner and outer blade section is set to 70 % blade length (equivalent to 73 % rotor radius
for the model turbine), and the twist offset for the inner blade region is set to —2.5°.
Further information on the twist offset within the Hybrid-Lambda design methodology
is given by Ribnitzky et al. (2024a). The desired axial induction distribution is adopted
from the full-scale rotor, since this is the major scaling objective. The design angle of
attack (ay) is derived from a compromise between achieving good lift-to-drag ratios
(Ctmax L/D =~ 4.5°), maintaining reasonable margins to the stall region (o ~ 11.5°), and
maintaining low lift coefficients that help to fulfil the minimum Reynolds number and
chord length constraints. Consequently, the design angle of attack is set close to the
maximum lift-to-drag ratio for the inner part of the blade where the low design TSR
already ensures large enough chord lengths. For the outer part of the blade, the design
angle of attack is reduced in order to enlarge the chord length, which also matches well
with the angle of attack distribution of the full-scale rotor. With these input variables,

the chord and twist distribution can be calculated. Those are shown in Fig. 4.3 for the

final blade design.
30
+ Chord for design-AoA and des,ign-CL + + Twist for design AoA
0.125 —Hybrid-Lambda blade 25 ---‘HL Concept without twist offset

—Conventional blade (scaled NREL 5 MW) . —Hybrid-Lambda blade
20+ +, —Conventional blade (scaled NREL 5 MW)|
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o
" =
© 0.05/
0.025 0
inner blade section | outer blade section inner blade section | outer blade section
0! . . . . , 5 . . . . .
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 b 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
(a) non-dimensional radius [ - ] ( ) non-dimensional radius [ - ]

Figure 4.3: Chord (a) and twist distribution (b) for the scaled Hybrid-Lambda
Rotor and the scaled NREL 5 MW turbine.



86 4. A scaling methodology for the Hybrid-Lambda Rotor

4.2.6 Deriving the control schedule and time scaling factor

BEM simulations with steady and uniform inflow provide the aerodynamic performance
curves, such as the power coefficient ¢, thrust coefficient ct and flapwise RBM as a
function of pitch angle f;cn, and operational TSR. Now, the constraint of flapwise RBM
is applied, and the wind speed is calculated at which the limiting loads are reached (uss),
which is defined as the start of the transition region. The control strategy, i.e. rotational
speed and pitch angle over wind speed, as shown in Fig. 4.4 for the final scaled design,
is derived as follows. For wind speeds greater than uys, the rotational speed is kept
constant until Agy is reached. Then the rotational speed follows Agy until rated wind
speed. The pitch angle is set in order to constrain the RBM below rated wind speed with
the given operational TSRs. The wind speed at which the transition to the strong-wind
mode starts, uts, and the speed at which it ends, ut, are now known, as well as the
respective pitch angles. Since most of the measurements are performed at these two
wind speeds and with the respective rotational speed, ®ans, we define the time scaling
factor as

nt = tm/tf = a)translf/wtrans,m = 1/1 14‘ (4:.6)

Note that the maximum rotational speed of 600 rpm is set by hardware constraints and
is not exactly true to scale compared with the full-scale model. An overview of the
actual turbine parameters and the scaling factors is provided in Table 4.1. Note that
since we transferred the Hybrid-Lambda concept to lower TSRs, the scaling of the wind
speed, which would be defined as n;/n;, does not hold true in this case. However, if we
define the scaling ratios of the design TSRs as

nyw =Mwm/Mws and 1y sw = Aswm/Aswis, (4.7)

then the wind speeds can be derived from Egs. (4.8) and (4.9):

nm
Uts,m = Uts f- ——, (4.8)
ng-ny 1w
n
Ute,m = Utef- (4.9)

ng-n) sw '
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Figure 4.4: Control schedule for the Hybrid-Lambda model turbine (HL MT),
derived from BEM simulations.

Table 4.1: General parameter of the wind tunnel model and the full-scale Hybrid-
Lambda Rotor.

Parameter Symbol Model scale Full scale  Unit Ratio
(subscript m)  (subscript f)

Length scaling factor n - 1/181

Time scaling factor nt - 1/114

Rotor diameter D 1.8 326 m 1/181

Max rotor speed Wmax 600 538 rpm 1/111

Rotor speed at uts Wtrans 500 4.39 rpm 1/114

Design TSR inner 70 % of blade span AdSW 6 9 - 0.67

Design TSR outer 30 % of blade span AdLW 7.5 11 - 0.68

Wind speed, start of transition Uts 6.3 6.9 ms~! 093~ 114/(181-0.68)
Wind speed, end of transition Ute 7.9 83 ms~! 095~1 14/(181-0.67)
Rated power Prated 340* 15x10° W 0.74/1812

Reynolds number at 90 % blade span at ugs  Re 95 x 103 7x100 - 0.014

* Reduced due to hardware constraints.
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4.2.7 Verifying the constraints and closing the design loop

Finally, we can check the angle of attack and axial induction distribution for the two
operating points (uts and ue), and we can verify the scaling objectives as follows. Is the
axial induction distribution from the full-scale rotor reasonably matched (Fig. 4.5a)? Is
the change in the angle of attack distribution reasonable when switching the operating
modes (Fig. 4.5b)? Is the constraint for the Reynolds number achieved (see Fig. 4.6)? If
one of these objectives is not met, the design optimization loop is closed by re-tuning the
input parameters and calculating the next design iteration. For major design updates,
we re-calculate the airfoil polars as follows. The minimum leading edge radius and
trailing edge thickness is constrained due to manufacturing reasons. Consequently,
the airfoil shape needs to be adapted for all blade elements where the derived chord
length would lead to a violation of the constraints. Now that the relative velocity at
the respective blade element is known from the BEM simulations, the airfoil polars can
be re-calculated for each individual blade element, considering the expected Reynolds
number and the modified airfoil shape. The largest adaptation to the airfoil shape is
necessary for the blade element with the shortest chord length, consequently, at the
blade tip. We observed an increase in the drag coefficient for angles of attack greater than
3.5°, which results in a reduction in the maximum lift-to-drag ratio by 15 % compared
to the unchanged airfoil. These numbers highlight the importance of considering the
modifications to the airfoil shape, since the effect is happening in the relevant region of
operational angle of attacks.

0.4 12

full scale

axial induction [ -]
o
N

o
=

angle of attack [°]

model turbine

—MT: Light-wind mode FS: Light-wind mode --—conventional MT | \
—MT: Strong-wind mode -~ FS: Strong-wind mode ) 2 ‘ ‘ ‘ | ‘

0 01 02 03 04 05 06 07 08 09 1 (b) 0 01 02 03 04 05 06 07 08 09 1
(a) non dim. blade length [ - ] non dim. blade length [ - ]

Figure 4.5: Axial induction (a) for the light-wind mode (at u;s) and the strong-wind
mode (at ute) for the Hybrid-Lambda model turbine (MT), the full-scale (FS) rotor,
and the conventional model turbine in BEM simulations and respective angle of
attack distributions (b).
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4.3 Experimental and simulation methodology

In this section, we first explain the experimental set-up in Sect. 4.3.1, the measurement
equipment in Sect. 4.3.2, and the post-processing of the measurement data in Sect. 4.3.3.
Several simulations are used to derive the blade design of the scaled model, for compar-
ison of the experimental data with simulation models and to get further insights into
flow quantities that could not be measured. The simulation methodology is therefore
described in Sect. 4.3.4.

4.3.1 Experimental set-up

The experiments were carried out in the turbulent wind tunnel of Oldenburg, further
described by Kroger et al. (2018). It is a Gottingen-type wind tunnel, featuring a
rectangular nozzle with a cross section of 3m x 3m and a test section length of 30 m. For
the purpose of this study, the open-jet test section configuration was used, as illustrated
in Fig. 4.7. The wind tunnel can be equipped with an active grid to realize turbulent,
reproducible flow patterns in the inflow, as further explained by Neuhaus et al. (2021).
The active grid was mounted with a static open-flap configuration for the investigations
of the rotor-integrated quantities (Sect. 4.4.1), the radially resolved measurements
(Sect. 4.4.2), and the wake measurements (Sect. 4.4.4). This leads to a steady, uniform
inflow over the rotor area with a turbulence intensity (7;) of approximately 2%,
which is used for all presented measurements if not stated differently. For the wake
investigations only, four different levels of turbulence intensity (2 %, 4 %, 6 %, and 8 %)
were generated with the active grid. To analyse the effect of gusts on the rotor (see
Sect. 4.4.3), the active grid was used to produce a transient wind speed change that is

intended to represent a scaled operating gust, as described by Neuhaus et al. (2021).
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According to the IEC 61400-1 (2019) standard, the gust should last 10.5s. With the
time scaling ratio of 1 : 114 (as defined in Sect. 4.2), the ideally scaled gust in the wind
tunnel would last only 0.09 s. Unfortunately, controlling the wind speed at such high
frequencies is not possible, and there is always a trade-off between high frequencies
and sufficient wind speed amplitudes. Neuhaus et al. (2021) found the fastest gust
with a reasonable gust amplitude has a duration of 0.75s. This means that the gust in
the wind tunnel is about 8 times slower than the full-scale equivalent. The amplitude
reaches from 6.3 to 7.5ms ™! in the wind tunnel, while the IEC operating gust ranges
from 6.3 to 8.2ms™ 1.
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Figure 4.7: Experimental set-up, side (a) and top view (b), indicating the measure-
ment positions of the hot wires, LDA, and Prandtl tube. The coordinate system
is located in the rotor centre. MoWiTO 1.8 with the Hybrid-Lambda blades (c),
D =1.8m, hub height of 1.5m.

In addition to the experiments with the Hybrid-Lambda Rotor, further measure-
ments were carried out with the conventional blades to compare the load response due
to gust events (see Sect. 4.4.3) and to compare the wake of the two rotor designs (see
Sect. 4.4.4). Both model rotors have the same diameter of 1.8 m. The model turbine, as
depicted in Fig. 4.7, is equipped with strain gauges in the blade root to measure the
flapwise blade root bending moment and in the tower base to derive the rotor thrust. A

torque meter and a rotational encoder in the drive train allow for measurements of the
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rotor torque, azimuthal position, and rotational speed. The data acquisition system of
the model turbine samples the aforementioned measurement data at 5 kHz. The blade
pitch is set by three DC motors, mounted in the blade roots, allowing for individual

pitch control. However, in this analysis, only collective pitch settings are used.

For this study, the turbine is operated at a fixed rotational speed of 500 rotations
per minute (rpm). Changing the rotational speed would influence the operational
Reynolds number, which affects the aerodynamic behaviour of the turbine. For the sake
of comparability between all conducted measurement runs, a fixed reference rotational
speed is chosen. For the gust investigations, the rotational speed and the blade pitch
are also set to constant values. Since the focus of this study is on the aerodynamic
behaviour and the impact of the different blade designs, no overshadowing of the

effects by controller actions is desired.

The model turbine is placed 4.8 m (2.66 D) behind the wind tunnel nozzle, and
the inflow velocity is measured with a Prandtl tube and a pressure transducer 2.1 m
(1.2 D) behind the nozzle. These values were found to be best practice in order to avoid
influences of the induction zone of the model turbine on the wind speed measurements

and on the development of the inflow behind the active grid.

4.3.2 Measurement equipment and experimental matrix

To measure the axial and tangential induction, a two-dimensional laser Doppler
anemometer (LDA) with a power of 1 W for each laser is used. A beam expander with a
focus length of 2.1 m allows the LDA system to be mounted at a reasonable distance in
order not to disturb the flow. In the radial direction, 16 measurement points are taken
at the 3 o’clock position (looking downstream) in order to minimize the tower effects
on the measurements (rotor spins clockwise looking downstream). The measurement
points cover a range from 0.3 to 0.95 R, with closer spacing in the region of the expected
steep induction gradients, as indicated in Fig. 4.7. The axial and tangential induction
and the angle of attack are derived from the method introduced by Herréez et al. (2018)
and further applied by Berger et al. (2021). According to this method, the axial and
tangential velocity components are probed in the bisectrix of two blades where the local
blade induction is counterbalanced and cancelled out. Herraez et al. (2018) found that
the trailed vorticity at the blade tip does play a non-negligible role, and measurements
further outboard than 0.92 R should be treated with care. This method is only valid for
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axial and uniform inflow, which is given for the studies presented here.

We analysed the wake of both the conventional and the Hybrid-Lambda Rotor.
The light-wind mode of the Hybrid-Lambda Rotor leads to a thrust coefficient of
0.92. The conventional blades are investigated at the same wind speed with the same
rotor speed, and the pitch is set in order to achieve the same thrust coefficient as for
the Hybrid-Lambda blades in the light-wind mode. Further, the thrust coefficient
is 0.61 for the strong-wind mode and 0.45 for rated wind speed. The investigated
operating modes are summarized in Table 4.2. Hot-wire measurements were performed
downstream of the rotors at hub height on a horizontal line along the 3 o’clock position.
A hot-wire rig with 24 one-dimensional hot wires was used, covering a radial range
from the centre of rotation to 1.38m (0.77 D) with an equidistant spacing of 6 cm
(0.033 D). The hot-wire rig was mounted on a traverse to realize a very fine spacing in
the downstream direction, too. Measurements are taken at 51 positions downstream of
the rotor, from 0.4 to 5.4m (0.22 D to 3 D) with a spacing of 0.1 m (0.056 D). The first
three downstream positions are located next to the nacelle. Overall, this leads to a very
high spacial resolution of the wake measurements, resulting in an equidistant grid of
24 x 51 measurement points covering a rectangle of 1.38m x 5.4m, which is illustrated
in Fig. 4.7. The hot-wire measurements are sampled with 6 kHz over a duration of 40's
for each point. A different hot-wire rig was used only for the investigation of varying
inflow turbulence intensities. In this case, the hot wires were mounted with a spacing
of 4cm, with 16 hot wires ranging from 0.35D to 0.68 D, and only the downstream

position of 0.4 D was investigated.

Table 4.2: Investigated operating modes for the Hybrid-Lambda wind tunnel
model.

Light-wind mode Strong-wind mode Rated Unit
Abbreviation LW SW rated -
Wind speed us = 6.3 Ue =7.9 Upated = 9.4 ms™!
Rotor speed 500 500 600 rpm
TSR 7.5 6 6 -
Pitch angle —0.8 3.2 6.7 °
ct experiment (0.92 0.61 0.45 -

cp experiment  0.42 0.35 0.27 -
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To characterize the scaled Hybrid-Lambda Rotor and to derive the rotor-integrated
quantities, a measurement matrix was performed, which consists of a grid of TSR and
pitch combinations with the turbine operating under steady-state conditions. This
matrix covers TSRs from 5 to 9 with a spacing of 0.5 and pitch angles from —2 to +4°
with a spacing of 1°. Further, a finer grid is applied in the area of the highest interest
around the maximum power coefficient. From —1.6 to —0.4°, the pitch angle is varied
in steps of 0.4°, and the TSR is varied from 6.75 to 8.5 in steps of 0.25. The combination
of very low TSR and pitch values could not be measured since the structural loads
would exceed the safety constraints of the model turbine. However, according to the
Hybrid-Lambda control strategy, the pitch angle is increased when the TSR is lowered.
Consequently, the combination of low TSR and low pitch values is unlikely to be relevant.
In total, 91 points were measured. For each point, the turbine data are averaged over
155, which corresponds to 125 rotor revolutions. The non-dimensional power and
thrust coefficients ¢, and cr are calculated with the inflow wind speed derived from the
Prandtl tube measurements and the density calculated from air temperature, humidity,
and ambient pressure. Since all measurements for the rotor-integrated quantities are
recorded within 1d, the maximum variation in the air density was only 0.2 %, and the
air density is considered error-free in the error propagation. For the power and thrust
coefficients, the error-prone variables are thrust force, rotor torque, inflow velocity, and
rotational speed.

4.3.3 Measurement data post-processing and uncertainty estimation

Certain correction methods are applied to the turbine load measurements, as described
in the appendix of Berger (2022). The measured torque is corrected for the drive
train friction — resulting from the bearings and the slip ring — in order to derive the
rotor aerodynamic torque. The friction is derived as a linear function of rotational
speed from calibration measurements, where the drive train is rotated without
the blades. The thrust is corrected for the aerodynamic drag on the tower and
nacelle. The drag force is derived by wind tunnel measurements with detached
blades, resulting in a quadratic correction function of the thrust force over the wind
speed. When calculating the wind speed at the location of the tower, induction
effects are taken into account within an iterative process according to the momentum
theory, as further described by Berger (2022). The strain gauge measurements are
post-processed with a zero-phase digital filter, using a Butterworth infinite impulse
response low-pass filter with a half-power frequency of 28 Hz, which is 12 % higher
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than the blade-passing frequency (3P). This ensures that all relevant rotor dynam-

ics are resolved but allows the data to be filtered for high-frequency vibrations and noise.

The LDA measurement data are post-processed as follows. First, the data are
synchronized with the azimuth angle measurements of the MoWiTO 1.8. From the
continuously acquired LDA data, only the values that lie in a sector of £3° from the
blade bisectrix are further considered. For each radial position, the data are recorded
for 60's, which corresponds to 1500 blade passings. The LDA data are not recorded in
equidistant time steps but whenever a seeding particle passes through the probe volume.
Due to the nature of the flow, more samples will be available for the axial component
compared to the tangential component. On average, 17 000 samples were used for the
calculation of the mean value of the tangential velocity and 37 500 samples for the axial
velocity, for every radial position. The number of samples was never lower than 14 700
and 29 000 for the tangential and axial velocity components, respectively. Therefore,
the confidence in the mean value is very high, and the 95 % confidence interval would
not be visible in the plots. Consequently, we decided to plot the standard deviation
over all samples, which visualizes the spread of the data but does not represent the
high confidence in the mean value. In order to calculate the axial induction, precise
information about the inflow is needed. Therefore, the inflow is measured with the LDA
along a horizontal line at hub height in the position of the rotor plane with the turbine
not installed. These measurements result in an observation of the mean wind speed and
the respective standard deviation for all positions where the axial induction should be
calculated. The inflow characterization reveals a slight drop in the axial inflow velocity
from the centre to the edge of the rotor area of 0.25ms~!. This marginal non-uniformity
is accounted for in the calculations of the axial and tangential induction and the angle
of attack, since the information of the inflow at the individual radial position is used,
as indicated in Egs. (4.10)—(4.12). Here, a and &’ are the axial and tangential induction
factors; uax and ut, are the axial and tangential velocity components in the rotor plane;
U is the undisturbed axial inflow velocity component in the rotor plane; r is the radial
position; @ is the rotational speed; « is the angle of attack; and y is the geometrical angle
between the chord of the local blade segment and the rotor plane, consisting of twist

and pitch.
 uax(r)
Uoo(T)

a(ry=1

(4.10)

d(r) = ut;(:> 4.11)
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a(r) = arctan (L(’")) —y (4.12)

uia (r) + or

Measurement uncertainties are calculated with the Gaussian error propagation,
and, if not stated differently, error bars indicate the combined standard deviation of
all measurement uncertainties, as indicated in Eq. (4.13). Here, d refers to the partial
derivative of the respective equation, f(x;) is the combined measurement value that
is calculated from n measurement variables x;, and o is the standard deviation of the
respective variable. Unless indicated differently, the latter is derived directly from the

measurement data. We assume o(r) = 2mm and o(y) = 0.2°.

nor9f 2
o) =X (520 @13
For the investigation of the gust events in Sect. 4.4.3, ensemble averaging is performed.
The gust event is repeated 45 times with the active grid, which is synchronized with
the turbine’s data acquisition system. The measurement data of the resulting flapwise
blade root bending moment are aligned for all repetitions, and an average value and
the standard deviation at each time step of the gust are constructed. This approach
can smooth out non-deterministic variations. The same transient inflow conditions
were applied to the conventional blades and to the scaled Hybrid-Lambda Rotor. In
this case, we use the 95% confidence interval of the 45 repetitions to indicate the
statistical significance of the different behaviours of the two blade sets. For the sake of
comparability, we normalize the RBM measurements with the mean stationary value
of the respective blade set. However, the difference between the two blade sets in the

mean stationary value is only 0.2 Nm, which corresponds to 3 % of the mean value.

4.3.4 Simulations

The scaled version of the Hybrid-Lambda Rotor was designed with an in-house BEM
code, as described in Hansen (2008). The radially resolved axial induction and angle of
attack distributions were derived with this simulation tool. In this paper, we define
the axial induction as averaged over the annulus, which can be expressed as the local
axial induction on the blade multiplied by the tip-loss factor. Additionally, aero-elastic
simulations were carried out with OpenFAST v3.1 (Jonkman et al., 2022) for model
validation. The rotor-integrated quantities (cp, ct, and flapwise RBM) shown in this
study are derived from the OpenFAST simulations. The two abovementioned tools
both implement the Prandtl tip and root loss models and the Glauert high thrust
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correction with the approximation by Buhl (2005). Neither of them uses a dynamic stall
or dynamic inflow model, since the reference simulations in this study are restricted to
steady and uniform inflow. The tower shadow effect is modelled only in OpenFAST. In
preliminary analyses, the blade tip deflection in front of the tower was measured with a
laser distance sensor, and it did not exceed 15 mm in steady-state operations. However,
the blades are modelled in OpenFAST as flexible using ElastoDyn as the elastic solver
(Jonkman et al., 2022). The tower is modelled as rigid for both tools. Since the in-house

BEM code is purely aerodynamic, all components are modelled as rigid in this case.

For additional investigations on the radial flow component in the rotor plane
(Sect. 4.4.2) and the wake behaviour of the Hybrid-Lambda model rotor and the con-
ventional model rotor (Sect. 4.4.4), FVW simulations are carried out with the OLAF
module in OpenFAST v3.5, as described by Branlard et al. (2022b) and Shaler et al.
(2020). We aimed for a representation of an undisturbed wake, focusing on the effects
that result from the aerodynamic blade design. Consequently, no tower shadow model
is used, and the core spread eddy viscosity (viscous diffusion parameter) is set to 100
in order to allow for a free convection of the wake for a distance of multiple diameters
downstream. Further, at the time of this study, no nacelle drag model was implemented
in OLAF. For all simulations, the inflow is modelled as uniform over the rotor area and
constant in time without added turbulence. Similar to the experiments, the comparison
of the Hybrid-Lambda Rotor and the conventional rotor is carried out at the same thrust
coefficient in the light-wind mode.

4.4 Results

In this section the results from the wind tunnel experiments and the complementary
simulations are presented. We first address rotor-integrated quantities in Sect. 4.4.1 and
then expand to radially resolved measurements in Sect. 4.4.2. Next, we compare the
dynamic response of the Hybrid-Lambda Rotor due to gusts with the response of the
conventional rotor in Sect. 4.4.3. Finally, we characterize and compare the wake of the
two model wind turbines in Sect. 4.4.4.

4.4.1 Rotor-integrated quantities

Characterizing the newly designed model rotor is an important step. The derived

performance curves of the power coefficient, thrust coefficient, and flapwise RBM,
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resolved over a fine mesh of TSR and pitch, are used to validate the blade design and
define operating points for further experiments. Such a characterization is further
needed for controller implementations in future studies. In total, 91 combinations of
TSRs and pitch angles were measured with a constant rotational speed of 500 rpm. For
the sake of clarity, only a small portion of the results is plotted in Fig. 4.8. Overall, the
measured power coefficient shows good agreement with the BEM simulations. The
measurement values are lower than those from the simulations, which could indicate
that the simulated airfoil polars overestimated the performance at the low Reynolds
numbers. Both measurements and simulations show the highest power coefficient at
similar operating points, i.e. TSR and pitch combinations. The difference in maximum
¢p between measurement and simulation data is about 2 %. Differences are larger for off-
design operational points, such as the combinations of large pitch angles with very high
or very low TSRs. The curves of the thrust coefficient show a similar shape over TSR
and pitch angle compared to the simulations but with a considerable offset. Although
correction models for the tower drag are applied, as explained in Sect. 4.3.3, an offset in
the thrust coefficient of about 13 % is present for the operating point with maximal cp,.
The non-dimensional flapwise RBM is plotted in Fig. 4.8 and is defined in Eq. (4.14).

My

_ 4.14
0.5pu§oR”TR2 *19)

CRBM —

Here, 0.5pu2 is the dynamic pressure, R is the rotor radius used as a characteristic
length, and ”TRZ is the rotor area divided by the number of blades. The measured
flapwise RBMs (M,) are in good agreement with the simulations. The relative difference
between the measured RBMs and the simulations is 4 % in the operational point of

maximum cp.
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Figure 4.8: Power coefficient (a), thrust coefficient (b), and non-dimensional flap-
wise RBM (c) from measurements and BEM simulations for various TSRs and
pitch angles B, at a constant rotor speed of 500 rpm.
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4.4.2 Radially resolved quantities

In this section, we address the measurements of the axial induction and angle of
attack distribution over the blade span. We further investigate the radial velocity
component in the rotor plane, as derived from FVW simulations, since this quantity
was not measured within the measurement campaign. The measurements of the axial
induction with the LDA show a fair match with the BEM simulations for the inner
blade region (r/R < 0.7) for both operating modes, as displayed in Fig. 4.9a. However,
the steep gradients in the blending region of the blade design are not present in the
LDA measurements. The measurements show a smeared-out and less steep gradient at
r/R =~ 0.75. Since the flow in the rotor plane is three-dimensional, the assumption of
independent blade elements in the BEM theory is invalid, and the gradients can not be
captured by the BEM theory. The radial velocity components are further addressed in
the next paragraph. The derived angle of attack distributions are plotted in Fig. 4.9b.
The measurements show that the contrary tilting of the distribution works; i.e. when
switching from the light-wind to the strong-wind mode, the angle of attack increases
for the inner 70 % of the blade length and decreases for the outer 30 %, as expected. In
close vicinity to the blade tip (0.9 < r/R < 1), the modelling of the tip loss effect leads to
deviations between the measurements and the BEM simulations. The two outermost
measurement points should be treated with care since the tip loss effect influences the
bisectrix method by Herrdez et al. (2018). Overall, a minor offset of about 0.6° between
the measurements and the simulations can be observed. However, the slopes of the
angle of attack distribution match reasonably well, with the exception of the tip region.
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Figure 4.9: Axial induction along the blade span (a) and angle of attack (b) from
measurements and BEM simulations for the light-wind (LW) and strong-wind
(SW) modes.
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Next, we explore possible reasons for the milder gradients in the axial induction
distribution. In the BEM theory, the blade elements are treated independently of each
other. This assumption is clearly violated with the blade design of the Hybrid-Lambda
Rotor. To reveal further insights into the flow in the rotor plane, we use FVW
simulations for the conventional and Hybrid-Lambda model turbines. The radial
velocity component is extracted on a horizontal line in the rotor plane in a non-rotating
coordinate system, and the average over all time steps is shown in Fig. 4.10. The
time step used corresponds to an azimuthal resolution of 1.5°. Figure 4.10 shows
the envelope, i.e. the minimum and maximum of the radial flow, thus displaying
the impact of the passing blades and the associated vortices. A comparison of the
two blade designs confirms an increased radial outboard flow component for the
Hybrid-Lambda Rotor, almost over the entire rotor span. However, it is especially
increased in the design blending region at 70 % blade length. The envelope shows
lower extreme values at the blade tip for the Hybrid-Lambda Rotor. This is due to the
increased axial wind speed component in the outer rotor annulus. Consequently, the
difference in wind speed compared to the free stream is lower, and less radial flow is
observed. The conventional rotor has a much higher axial induction near the blade
tip (compare with Fig. 4.5a), which explains the larger magnitudes in the radial flow
envelope. However, the envelope also reveals a second peak in the blending region of
the Hybrid-Lambda Rotor, which means that the shear layer between the axial flow
in the inner rotor disc and the outer annulus also introduces additional radial flow.
This clearly highlights that the blade elements can not be treated independently, and
complex, three-dimensional flow structures lead to the smearing of the steep gradients.
Figure 4.10 also shows the differences in the radial flow between the operating modes.
When the Hybrid-Lambda Rotor switches from the light-wind to the strong-wind mode,
the radial velocity component decreases because the axial induction and the thrust
coefficient are reduced, and there is less widening of the stream tubes. In contrast,
the conventional rotor maintains the same operational point (same TSR and pitch
angle) until rated wind speed, since no load limitation is applied. This means that
the thrust coefficient and the axial induction remain constant. When the axial wind
speed increases, the radial velocity component will also increase in the rotor area of
the conventional turbine. Absolute velocity values are plotted in Fig. 4.10. The flow in
the wake of the Hybrid-Lambda Rotor is further investigated in Sect. 4.4.4, and the
influence of the trailing vortices is explained, which also heavily influence the flow in

the rotor area.
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Figure 4.10: Averaged radial velocity component (a) and envelope of the radial
velocity component (b) in the rotor plane from FVW simulations for the two model
turbines.

From the FVW simulations we can further extract the streamlines for both model
turbines, which are shown in Fig. 4.11. The streamlines that pass along the tip of the
rotors are almost identical between the two turbines. This means that the outer shape of
the wake is similar. In contrast, the streamlines of the Hybrid-Lambda Rotor inside the
wake are pushed further outwards compared to the conventional model turbine. Here,
the effect of the increased radial flow is visible. If one considers the conservation of
mass flow, the slower air in the inner part of the rotor has to expand into the outer wake
annulus (compare with the wake investigations in Sect. 4.4.4). Thus, the streamlines in

the outer part of the wake are closer together.
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Figure 4.11: Streamlines from FVW simulations for the Hybrid-Lambda model
turbine in the LW mode and the conventional model turbine (same ct). The rotor
is indicated with the vertical black bar, and the low-induction tips are displayed
in bright red.
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4.4.3 Dynamic response to gust events

We compared the response of the flapwise RBM to gust events between the two sets of
blades. The gust events were generated with the active grid, mimicking a scaled extreme
operating gust with the so-called Mexican hat shape, according to IEC 61400-1 (2019).
The inflow was characterized by Neuhaus et al. (2021) with hot-wire measurements of
multiple repetitions of the gust event in the centre of the rotor plane, which are plotted
in Fig. 4.12. These active-grid settings were derived as the optimum trade-off between
the frequency and the amplitude of the gust, as described in Sect. 4.3.1. The oscillations
in the wind speed after the gust event (for r > 3.2s) are a pumping effect of the flow
induced by the active grid, which can not be avoided for such fast changes in the wind
speed. The ensemble-averaged response in the flapwise RBM for the two rotors is
displayed in Fig. 4.12. Note that no wind turbine controller was applied in this study.
The pitch angle remains constant, and the rotational speed is controlled to be constant
over the entire gust event. The Hybrid-Lambda Rotor is in the light-wind operating
mode during the steady inflow period before the gust event. The conventional rotor is
operated at the same TSR of 7.5, and the pitch is set in order to match the same flapwise
RBM between the two rotors in the steady inflow period. This allows us to compare
the pure aerodynamic response of the rotors. The amplitude of the load overshoot is
less for the Hybrid-Lambda Rotor, and the maximum flapwise RBM is 4.3 % higher for
the conventional blades. The reduced axial induction in the outer part of the Hybrid-
Lambda blades helps to mitigate the load overshoot. Similar conclusions were drawn
by Ribnitzky et al. (2024a) when comparing the effect of extreme-wind-shear events on
the 15 MW Hybrid-Lambda Rotor and a reference rotor on a full-scale level with BEM

simulations.

. T : —1.3
8 ,"| —ensemble average + SD | ! —Hybrid-Lambda Rotor

- -|IEC standard (adjusted) |

—Conventional Rotor

N
[N}

-
o

=3

o
©

normalized flapwise RBM [

O
™

. ; X 8 2 0 0.5 1 1.5 2 2:5 3 3:5 4 4.5 5
(a) time [s] (b) time [s]

Figure 4.12: Gust in the wind tunnel: inflow hot-wire measurements in the rotor plane
and scaled IEC gust, displayed 8 times slower than ideal scaling; gust amplitude is not
scaled (a). Flapwise RBM response of the Hybrid-Lambda Rotor and the conventional
rotor. The shaded area indicates the 95 % confidence interval of the 45 repetitions of the
gust event (b).
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4.4.4 Wake characterization

In this section, we provide an in-depth analysis and comparison of the wake of
the two rotors, using hot-wire measurements and FVW simulations. The hot-wire
measurements are performed in the open-jet configuration of the wind tunnel, as
explained in Sect. 4.3.1. This means that there is a shear layer between the wind
tunnel jet and the still air around the nozzle. For large distances to the wind tunnel
nozzle, there is an unavoidable interaction of the wind tunnel shear layer with the
wake of the turbine. Measurement data for downstream distances larger than 2 D
should be treated with care, especially for larger lateral distances to the centre line.
Nevertheless, the data can provide an impression of the overall picture, and we
consequently decided to plot the data up to 3 D downstream. Figure 4.13 shows the
normalized wind speed and the turbulence intensity in the wake of the two rotors. A
major advantage of the Hybrid-Lambda Rotor becomes clear when comparing the wake
for the different operating modes. When the wind speed increases and the rotor shifts
to the strong-wind mode and further to rated conditions, the pitch angle is increased,
as shown in the control schedule in Fig. 4.4. Consequently, the thrust coefficient is
reduced, the wake deficits are greatly decreased (see also Fig. 4.14), and the opening
angle of the wake (e.g. the expansion of the stream tube) is reduced. This is of immense
importance when evaluating the rotor concept in wind farm applications. In contrast, a
conventional rotor would operate with the same axial induction and thrust coefficient
until rated wind speed. Consequently, the wake deficits remain unchanged, and we
only provide one plot for the conventional rotor. The second aspect that we discuss is
the shape of the wake. The axial induction distribution of the Hybrid-Lambda Rotor is
clearly mirrored in the wake profiles. The low-induction design of the outer 30 % of the
blades leads to an outer annulus with reduced wake deficits, which is highlighted in
Fig. 4.13 with the contour lines. In contrast, the inner part of the blade is designed for a
higher axial induction compared to the conventional rotor (see Fig. 4.5a), thus resulting
in lower wind speeds in the centre of the wake. Note that the axial induction is a free
design variable in the Hybrid-Lambda design methodology, and the blade design could
be adjusted when optimizing for the mitigation of wake effects, e.g. choosing a slightly
lower axial induction for the inner blade section. However, the wind tunnel model of
the Hybrid-Lambda Rotor was not designed to outperform the conventional model in

terms of wake effects but with the objective of incorporating the wake characteristics of
the full-scale Hybrid-Lambda model.



104 4. A scaling methodology for the Hybrid-Lambda Rotor

2
]
k]
02 8
s
2

0
] 0.25 0.5 0.75 1 125 15 1.75 2 225 25 275 3 (e) 0 0.25 05 0.75 1 1.25 15 1.75 2 225 26 275 3
(a) downstream position [D] downstream position [D]

0 0.25 0.5 0.75 1 1.25 15 175 2 225 25 2.75 3 . 0 0.25 05 0.75 1 1.25 15 1.75 - 225 25 275 3
(b) downstream position [D] (0 downstream position [D]

0 0.25 05 0.75 1 125 15 1.75 2 225 25 275 3 ( ) 0 0.25 0.5 0.75 1 1.25 15 175 & 225 25 275 3
(c) downstream position [D] g downstream position [D]

02

e B PEPEP
28 £

BSadPREER
Turbulence intensity [- ]

0 0.25 0.5 0.75 1 125 15 175 2 225 25 275 3 0 0.25 0.5 0.75 1 125 15 175 2 225 25 275 3
(d) downstream position [D] (h) downstream position [D]

~eufu_=09-+ul/u =075-—ul/u_=07---ulu =0.5‘
o o o o

Figure 4.13: Mean normalized wind speed (a—d) and turbulence intensity (e-h)
from hot-wire measurements in the wake of the model turbines. From top to
bottom: conventional rotor (a, e) and Hybrid-Lambda Rotor in the LW mode (b, f),
in the SW mode (¢, g), and at rated wind speed (d, h). Nacelle and blades are
displayed in black, and the outer 30 % of the Hybrid-Lambda blades are displayed
in red. The black arrows point at the second shear layer starting at the blade design
blending region.

The outer annulus with reduced wake deficits leads to a second shear layer at the
border to the inner wake core with lower wind speeds. This is highlighted by the
black arrows in Fig. 4.13, showing the local turbulence intensity, which is defined as
T; = o(u(x,y))/umean(x,y). For now, we only address this as a shear layer, since the
vorticity can not be derived from one-dimensional hot-wire measurements. We further
look into the vorticity in the following paragraphs. The conventional rotor exhibits a
single shear layer between the wake and the free stream, which leads to a single ring of
increased turbulence intensity that widens up with further downstream distances. In
contrast, for the Hybrid-Lambda Rotor, two rings of increased turbulence intensity can
be observed. However, the magnitude of the turbulence intensity of both rings is lower
compared to that of the single ring from the conventional rotor. The first ring emerges
from the blade tip; the second one is shed at the blending region on the blade at 70 %

blade length (if one considers the opening angle of the wake). Travelling downstream,
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Figure 4.14: Wake profiles at a distance of 0.4 D downstream for the two model
rotors. At T; = 2 % for different operating modes (a) and in the light-wind mode
for different T; values (b).

these two shear layers widen up and start to interact with each other, which finally
leads to a region of very high turbulence intensity for downstream distances larger
than 2 D. This effect is most prominent in the light-wind mode. However, the two
rings of increased turbulence intensity are still noticeable in the strong-wind mode and
under rated conditions. Figure 4.13 further shows how the shape of these rings changes
between the operating modes. While they are bent outwards in the light-wind mode,
the curvature and opening angle decrease when switching to the strong-wind mode,
and the rings are almost straight. Under rated conditions, they even tend to have a

slight inwards-directed taper.

From previous FVW simulations and LESs on the full-scale Hybrid-Lambda
Rotor, Ribnitzky et al. (2023) discovered that with increasing turbulence intensity in
the inflow, the outer annulus with reduced wake deficits smears out. This means
that the step-shaped wake profile, with a region of constant high wind speed in
the outer annulus, develops more into a gradual change between the inner and
outer wake deficits. This transition happens closer to the rotor for higher turbulence
levels. To further investigate this, hot-wire measurements were performed 0.4 D
behind the rotor with a hot-wire spacing of 4 cm (instead of 6 cm for all other cases
presented before), with four different turbulence intensities in the inflow, generated
with the active grid. The free-stream velocity among the different turbulence-levels
was not exactly matched, since the activation of the active grid impacts the mean
wind speed. Although the active-grid protocols were iterated in order to match the
free-stream velocity as best as possible, small deviations of around 5 % to 10 % in the
free-stream velocity remain. However, this does not affect the gradients of the wake

profiles, which are the focus of interest in this case. The results are shown in Fig. 4.14,
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and the smearing of the outer wake annulus is clearly visible. Especially for the

case with 8 % inflow turbulence intensity, the plateau with higher wind speeds vanishes.

We assume that the inner shear layer is also coupled to an additional vortex system
that emerges from the blending region on the blade. Since the vorticity can not be
derived from one-dimensional hot-wire measurements, we use FVW simulations to
investigate this assumption. First, the FVW simulations confirm the characteristics of
the wake of the Hybrid-Lambda Rotor. The mean wind speed, plotted in Fig. 4.15, also
shows the outer annulus with higher wind speeds in both operating modes, as well
as the reduced wake deficits and reduced wake expansion in the strong-wind mode.
The vorticity is computed as the magnitude of the three vorticity components. The
vorticity plots clearly highlight a second ring of vortices emerging from the blending
region on the blade. The magnitude of the vorticity is lower than for the tip vortex,
as also observed in the turbulence intensity derived from the hot-wire measurements.
The FVW simulations are set up in a way to produce a wake that is as undisturbed
as possible, e.g. using laminar and uniform inflow and a relatively low core spread
eddy viscosity. This simulation set-up is chosen to identify a clear representation of the
vortex rings and their positions. Consequently, the vortex systems do not break up

noticeably, and the interaction between the inner and outer rings of vortices is rather low.

All in all, the measurement results are in very good agreement with the FVW
simulations and LESs that were carried out by Ribnitzky et al. (2023) on the 15 MW
tull-scale Hybrid-Lambda Rotor, where an improved wake recovery was also observed.
In short, the results indicate three major advantages of the Hybrid-Lambda Rotor in
wind farm applications: first, the decreased wake deficits for a large range of wind
speeds below rated (for uis < u < uyqeq); the increased wind speeds in the outer wake
annulus, which are beneficial for partial-wake scenarios; and the enhanced wake mixing

due to the additional shear layer and vortex system in the wake.
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Figure 4.15: Normalized wind speed (a) in the light-wind (left) and strong-wind
modes (right). Vorticity magnitude (b) in the light-wind (left) and strong-wind
modes (right) for the Hybrid-Lambda model turbine (top) and the conventional
model turbine (bottom) from FVW simulations.
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4.5 Discussion

Scaling wind turbine rotors to wind tunnel size is a delicate scientific task since not
all physical characteristics can be matched exactly. The scaling objectives need to
be defined precisely, and compromises need to be made regarding the matching of
classical aerodynamic non-dimensional parameters. In this paper, we developed a
method on how to scale the Hybrid-Lambda Rotor to wind tunnel size with objectives
that differ from those of other aerodynamic scaling approaches found in the literature,
as described by Canet et al. (2021), Bottasso and Campagnolo (2021), and Gasch and
Twele (2012), among others. The concept involves a blade design for two TSRs, which is
a challenge on its own. But additionally, we need to transfer the design method to lower
TSRs in order to derive large enough chord lengths and Reynolds numbers. This leads
to a novel scaling approach, coupled with the objective of matching the non-uniform
distribution of axial induction along the blade span for two different operating modes.

This scaling approach fulfilled its aim of replicating the aerodynamic characteristics
at wind tunnel scale by means of an aerodynamic redesign with low-Reynolds-number
profiles. For the sake of comparability with the reference model turbine, as described
in Berger et al. (2018), we chose the same airfoils: SG6040 and SG6041. Although
we decided otherwise, we want to draw the attention of future designers of model
wind turbines to the low-Reynolds-number airfoil SD7032, which was experimentally
investigated by Fontanella et al. (2021), and for which a high-quality data set for the

airfoil polars under various Reynolds numbers is available.

The investigation of the scaled rotor in the wind tunnel shows that the switching
between the operating modes and the associated tilting of the spanwise angle of attack
distribution work similarly to the full-scale rotor, which fulfils one of the major scaling
objectives. In the measurements, the spanwise change in the axial induction distribution
is smeared out, which can not be reproduced by the model assumptions inherent in
the BEM simulations. Complex flow structures were identified as an increased radial
flow in the rotor plane and an additional vortex system that is shed from the blending
region on the blade. Here, the question arises as to how the scaling affects the rotational
augmentation and the radial flow components in the rotor plane, since the Rossby
number (ratio of inertia to Coriolis forces) is not matched in the given scaling approach.
Further, the local blade solidity is increased for the model turbine, which can further

enhance the effect of rotational augmentation compared to the full-scale rotor (Herrdez
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et al., 2016). However, FVW simulations for the full-scale turbines do confirm that the
radial flow component is increased for the Hybrid-Lambda turbine compared to the
reference turbine in a similar manner to that shown in this paper for the model turbine.
Further, the additional vortex system is also found in the full-scale simulations. Full
insights into the complex flow phenomena on the blade and the impact of the scaling
approach could only be revealed by blade-resolved CFD simulations, which is out of

the scope of this study.

Furthermore, the wind tunnel model allowed us to reveal the unique wake
characteristics of the Hybrid-Lambda Rotor and underline three major advantages in
the wake behaviour: first, the decreased wake deficits in the strong-wind mode; second,
the increased wind speed in the outer wake annulus in the entire partial load range;
and third, the additional shear layer and vortex system. To the best of the authors’
knowledge, such a blade design with radially variable axial induction has never been
investigated in a wind tunnel before, which includes the ability to change the operating
mode by changing the operational TSR, tilting the spanwise angle of attack distribution,
and reducing the axial induction. The major findings in this paper emphasize that the
Hybrid-Lambda design methodology works reasonably well, but when designing a
blade with such strong gradients along the blade span, one can not rely solely on the
BEM theory. This was somewhat expected, since the first version of the Hybrid-Lambda
Rotor was designed to separate the effects on the inner and outer parts of the blade and
to push the limits of the applicability of the BEM theory, where the blade elements are
treated independently.

These findings are in line with previous FVW and LES investigations on the
full-scale Hybrid-Lambda Rotor by Ribnitzky et al. (2023). A smearing of the gradients
in the axial induction distribution was also recognized in the FVW investigations.
Further, the difference in the axial induction between the inner and outer parts of the
blade was found to be reduced compared to that in the BEM simulations. Finally,
the wake characteristics show very good agreement between the measurements
presented in this paper and the aforementioned FVW simulations and LESs on the
tull-scale rotor. The outer wake annulus behaves very similarly across the simulations
and the measurements, considering the wind speed distribution and turbulence
intensities. It was further found with both methods that the gradients in the wake
profile smear out with increasing turbulence intensity. Paulsen et al. (2024) investigated

the Hybrid-Lambda Rotor using mesoscale weather research models. They showed
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that the benefits of using a wind farm application even outweigh those of using a single

turbine due to the reduced wake losses.

When we compare the hot-wire measurements in the wake with the LDA measure-
ments in the rotor plane, we discover some discrepancies. The gradients in the axial
induction seem to be smeared out when considering the LDA data. However, the wake
profiles recorded with the hot wires reveal a relatively steep gradient in the velocity
profiles. This leads us to the limitations of the applied method, which aims to derive
the axial induction in the rotor plane by probing the wind speed in the bisectrix of two
blades. According to Herrdez et al. (2018), ideally, the induction of the rotor blades is
counterbalanced, and the velocities extracted from the rotor plane are only influenced
by the wake induction and not by the blade induction itself. However, this method
can not capture the influence of the local trailed and shed vorticities accurately. This
usually applies to the tip region (r/R > 0.92), where the tip vortex starts to dominate
the flow. In the present study, we found a second vortex system that emerges from the
blending region on the blade and that will influence the circulation distribution along
the blade span. Consequently, the LDA measurements close to the design blending
region are also influenced by the additional vortex, and those results should be treated
with care. Since the vortex emerges from the blade, the LDA does not record steep
gradients in the rotor plane. Only with some downstream distance does the vortex
lead to sharp velocity gradients, which can be captured with the hot wires in the wake.
Considering the outwards bending of the streamlines in Fig. 4.11, we can conclude
that the inner wake core with the slower flow expands and pushes into the outer wake
annulus. Consequently, the steep gradients in the wake profiles seem to develop within
the first 0.5 D downstream of the rotor. This can somehow link the low gradients from
the LDA measurements in the rotor plane to the steep gradients from the hot-wire data
in the wake. Nevertheless, more measurements in direct proximity to the rotor with
both measurement techniques would be necessary to support this hypothesis. Despite
the methodological limitations, the overall results and the combination of the hot-wire
measurements in the wake with the FVW simulations give a good representation of the

bigger picture concerning the flow structures in the wake of the Hybrid-Lambda Rotor.
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4.6 Conclusions

In this paper, we first developed a method to scale the Hybrid-Lambda Rotor to wind
tunnel size. Second, we investigated the influence of the steep gradients of axial
induction along the blade span on the rotor aerodynamics. Third, we thoroughly
analysed the wake characteristics of the Hybrid-Lambda Rotor and compared them to
those of a conventional model rotor. We showed that it is possible to transfer a complex
rotor concept to wind tunnel size and to lower design TSRs. In this delicate process of
tinding a compromise, it is necessary to precisely define the scaling objectives. In this
case we aimed to match the axial induction distribution and reproduce the shift in the

angle of attack distribution when switching between the operating modes.

With the experimental investigations in the wind tunnel, we analysed the impact
of the steep spanwise gradients in the blade design, which lead to a complex
three-dimensional flow. We found an additional shear layer and vortex system in the
wake of the Hybrid-Lambda Rotor, and we quantified the reduced wake deficits in the
strong-wind mode and under rated conditions. Further, we tested the Hybrid-Lambda
Rotor in gust events, and the results show that the low-induction design of the
outer part of the blade is beneficial and reduces the load overshoot by more than
4% compared to the conventional model turbine. The derived results improve our
understanding of the three-dimensional flow patterns that are introduced by the
Hybrid-Lambda Rotor concept and provide a valuable complementary data set to the
simulations on the full-scale rotor, as described by Ribnitzky et al. (2024a). Further,
the developed methodology can offer new inspirations when solving other scaling

problems for complex wind turbine systems.

In this paper, we focused on aerodynamic effects and steady-state operation. In a
full-scale application, reliable and safe operation of offshore low-specific-rating turbines
with such large rotors can only be achieved with sophisticated control strategies.
Specifically for the Hybrid-Lambda Rotor, the controller development should aim
to realize the transient change in operating modes and apply techniques that limit
extreme loads. The scaled model presented here offers the opportunity to test different
controller versions under various reproducible turbulent inflow conditions in the wind

tunnel, which will be addressed in future studies.

The successful experimental validation of the aerodynamic concept of the Hybrid-
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Lambda Rotor, so far on wind tunnel scale, confirms the potential of deploying low-
specific-rating turbines at offshore sites. This can favour a higher and less fluctuating
power feed-in at low to medium wind speeds, thus contributing to the transition toward
a reliable and economically viable wind energy supply. Load-limiting strategies are
necessary to enable rotors with such large diameters, and the accompanying losses in
efficiency must be carefully considered within the design process. The Hybrid-Lambda
Rotor can offer a possible solution, and with the experimental work presented here, we

have taken the next step in validating the concept.

Data availability

For the Hybrid-Lambda model turbine, we provide the blade geometry as a CAD
file and the turbine simulation model for OpenFAST. We further provide the mean
wind speeds and turbulence intensities from the hot-wire measurements in the wake, as
shown in Fig. 4.13, under the following repository: https://zenodo.org/records/
14883916, Ribnitzky (2025b).
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Abstract

The continuous growth in rotor diameter of offshore wind turbines must be accom-
panied by advanced control strategies that master the trade-off between limiting the
loads and maximizing power output, fostering a lightweight and cost-effective blade
design. This is addressed by the Hybrid-Lambda Rotor design and control methodology
which realizes two operating modes by following two different tip speed ratios (TSRs)
below rated power with an overarching load constraint. Contrary to conventional wind
turbine controllers, this leads to a wide range of wind speeds where the torque and
pitch controllers are active simultaneously. The objective of this paper is to develop
and apply such control strategies on the MoWiTO 1.8 model wind turbine and to exper-
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imentally validate them under turbulent reproducible inflow conditions in the wind
tunnel using an active grid. The results are examined regarding extreme loads, power
production, fatigue loads and pitch actuation. Further, we discuss the scaling of the
controller characteristics and inflow test cases according to the model turbine scaling.
Different versions of the pitch controller are introduced: first, a baseline controller with a
model-based wind speed estimator which performed well in tracking the different TSRs;
second, a load feedback controller that overcame model uncertainties and performed
well in setting the mean value of the loads; third, an inflow feed-forward controller
which was able to reduce load overshoots in gust events. With the results presented
here, we make the next step in the experimental validation of the control methodology,
which unlocks the full potential of aerodynamic efficiency and ensures the structural
integrity of the Hybrid-Lambda Rotor.

5.1 Introduction

The size of future wind turbine rotors is continuously increasing, and the current trend
of growth in rotor diameter does not seem to saturate (Liiers, 2024; Berkhout et al., 2018;
Hand et al., 2018). Rotors with a low-specific rating can capture relatively more energy
in light winds, which is beneficial for a reliable and more continuous electricity supply,
and it will increase the value of wind energy, as stated, among, others by Hirth and
Miiller (2016), Johnson et al. (2021), and Wiser et al. (2021). However, large rotors can
only be designed to be economically feasible if extreme loads are limited, fostering a
lightweight and cost-effective blade design. This emphasizes the necessity of advanced
control algorithms which limit the extreme loads whenever needed but maximize the
power output whenever possible. In other words, a close interaction of blade design
and controller design methodology is needed, with the aim of achieving better power

coefficients when the loads are constrained.

This problem is addressed by the Hybrid-Lambda Rotor design methodology, as
tirst described by Ribnitzky et al. (2024a). It describes how the rotor diameter can be
increased while maintaining the rated power and the extreme loads of a respective
reference turbine. The optimization process can be described as the maximization of
the power output over the entire partial load range while constraining the flapwise
blade root bending moment. The blade design methodology includes a design for two
tip speed ratios (TSRs) and two operating modes below rated power which is closely

coupled to the controller design. Previous studies have successfully shown the benefits
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of the concept compared to conventional upscaling approaches. The Hybrid-Lambda
concept was first applied on a 15 MW offshore wind turbine with a specific rating
of 180 Wm~2 and a diameter of 326 m. In simulation environments, the concept was
investigated using steady-state operating points and transient load cases including a
preliminary controller (Ribnitzky et al., 2024a). Further, the concept was scaled to wind
tunnel size and verified for steady-state operating points (Ribnitzky et al., 2025). A
detailed explanation of the controller design and an experimental investigation of the
transient behaviour of the Hybrid-Lambda controller are still missing. With this paper,

we aim to fill this gap.

Limiting extreme operating loads is often addressed by conventional peak-shaving,
and this paragraph serves as a brief literature review on controller design which
addresses load constraints. For conventional peak-shaving the minimum pitch angle
below rated power is calculated as a function of the wind speed in order to limit the
load to a given value. The controller then uses a wind speed estimator and chooses
the pitch angle from a look-up table (LUT), as described among others by Abbas
et al. (2022), where the torque controller is not adjusted for peak-shaving purposes.
Pusch et al. (2024) and Lazzerini et al. (2025) introduced frameworks to determine
optimal steady-state operating points (pitch angle and rotor speed) for wind turbine
control over the entire operating range of wind speeds, by solving optimization
problems constrained by maximal loads or rotor speed values. Lowering the mean
value of a certain load, as done for conventional peak-shaving, will reduce the peak
fluctuations, too, as shown by Bottasso et al. (2014a), but it does not yet ensure that
the peak fluctuations will not cross a certain limit. This can be realized by envelope
protection algorithms as presented by Petrovi¢ and Bottasso (2017). Other approaches
focus on feed-forward controllers that enable a preview on the inflow and allow the
turbine to act in advance rather than reacting on load overshoots. Guo et al. (2023)
and Fu et al. (2023) described how a feed-forward controller can be set up using
preview measurements acquired with a lidar. Schlipf et al. (2013) also used model
predictive control for this purpose. The advanced control methods improved the
turbine response with a reduction in rotor speed and power variations, as well as a
reduction in extreme and fatigue loads. Sinner et al. (2022) presented the first physical
test of model predictive control for blade pitch control of a scaled wind turbine which
effectively reduced rotor speed variations above rated wind speed. They used the
Model Wind Turbine Oldenburg (MoWiTO 1.8) with 1.8 m diameter (Berger et al.,
2018) in the 3 x 3m wind tunnel in Oldenburg (Kroger et al., 2018) and tested the
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controller under reproducible turbulent inflow conditions generated with an active grid
(Neuhaus et al., 2021). This set-up is also used in the study presented here. Bottasso
and Campagnolo (2021) explained fundamentals on the scaling of wind turbines and
wind tunnel testing as well as the design of the controllers and actuators for scaled
turbines. Experimental validation of innovative control algorithms bridges the gap
between simulation-based studies and field testing. The advantage of wind tunnel tests
is the ability to test under tailored and reproducible inflow conditions. However, when
using model turbines, the effects of scaling must be carefully considered. Wind tunnel
testing adds important value compared to simulation-based studies while avoiding

administrative hurdles of full-scale tests.

The objective of this paper is to develop control methodologies for very large wind
turbines with a load constraint that follow the Hybrid-Lambda operation strategy. This
includes the realization of two operating modes with corresponding TSR values below
rated power. The control methods are applied on a 1.8 m diameter model wind turbine,
and the required scaling conditions are derived. Four controller versions are tested in the
wind tunnel under reproducible turbulent inflow conditions. The experimental testing
aims to answers the following six specific research aspects. First, we address how the
transition between the operating modes can be accomplished. Second, we investigate
how we can achieve TSR tracking while the pitch controller is simultaneously active
to constrain the loads. Third, we explore different methods on how to constrain the
extreme operating loads. Fourth, we discuss how to deal with model uncertainties. Fifth,
we evaluate the controller versions considering extreme loads, fatigue, pitch actuation
and power output. Sixth, we transfer the findings from the scaled experiments to the
full-scale application and derive recommendations for controller design for very large

offshore wind turbines with a load constraint.

5.2 Methodology

In this section, we first explain the Hybrid-Lambda control methodology. We then
address the torque controller in Sect. 5.2.1.1, and we outline four different versions of the
pitch controller in Sect. 5.2.1.2. The transferability of the experimental results from wind
tunnel scale to the full-scale turbine is demonstrated in Sect. 5.2.2. The experimental
set-up in the wind tunnel is described in Sect. 5.2.3, followed by an explanation of the
test cases in Sect. 5.2.4 and the method to calculate damage equivalent loads and pitch

actuation in Sect. 5.2.5.
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5.2.1 The Hybrid-Lambda control methodology

In this section we describe the steady-state operating points for the Hybrid-Lambda
Rotor, as depicted in Fig. 5.1 for the scaled wind tunnel model. We provide more
information on the full-scale blade design, which is derived for considerably higher
TSRs, in our previous publication (Ribnitzky et al., 2024a) and on the aerodynamic
scaling to wind tunnel size in (Ribnitzky et al., 2025). A major objective of the
Hybrid-Lambda Rotor design and control methodology is to achieve better power
coefficients whenever loads need to be constrained. Therefore, the rotor is designed
for two operating modes below rated power. In the light-wind (LW) mode, the rotor
is operated at a high TSR (7.5 in the case of the model wind turbine) and with the
optimum pitch angle (fine pitch is —0.8°). Since the outer 30 % of the blade is designed
for a TSR of 7.5, the light-wind mode ensures the maximum power coefficient. At a
certain wind speed, the maximum loads are reached: in this case the maximum flapwise
blade root bending moment (RBM) of 7.3 Nm. This wind speed is called uss = 6.3ms ™!,
marking the start of the transition to the strong-wind (SW) mode for higher wind
speeds. In the transition region, the rotational speed is kept constant at @ans = 500rpm
in order to reduce the TSR and the pitch is increased to constrain the flapwise RBM.
Once the lower TSR of 6 is reached, the transition ends at the wind speed ue = 79ms™ .
For higher wind speeds, the rotor operates in the strong-wind mode, following the
lower TSR of 6, and the pitch is increased accordingly to limit the loads. Since the inner
70 % of the blade is designed for a TSR of 6, the inner part of the blade is operated in its
design point in the strong-wind (SW) mode. The loads in the outer part are relieved,
and the lever arm of the resulting bending forces is reduced. This is the reason why
better power coefficients can be achieved compared to conventional peak-shaving
strategies where the blade is conventionally optimized for one operating point and
the load constraint is achieved solely by pitching to feather. These advantages are
thoroughly analysed in a previous publication (Ribnitzky et al., 2024a). In contrast, this
study focuses on how these steady-state operating points can be realized by a pitch and

torque controller.

The Hybrid-Lambda control methodology introduces several additional features
that are not present for conventional wind turbine controllers. First, the rotational speed
needs to be kept constant in a defined wind speed range to incorporate the transition
between the operating modes below rated wind speed. Second, the pitch angle needs to

be set below rated wind speed in order to constrain the maximum loads in the transition
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Figure 5.1: Steady-state operating points for the Hybrid-Lambda model turbine,
derived from steady-state measurement data. Background colours indicate the
operating mode: green, light-wind mode (LW); yellow, transition (TS); red, strong-
wind mode (SW). uts and ute: wind speed at start and end of transition.

region (constant rotational speed) and in strong-wind mode (variable rotational speed).
Third, the torque controller is supposed to track the lower TSR in the strong-wind
mode, but the pitch angle will vary with respect to the wind speed; therefore the torque
coefficient c¢q will not be constant, and the proportionality k in the k@?-law of the torque
controller is not constant either. The generator torque M, is calculated as expressed in
Eq. (5.1). Here, R is the rotor radius, p is the air density, A is the tip speed ratio, Byitcn is
the pitch angle, and o is the rotational speed. Overall, the pitch and torque controllers
will be active simultaneously over a wide range of wind speeds, which is usually not

the case for conventional wind turbine controllers.

M. — nRsqu()wﬁpitch)
g 222

0® = ko (5.1)

Compared to the steady-state operating points presented by Ribnitzky et al. (2025),
the maximum rotational speed is reduced to 577 rpm to keep a sufficient margin to the
hardware constraint of 600 rpm. Note that the pitch is not adjusted for very low wind
speeds when the turbine operates at minimum rotational speed. This could further

increase the power output close to cut-in.



5.2 Methodology 119

Torque controller

The tasks of the torque controller are 4-fold, i.e. to maintain the minimum rotational
speed (®min) close to cut-in wind speed, to follow the high TSR in the light-wind mode,
to keep the rotational speed constant in the transition region (®ans) and to follow the
low TSR in the strong-wind mode. TSR tracking is usually accomplished by setting
the generator torque according to the kw?-law, as described by Bossanyi (2000), while
maintaining a constant rotational speed is a typical task for a PI-controller. Switching
of controller types often leads to adverse transient controller reactions. Therefore, the
Hybrid-Lambda torque controller is realized with one single PI-controller over the
entire partial load range, but the desired behaviour is accomplished by changing the
saturations and set points. Figure 5.2a shows the rotational speed and generator torque
over the wind speed. However, the wind speed is generally not known by the torque
controller. Instead, the input is the rotational speed and the output is the generator
torque. These data (generator torque over rotational speed) are acquired a priori with
blade element momentum theory (BEM) simulations and are stored in an LUT. To
distinguish between the different LUTs used in this study, we refer to the table mapping
generator torque over rotational speed as torque-LUT. Note that the pitch angle varies
in the strong-wind mode and that the generator torque needed to track the low TSR is
subject to model uncertainties. When we plot the generator torque over the rotational
speed (compare with Fig. 5.2) for the Hybrid-Lambda Rotor, this function is ambiguous
at Wirans Wwhen the controller should switch from the light-wind to the strong-wind mode
or vice versa; e.g. multiple generator torque values are assigned to the same rotational
speed Wirans. This is where the PI-controller is needed. To describe how the saturations
and set points are derived, we introduce two rotational speeds that we chose from the

middle of the light-wind and strong-wind mode, respectively:

Orin + O
Omiddle LW = mfrans (5.2)
Otrans + Orm
Omiddle,SW = w (5.3)

If the rotational speed is between @Wmin and ®n;iqqie 1w, the task of the torque controller is
either to maintain @m, or to track the light-wind TSR. The reference rotational speed is
set to Wmin, the lower saturation is set to zero generator torque and the upper saturation
is set to the torque-LUT (blue dashed—-dotted line in Fig. 5.2b). This allows the torque
controller to choose generator torques from the blue shaded area (A1) in Fig. 5.2b, but
since the set point is ®min, the generator torque will always follow the upper saturation
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(i.e. the torque-LUT for the high TSR), as desired. Only if the rotational speed gets too
low will the PI-controller become active and keep the rotational speed constant at ®m;n.
Similar methods are applied vice versa if the rotational speed is between ®p;qqie sw and
Omax, although the blue shaded area (A3) in Fig. 5.2 is quite small in this case.
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Figure 5.2: (a) Rotational speed and generator torque as a function of wind speed,
derived from BEM simulations. (b) Saturations and set points for the torque
controller. Shaded areas indicate the permissible generator torque for a given
rotational speed.

If the rotational speed is between ®pyiqdie Lw and ®miqdie sw, the task of the torque
controller is to track the light-wind TSR, to maintain ®ans or to track the strong-wind
TSR. The reference rotational speed is set to @Wans, the lower saturation is set to the
torque-LUT from the light-wind mode (blue dashed—dotted line in Fig. 5.2b) and the
upper saturation is set to the torque-LUT from the strong-wind mode (red dotted line
in Fig. 5.2b). This allows the torque controller to choose generator torques from the red
shaded area (A2) in Fig. 5.2b. If the rotational speed is below @rans the torque controller
wants to increase the rotational speed and chooses the generator torque from the lower
saturation, consequently tracking the high TSR in the light-wind mode. If the rotational
speed is above Wans the torque controller wants to decrease the rotational speed and
chooses the generator torque from the upper saturation, consequently tracking the low
TSR in the strong-wind mode. Only if the rotational speed is very close to Wrans does
the Pl-controller keep the rotational speed constant, as desired. In other words, the
Pl-controller is always active. It either succeeds in maintaining ans or (if it does not
succeed due to the saturation limits) it tracks the two different TSRs.
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Pitch controller

The pitch controller of a conventional wind turbine has the primary task to maintain
a constant rotational speed above rated power. In the Hybrid-Lambda control
methodology;, it is also used to constrain the maximum loads below rated power. In
this paper, we focus on the partial load range, and we discuss how the pitch angle can
be set between uis and uqeq in order to constrain the maximum flapwise RBM. We
introduce four versions of the pitch controller — a baseline controller, a load feedback
(LFB) controller, a feed-forward (FF) controller and a combination of the latter two
versions (FFLFB). All four versions are based on a PI-controller, tracking the maximum
rotor speed (Wmax) as a reference, but the minimum pitch angle (Bnmin) for limiting the
RBM is determined in different ways. With this architecture, the controller always
wants to increase the rotational speed in the partial load range, thus reducing the pitch

angle, but it is saturated by the minimum pitch angle which realizes the load constraint.

The baseline controller (shown in Fig. 5.3) uses a load-based pitch-LUT which maps
the pitch angles to the respective wind speeds. The derived pitch angle is then set as
minimum pitch for the PI-pitch controller. The pitch-LUT is calculated offline using
steady-state measurement data from previous wind tunnel campaigns and data from
BEM simulations. Measurement data were available for pitch angles up to 4°. For larger
pitch angles, the dataset was extended with simulations. The baseline controller also
includes a wind speed estimator, similar to that of a full-scale turbine. The estimator is
based on filtered measurement signals from the rotor speed (), the pitch angle (Byjtch)
and the measured low-speed shaft torque (M ss). The wind speed (1) can be derived

from the following equations:

0= PR cq(Byiens ) ~ Miss — Mi(@) ~ 0 54
Here, M, is the friction losses in the drive train which are estimated from a linear fit
using measurement data where the drive train was rotated without the rotor blades,
which Berger (2022) describes in the Appendix of his thesis. We found that the inclusion
of the rotor inertia only marginally improved the transient behaviour of the wind speed
estimator for this particular wind tunnel model, and we decided to exclude the inertia
term for the sake of simplicity. A comprehensive description of more sophisticated
wind speed estimators is given among others by Soltani et al. (2013) and by Knudsen
and Bak (2013). The torque coefficient as a function of pitch angle and TSR was also

derived from steady-state measurements from previous wind tunnel campaigns. The
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data were extended with BEM simulations for combinations of pitch angles and TSRs
where no measurement data were available. The objective of this pitch controller is to
set up a relatively simple baseline controller using only standard sensors that are also
available on a conventional full-scale wind turbine. It further serves as a reference for

the advanced controllers, which are described in the next paragraphs.

ﬁpitch

Wind speed
estimator
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* F Plt troll
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T —

Figure 5.3: Baseline pitch controller. Torque controller indicated in simplified form.
Rounded rectangles: input/output of (measured) variables. Rectangles: processes.
Parallelograms: data input.

The load feedback controller (LFB) (shown in Fig. 5.4) uses measurements from the
strain gauges at the blade root to set the individual pitch angle. The measurement
signal from the flapwise RBM is low-pass filtered, the maximum allowable load
is subtracted and the residual is converted with a positive controller parameter to
the pitch demand. This results in a pitch increment (Afp;in) which can either be
positive or negative, but it is saturated with the maximum allowable pitch rate.
The pitch increment is then added to the previous pitch angle (Bpitcn,i—1), and if the
result is larger than the minimum pitch from hardware constraints, it is set as the
minimum pitch angle for the PI-pitch controller. This implementation represents an
integral behaviour which has the disadvantage of slower system response times. The
measurement signal from the flapwise RBM needs to be low-pass filtered because the
noise in the measurement data would lead to an undesirable fluctuating controller
response. We had to use a cut-off frequency of 1Hz (which corresponds to about
eight rotor revolutions at ®rans) to yield a smooth controller reaction. The low-pass
tilter introduces further delay and additionally slows down the system response
time. Most likely, a commercial full-scale turbine will provide RBM measurements
with better signal-to-noise ratio and with a dedicated filter design; also, 1P load
variations can be captured accurately. The described controller logic is performed
for each blade individually, but, due to the slow response time, this controller does

not represent a classical individual pitch controller and 1P blade load variations
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cannot be alleviated. It behaves like a collective pitch controller with a rotor balancing
component, which reacts on long timescales. The advantages of the LFB controller
are that it is not dependent on model accuracy, there is no need for a wind speed
estimator and no a priori calculation of the pitch angle (pitch-LUT) is required. The
objective of this controller is to accurately constrain the mean value of the flapwise RBM.

ﬁpitch J—1
delay ﬁpitch

Pl pitch controller
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hardware
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Pl torque controller

Figure 5.4: Load feedback (LFB) pitch controller. Torque controller indicated in
simplified form.

The feed-forward controller (FF) (shown in Fig. 5.5) uses an upstream wind
speed measurement to compensate for the wind disturbance. In the wind tunnel,
single-point hot-wire measurements at 1.44 diameters in front of the rotor area are
used to emulate a simple single beam staring mode nacelle lidar. The wind speed
measurements are processed and propagated to the rotor area, as further explained
in the next paragraph. The signal is then fed to the pitch-LUT to determine the
required pitch angle for the respective wind speed which is set as minimum pitch
angle for the Pl-pitch controller. In general, the objective of this controller is to act

in advance rather than reacting and specifically to reduce load overshoots in gust events.

We additionally implemented a combined feed-forward load feedback controller (FFLFB).
Here, the logic of both the FF and the LFB controllers run in parallel, and the larger
output pitch angle is always used. In other words, Bnin from the FF controller (Fig. 5.5)
replaces Biin hardware in the logic of the LEB controller (Fig. 5.4). The FFLFB controller
was only evaluated for the gust test case and the waked inflow.

To process the upstream hot-wire measurements for the FF controller, the signal
needs to be delayed to account for the propagation time from the measurement

location to the rotor plane (see Fig. 5.6), under the assumption of the frozen turbulence
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Figure 5.5: Feed-forward (FF) pitch controller. Torque controller indicated in
simplified form.

hypothesis. In the case of a gust event, ideally, the pitch angle would start to increase at
the exact time when the gust would hit the rotor. To account for the delay in the pitch
actuation system, the controller would need to increase the reference signal slightly
in advance. If we even want to account for some safety margin considering model
uncertainties and the stochastic nature of turbulent gusts, we would rather like to start
pitching a bit too early than too late, e.g. starting to pitch just before the gust arrives.
The simplest solution would be to decrease the propagation time. In this case, the pitch
would increase just before the gust arrives, but it would also start to decrease just before
the gust has ended, which would lead to a load overshoot at the end of the gust event.
Thus, we need to process the measurement signal in a way that the gust duration is
enlarged. In other words, we would like to detect up-ramps early (increasing the pitch
angle just before the gust arrives) and delay down-ramps (decreasing the pitch angle

just after the gust has finished).

Wind speed measurement processing * accounts for the time shift of the

_ low-pass filter, the propagation
Constant delay time *

time for stationary inflow and the
Fixed delay time

delay in the pitch actuation system

Uyp —stream . Variable
delay time

Figure 5.6: Wind speed measurement processing for the FF pitch controller.

Therefore, the hot-wire measurement signal is processed as illustrated in the flow
chart in Fig. 5.6. An exemplary wind speed time series is plotted in Fig. 5.7. First, the
signal is low-pass filtered (3 Hz cut-off frequency) to reduce noise (red line, labelled
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“filtered” in Fig. 5.7a). Second, the signal is delayed by a fixed, short delay time (yellow
line, labelled “fixed propagation” in Fig. 5.7a) and subtracted by the non-delayed signal,
resulting in Au(t). This gives us an indication about the expected change in the signal.
Third, Au(t) is converted with a controller parameter and added to a constant delay time
that accounts for the time lag of the low-pass filter, the propagation time for stationary
inflow and the delay in the pitch actuation system. Fourth, the original (filtered) signal
is then delayed with this variable delay time and stored in a buffer from which the con-
troller reads a value for each controller update iteration (yellow line, labelled “output,
final propagation” in Fig. 5.7b). To visualize the effect of the processing, the resulting
signal is plotted without propagation in Fig. 5.7c. Similar results could be achieved
with a moving average or a Gaussian weighted moving average filter. Alternative
methods and investigations on the propagation time for a model predictive con-
troller for wind turbines in wind tunnel experiments are provided by Sinner et al. (2023).

wind speed [m/s]

158
time [s]

158 158.5 159
time [s]

time [s]

Figure 5.7: Exemplary wind speed measurement processing for the FF pitch
controller for a gust event. (a) Raw and filtered data, (b) final propagation and
(c) final signal with removed propagation for visualization purpose. The final
output signal detects up-ramps early but delays down-ramps.

5.2.2 Scaling considerations

When testing wind turbine applications in the wind tunnel, we need to consider scaling
effects. It has to be ensured that the experimental set-up represents the respective
full-scale application reasonably well. However, not all physical characteristics can be
matched simultaneously, and compromises must be found. The scaling of the rotor
aerodynamics was successfully demonstrated by Ribnitzky et al. (2025). In this section,
we address the scaling of parameters that are relevant for controller evaluations, which
are summarized in Table 5.1.

We introduce scaling factors n which are defined by dividing the parameter of the
model turbine (subscript m) by the parameter of the full-scale turbine (subscript f). The
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Table 5.1: Scaling of controller parameters for the Hybrid-Lambda Rotor.

Parameter Symbol Model scale Full-scale  Unit Ratio Ratio
(subscript m) (subscript f) (ideal, simplified) ~ (true scaling)
Geometric scaling factor nj - 1/181 1/181
Time scaling factor ng - 1/114 1/114
Rotor diameter D 1.8 326 m nj nj
Rotor speed at uts Wtrans 501.156 4.386 rpm 1/nt 1/nt
Rotational inertia I 0036  1232x10° kgm?  n} ny-5.7
Pitch rate Bpitch 85 3 og7! 1/n; 1/n;-0.25
Max. aerodynamic torque M3y max 52831 2.7563 x 107 Nm n,3* n,3 -1.14
Generator torque rate Mg 28.84 15%x10° Nms™! n?/n; n?/n;
Generator torque actuation time g 0.1832 1838 s ng ns - 1.14
(zero to max. torque)
Gust duration fgust 0.75 10.5 s ng ny - 8.14
Time constant LW mode (at uts) Tpw 0.2259 1335 s ny nt-1.93
Time constant SW mode (at ute) 7Tsw 0.2812 2221 s ny n; - 1.44

* further clarification is given in the Appendix 5.6.

geometric length scaling factor n; is defined by the ratio of the rotor diameters D.

_Dm _ | (5.5)

"= T 181

Scaling the rotational inertia of the entire rotor is not possible for the given geometric
scaling ratio. In theory, the rotational inertia would scale with n?. However, due to
structural constraints, the scaled blades cannot be manufactured light enough to fulfil
this scaling criterion. Consequently, the rotational inertia of the model turbine is about

6 times larger than required from the scaling law.

The actuation system is subjected to the time scaling n;, which is derived by the ratio

of rotational speeds in the transition region.

n = lﬂ _ Oransf 1 (5.6)
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For the full-scale 15 MW Hybrid-Lambda turbine, Ribnitzky et al. (2024a) assumed

a maximum pitch rate of 3°s~ .

The hardware constraint for the model turbine is
at 85°s7!. To match the exact time scaling, an actuation rate of 342°s~! would be
necessary. This means the pitch system of the model turbine is about 4 times slower

than the full-scale equivalent.

The maximum aerodynamic torque would scale with n}, assuming a constant

TSR, identical torque coefficients and identical inflow wind speeds. In fact, these
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assumptions do not hold for the given rotor scaling, but we provide further clarification
in Appendix 5.6, and we explain why the maximum rotor torque is still similar with
regard to this simplified scaling. Assuming that the rotor torque scales with n?, the
maximum torque of the model turbine is about 14 % higher than derived from the
scaling law. For the given model turbine, the generator torque rate is ideally scaled with
nd /ny and constrained through the control software. Consequently, the actuation time
(e.g. time from zero to maximum torque) is 14 % slower for the model turbine compared
to the full-scale equivalent. Maximal pitch and torque rates represent theoretical limits,
and it is worth noting that the controller rarely operates at the said limits. Further

details of the respective test cases are provided in Results.

As we will further discuss in Sect. 5.4, the inflow is also subject to scaling constraints.
The inflow cannot arbitrarily be adjusted quickly, due to the inertia of the air mass
and due to hardware constraints of the actuation systems in the wind tunnel. As an
example, the gust event analysed in Sect. 5.3.2 lasts about 8 times longer than the

full-scale equivalent.

To further compare the system behaviour, we can calculate the time constants in the
equation of motion for the two rotors. Those can be modelled as a non-linear first-order

system.
do
IE :Ma(wvuaﬁpitch) _Mg(a)) (57)
Here, we neglected the friction losses in the drive train for simplicity. M, and M, are the
aerodynamic and generator torque, respectively. If we linearize this system around an

initial rotational speed @y with a small perturbation of ®, we derive

d dM, dM,
I1— R -— . .
dtéa) (dw o ) 0w (5.8)

This is a first-order linear ordinary differential equation with the time constant T

1
ST )
dw dw
and the solution
o) =wy+c-e T, forr>0. (5.10)

The derivative of the aerodynamic torque for the perturbation in the rotational speed
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under constant wind speed can be calculated as follows:

M, = %pnmch(x, B) (5.11)
A= %R (5.12)

dM, dM, dA 1 ___, dcq(A,B)
My _ My Lyl P) (5.13)

We calculate the time constants for the light-wind and strong-wind operating modes
(for the wind speeds uts and ute) with Eq. (5.9) and the derivative of the aerodynamic
torque from Eq. (5.13). The required data can be found in Table 5.4. The derivative
of the generator torque can be derived from the LUT which is used by the controller
(mapping generator torque over rotational speed). Here, we use numerical backwards
differentiation for ui and numerical forwards differentiation for ui to avoid the
ambiguity at Wyans. We compare the resulting time constants for the full-scale and the
model turbine in Table 5.1.

Considering the time scaling factor n; = 1/114, the model turbine reacts about 2
times slower in the light-wind mode and about 1.5 times slower in the strong-wind
mode to a perturbation in the inflow, compared to an ideally scaled representation of

the full-scale turbine.

In conclusion, the model turbine represents a very large and heavy rotor with a
high rotational inertia. Considering the change in aerodynamic torque with respect
to a change in the rotational speed (or in the inflow), the time constant of the system
response is also about 2 times higher for the model turbine. Furthermore, the actuation
hardware represents a slow system for the full-scale application. Consequently, these
scaling limitations represent a conservative approach; i.e. despite the tremendous size
(I15MW, 326 m diameter) of the full-scale system, it will most likely perform equally
well (if not better) in terms of controller actuations and system response times compared
to the model turbine. Only the slower representation of gust events would lead to a
non-conservative scaling. However, the effects of slower inflow variations are partly

compensated by the slower turbine response time and slower actuation rates.
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5.2.3 Measurement set-up and post-processing

The experimental controller validations were carried out in August 2024 in the turbulent
wind tunnel in Oldenburg with a cross-section of 3 x 3m, which is described by
Kroger et al. (2018). The experimental set-up is sketched in Fig. 5.8. The open jet
configuration with the active grid (Neuhaus et al., 2021) is used to investigate the
controllers under turbulent reproducible inflow test cases. The control algorithms are
implemented for the Model Wind Turbine Oldenburg (MoWiTO 1.8) with a diameter
of 1.8 m, further described by Berger et al. (2018), equipped with blades designed by
Ribnitzky et al. (2025) according to the Hybrid-Lambda Rotor design methodology.
Measurement data used for the present study comprise rotational speed (azimuthal
encoder), low-speed-shaft torque (torque meter), flapwise blade root bending moments
(strain gauges) and upstream wind speed measurements (one-dimensional hot-wire),
each sampled at 10kHz on a National Instruments Compact RIO data acquisition
system. The control algorithms are implemented on the aforementioned device with a
LabVIEW real-time application. The controller update frequency is set to 100 Hz due to

limitations in the computational performance of the real-time system.

2.66 D
1.44 D

support 5

Figure 5.8: (a) Experimental set-up, side-view. (b) MoWiTO 1.8 with the Hybrid-
Lambda blades, diameter of 1.8 m, hub height of 1.5m.
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The measurement data are post-processed as follows. The torque measurements are
corrected for the friction in the drive train (bearings and slip ring) in order to deduce
the aerodynamic rotor torque from the measured low-speed-shaft torque. To filter
high-frequency vibrations and noise out of the measurement signals, we use zero-phase
digital filters with a Butterworth low-pass filter in the post-processing. The corrected
torque and power signals are then low-pass filtered with a half-power frequency of
10Hz and the flapwise RBM measurements with 28 Hz, which is 3.4 times higher than
the rotational frequency (1P) of 500 rpm. This ensures that all relevant rotor dynamics

are resolved. In general, we show the mean of all three blade root bending moments.
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The signal of the rotational speed is smoothed with a moving average window of 0.5s
length. The TSR is calculated from the filtered rotational speed and the wind speed
estimate, which is also smoothed with a moving average window of the same length.
The statistics of the aforementioned post-processed data are illustrated in box plots in
Fig. 5.9b and c. Here, the middle markers show the median, boxes represent the 25th
and 75th percentiles and the whiskers extend to the minimum and maximum of the
considered data. Statistics shown in the box plots are evaluated over the stationary last
10s of each wind step. For the time series figures, the RBM signals are filtered with
a half-power frequency of 5 Hz, to increase the clarity. For the gust events, we show
ensemble averages of the 50 gust repetitions with the 95 % confidence interval indicated
with the shaded area. Here, we use half-power frequencies of 28 Hz for the RBM signals,

10 Hz for the corrected torque and 5 Hz for the hot-wire wind speed measurements.

5.2.4 Test cases

The controllers are experimentally investigated with four different test cases. First,
wind steps are used to validate the different controller implementations. The flow is
uniform and the active grid is installed with all flaps in static open configuration, which
leads to a background turbulence intensity of 2 %. The wind speed is increased every

20 s by increasing the rotational speed of the wind tunnel fan.

The second test case represents coherent gust events, generated with the active
grid, mimicking a scaled extreme operating gust with the so-called Mexican hat shape,
according to IEC 61400-1 (2019). This inflow test case was characterized by Neuhaus
et al. (2021), and it was further used in our previous publication (Ribnitzky et al., 2025)
to compare the effect of different blade designs on the flapwise RBM. However, in the
latter case, no wind turbine controller was used and the rotational speed was controlled
to be constant, since the emphasis on the previous study was on the different blade
designs. In contrast, in this study, different controller versions are compared for the

same gust events.

The third test case is a turbulent inflow, mimicking the design load case 1.6 (Det
Norske Veritas group: DNV-GL ST-0437, November 2016 (amended: November
2021)), normal power production with the normal turbulence model, which was also
investigated with aero-servo-elastic simulations on the full-scale Hybrid-Lambda
Rotor (Ribnitzky et al., 2024a). The background turbulence is produced with the
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active grid, while the large wind speed fluctuations on the slow timescale are realized
by dynamically changing the rotational speed of the wind tunnel fan. The mean
wind speed (derived from the wind speed estimator) ranges from 5 to 11 ms~!. The
turbulence intensity (derived from the hot-wire measurements) is 15 %. Due to the
inertia of the airflow and the wind tunnel drive system, the wind speed cannot be
changed infinitely fast without compromising the wind speed amplitude. Therefore,
this test case is not properly scaled in time. As previously described, the time scaling
factor for the Hybrid-Lambda model turbine is n; = i, /t; = 1 /114 to correctly represent
the 15 MW full-scale equivalent with a diameter of D¢ = 326 m. Here, the subscripts m
and f refer to the model turbine and full-scale turbine, respectively. This means the
600s load case with all the wind speed variations would need to be scaled to 5.3s.
Unfortunately, this is not possible if wind speed amplitudes of up to 6ms~! are desired
in order to cover the whole operating range of the model turbine. This load case is
therefore not scaled in time but focuses on the ability of the controllers to switch the
operating modes in turbulent inflow conditions. The fast dynamics are better described

by the scaled gust events mentioned before.

The fourth test case represents waked inflow conditions. A velocity deficit profile is
produced with the active grid, mimicking a wake of an imaginary upstream turbine that
meanders in horizontal and vertical directions on the basis of an Ornstein—Uhlenbeck
process, following a method described by Onnen et al. (2024). The produced wake
deficit shows a nearly axi-symmetric Gaussian profile and the spectral characteristics
(e.g. the wake meandering frequency) are true to scale compared with a full-scale
turbine. This means the cut-off frequency in the dynamic wake meandering model
fe = u/(2D) = 1.67 Hz is representative for the wind tunnel model. The mean rotor
effective wind speed in full-wake operation is set to approximately 6 ms™~!, which means
the turbine operates mostly in light-wind mode. For large wake centre offsets, the rotor
effective wind speed increases and the model turbine operates in the transition region,

impinged by a partial wake scenario.

5.2.5 Calculation of pitch actuation and blade fatigue loads

Several advanced control algorithms can provide benefits in terms of power output
or reduction of extreme loads, but they often come with the drawback of increased
actuation activity. This can lead to increased wear, and the need for higher maintenance

intervals or even component replacements can outweigh the benefits. Therefore, we
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calculate the pitch actuator duty cycle (ADC), as described by Bottasso et al. (2013),
according to Eq. (5.14).

’ﬁpltch’ (5.14)

ﬁADc—T/ B

Here, Bpitch,max is the maximum allowable pitch rate. We further analyse the fatigue

itch,max

loads in terms of damage equivalent loads (DELs) for the blade root bending moments.
The 28 Hz low-pass-filtered RBMs are processed, using a rainflow counting algorithm by
Downing and Socie (1982) with a Wohler curve exponent of 10 for composite materials.
Note that the DELs are simply calculated for the time series of the individual test cases
to express the impact of the control algorithms on the short-term fatigue loading. These
numbers cannot be related to lifetime damage equivalent loads, since no wind speed
probability distribution is used and not all design load cases that are required by means

of the certification standards are considered.

5.3 Results

In this section, we analyse the performance of the different controller versions with the
four test cases. Besides extreme loads, power output and the switching between the
operating modes, we elaborate on pitch actuation and fatigue loads.

5.3.1 Wind steps

We first validate the controller implementations with wind steps. The time series of
the turbine responses are shown in Fig. 5.9a. The expected set points are shown with
the black lines, and the expected operating modes are indicated with the background
colours. Those are derived from the steady-state operating points, i.e. the data shown in
Fig. 5.1, using the rotor effective wind speed calculated with the estimator. The baseline
controller works well in controlling the rotational speed and the TSR-change, i.e.
following a TSR of 7.5 in the light-wind mode, maintaining a constant rotational speed
of 500 rpm in the transition region and following a TSR of 6 in the strong-wind mode. In
general, the loads are higher than expected in the partial load range (60s < ¢ < 140s). For
6ms~! wind speed (140s < r < 160s), we still expect the rotor to be in light-wind mode,
meaning the pitch angle is at minimum pitch and the loads are expected to be below
the constraint of 7.3 Nm. However, the loads already exceed the limit which cannot
be recognized by the baseline controller. For higher wind speeds (160s < ¢ < 260s) in

the transition region and in the strong-wind mode, the baseline controller starts to
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increase the pitch angle and succeeds in keeping the RBM at a constant level. However,
the mean value is higher than the set point (§ Nm instead of 7.3 Nm) due to model
uncertainties in the pitch-LUT. Possibly, the zero pitch angle was set to a slightly lower
pitch angle when evaluating the controllers in this measurement campaign, compared
to the experiments when the data were recorded to set up the pitch-LUT, which were

performed in 2023. Such an offset in the pitch angle could explain the increased loads.

Here, the advantages of the LFB controller become clear. With the load feedback,
the controller corrects for the offset in the model and is able to correctly constrain the
flapwise RBM. However, this comes with the cost of reduced power output. This is
especially noticeable in the strong-wind mode (220s < ¢ < 260s). Moreover, the TSR
in the strong-wind mode is lower than the set point (5.7 instead of 6) for the LFB
controller (220s < ¢t < 260s). A higher pitch angle is used, which successfully constrains
the loads, but this also reduces the aerodynamic torque. Consequently, the reference
generator torque is too high, and both the rotational speed and the TSR are lower
than the set point. It can be seen that the LFB controller uses lower generator torque
values compared to the baseline controller, since the reduced rotational speed moves
the set point in the torque-LUT to lower values. Ideally, the torque-LUT itself would
need to be adapted to account for the higher-than-expected pitch angles. This could
be realized by calculating the generator torque with the kw?-law, using the torque
coefficient surface and the actual pitch angle on the fly, rather than using the a priori
calculated torque-LUT with expected pitch angles.

The FF controller behaves similarly to the baseline controller, but it uses single-
point hot-wire measurements instead of the wind speed estimator, and due to the
aforementioned model uncertainties, the commanded pitch angle differs from the
baseline controller. Since there is no feedback from the loads, the FF controller fails to
keep the RBM constant in the transition and strong-wind mode. The advantages of the
FF controller will become more clear in Sect. 5.3.2, which addresses the gust events. The
statistical analysis of the wind steps is shown in Fig. 5.9b and c. The median is shown
with the middle marker, the 25th and 75th percentiles are visualized with the boxes and

the whiskers extend to the extrema of the data.



134 5. Experimental investigation of wind turbine controllers for the Hybrid-Lambda Rotor

o
S~
E
5 12 LW TS sw o~
2 10.50 e 1 NAA Y 18
n S r~ - LA i 17 E
©  9f A .. 1 ot i FYAY z
g - _— f A g, 16
%79 == i~ Ly E
.6 7 % 1 fiﬂ . *
o . | gt eds
% s —y
i r ! ! T T ! ! Y ! ! ! ! o
5| ; i 1300
E ' , —
Z4 =
= 200
33 o]
£ :
82 {100 &
1
0
B ]
E550]1 °3
< S
3 6=
2 500~ E
o 13 2
2 450t
I- 1 1 1 1 1 1 1 1 1 ] 0
60 100 140 180 220 260 300 60 100 180 220 260 300
(a) time [s] time [s]
9r ‘
{ { [ Ibaseline 200 - AT‘P‘#?:?%A e
[ ILFB B ,
i ﬁwé“é“é“ﬁ‘ 0 | " ol
paladiadrnlinrs ) —setpoint| 250 - ¥
7t B UL RLR TR _50 &l
E B || . 77
S6F . [ H ‘g %‘%‘J
2 ) [ H g 150 -
5+ I —‘ ‘ =
I Té—?—t— — = [Ibaseline
s é# - l F. [ILFB
LW TS SW | [ LW TS SW FF
P SN N A A A 5 S I I (e ‘ ‘ —_set point
b NP ‘2;\ «'L «q’ oY o2 o2 o W at af o? W ‘o\ «° b" @“ «q’ «Q’ q;" qfa q‘b 6\ o '»\ R
( ) wind speed [m/s] (C) wind speed [m/s]

Figure 5.9: Turbine response with the baseline, LFB and FF controllers to the
test case with wind steps: time series (a) and statistical analysis of RBM (b) and
power (c). Background colours indicate the operating mode: green, light-wind
mode (LW); yellow, transition (TS); red, strong-wind mode (SW). Middle markers,
median; boxes, 25th and 75th percentiles; whiskers, minimum and maximum of
the considered data. The baseline controller works well in following the TSR of 6
in the SW mode, but the loads are higher than expected due to model uncertainties.
The LFB controller uses higher pitch angles and is able to correctly constrain the
loads. However, this leads to reduced aerodynamic torque and consequently
lower rotational speed and lower TSRs in the SW mode. Furthermore, the power
output of the LFB controller is lower in the SW mode compared to the baseline
controller.
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5.3.2 Gusts

We use gust events to investigate the transient behaviour of the controllers. The
ensemble averages of the 50 gust repetitions are shown in Fig. 5.10. The wind speed
measurements are taken 1.44D (2.7 m) upstream of the rotor, and the data are not
propagated in the plot. Since only single-point measurements are available, an offset
to the rotor equivalent wind speed is expected and the load level does not perfectly
match with the data from the wind steps test case. However, this does not affect the
presented analysis of the transient behaviour. In Fig. 5.10 the 95 % confidence intervals
of the 50 gust repetitions are indicated with the shaded areas. The narrow width of the
confidence intervals highlights the good repeatability of the individual gust events.
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Figure 5.10: Turbine response to gust events. Solid lines show the ensemble
average over 50 gust repetitions. The shaded areas indicate the 95 % confidence
intervals. Wind speed measurements are performed 2.7 m upstream of the rotor
and are not propagated in this plot. The LFB and FFLFB controllers can limit the
loads in steady state perfectly to the load constraint. During the gust, the baseline
and LFB controllers react too slowly and show the highest load overshoots. The
FF and FFLFB controllers react in advance and reduce the load overshoot. The FF
controller further reduces the variations in rotational speed and torque.
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First of all, we notice the different steady-state values in the flapwise RBM. The
controllers with the load feedback (LFB and FFLFB) can limit the loads perfectly to
the constraint of 7.3 Nm in steady state. In contrast, the loads are higher than the set
point for the baseline and the FF controller, as observed for the wind steps as well.
Note that 1° difference in the pitch angle does not significantly change the rotor speed,
which is due to a low sensitivity of the aerodynamic torque to the pitch angle in that
region. During the gust event, the baseline controller shows the highest overshoot
in the flapwise RBM. The maximum load is 25 % higher than the steady-state RBM
because the baseline controller increases the pitch angle too late. The LFB controller
shows the slowest reaction, due to the inherent integral behaviour of the controller
architecture and due to the time delay associated with the low-pass filtering of the load
measurements. In fact, the applied filter introduces a delay of 0.2 s for the given gust
events. In contrast, the FF controller reduces the peak load almost to the same level as
the steady-state loads. The feed-forward controllers (FF and FFLFB) react in advance
and increase the pitch angle just before the gust arrives. This reduces the flapwise
RBM in advance, and once the gust arrives, the load overshoot is significantly reduced.
More precisely, for the FF controller, the peak load is 4 % higher than the steady-state
value but still 11 % higher than the load constraint. The feed-forward controllers also
show a longer period of high pitch angle, compared to the baseline controller. This is
the intended behaviour resulting from the processing of the feed-forward signal, as
described in Sect. 5.2.1. Further, the FF controller effectively reduces the variations in
the rotational speed and the generator torque, which is beneficial for the drive train
loads and leads to a more even power feed-in. As intended, the FFLFB controller
combines the advantages of the FF and the LFB controllers. It can constrain the
steady-state mean load to the desired value due to the load feedback, and additionally,
it can react in advance due to the preview information. For the FF controller, the lack of
load feedback is further visible, since the load overshoot after the gust event (at 3.255s)

is 4 % higher than during the gust event (at 2.25s).

The maximum torque rate observed was 8.4Nms™! for the baseline controller, and
it was similar for all four controller versions. Consequently, less than one-third of
the maximum generator torque rate was used. Only the FF controller reached the
maximum pitch rate of 85°s~!, which happened in 14 of the 50 investigated gust
events. For the ensemble average, the highest pitch rate observed was 46°s~! for the FF
controller. The other controllers operated far below the hardware limit. In comparison,

the highest pitch rate observed for the baseline controller was 18°s~!.
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Figure 5.11: Power spectral density of (a) the pitch signal and (b) the wind speed
excitation for the gust test case in the wind tunnel and for aero-servo-elastic
simulations with extreme operating gust for the 15 MW full-scale (FS) Hybrid-
Lambda turbine. The model turbine (MT) controllers are about 10 times slower
than ideally scaled (n; = 1/114). This corresponds to the gust duration which is 8
times slower than ideally scaled.

To further investigate the speed at which the pitch controllers are active, we
derived the power spectral density of the pitch signal, and we compare it to the gust
excitation in Fig. 5.11. In this analysis, we further include the simulation results for
the full-scale 15MW Hybrid-Lambda turbine of the design load case 2.3 extreme
operating gust with a duration of 10.5s according to IEC 61400-1 (2019), simulated with
the aero-servo-elastic tool openFAST. Note that the wind speed signal from the IEC
load case is not turbulent and that the inflow has not been identically scaled across
all frequencies. For the model turbine, the FF controller shows higher magnitudes for
frequencies between 2 and 10 Hz, compared to the baseline controller which is in line
with the faster response of the FF controller, as presented above. Next, we compare the
bandwidth of the scaled and the full-scale system. Note that system identification has

not been the goal of the performed experiments, meaning that the system has not been
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adequately excited on all frequencies. Nevertheless, the spectra of the pitch signals
still give an insight into the speed of the respective systems. The pitch spectra of the
model turbine drop below —3 dB at around 1.1 Hz, whereas the full-scale spectra drop
at 0.1 Hz. Considering the time scaling of n; = 1/114, the model turbine controllers
are about 10 times slower than ideally scaled. Since the gusts are also 8 times slower
than ideally scaled, as explained in Sect. 5.2.2, we can conclude that the controllers of

the wind tunnel model represent a reasonable representation of the full-scale equivalent.

5.3.3 Turbulent wind fields

With this test case, we want to evaluate the controllers on their ability to switch
between the operating modes in varying turbulent inflow conditions. The results are
plotted in Fig. 5.12. The desired operating mode is derived on the basis of the wind
speed estimator, which is indicated with the background colours. As for the previous
test cases, the baseline and FF controllers set pitch angles that are too low, and the
flapwise RBM exceeds the constraint, due to the model mismatch. In the transition and
strong-wind modes, the average flapwise RBM is 6 % higher than the constraint for the
baseline controller and 9 % higher for the FF controller. In contrast, the LFB controller
can limit the loads effectively, due to the load feedback. However, the increased pitch
angle also reduces the power output. On average over the entire duration of the test
case, the power output of the LFB controller is 5 % lower than for the baseline controller.
However, the power reduction is expected due to the controller design, which favours

load limitation over power maximization.

All controller versions succeed in tracking the TSR of 7.5 in the light-wind mode,
although the LFB controller seems to reach the desired TSR last when transitioning
from strong-wind to light-wind mode (e.g. at 215, 260, and 380s). As in the wind
steps test case, the baseline controller works best in regulating the TSR at 6 in the
strong-wind mode. In contrast, the TSR is lower than the set point for the LFB controller
in strong-wind mode. Higher pitch angles are set, which reduces not only the flapwise
RBM but also the aerodynamic torque and therefore the rotational speed. In general, the
torque controller works well in maintaining 500 rpm in the transition region. Between
570 and 590s, the wind speed exceeds rated. Here, the pitch controller maintains

the maximum rotational speed and the TSR drops below 6 for all controllers, as expected.
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Figure 5.12: Turbine response to turbulent inflow. Background colours indicate the
desired operating modes: green, light-wind (LW); red, strong-wind (SW); yellow,
transitioning between the operating modes. All controllers are able to follow
the LW-TSR of 7.5, and the torque controller can maintain the rotational speed
constant in the transition region. In the SW mode, the LFB controller uses higher
pitch angles, effectively constraining the loads but resulting in TSRs that are lower
than the set point of 6.

For this test case, the FF controller used the highest pitch rate of 49°s~!, which is
only 60 % of the hardware constraint. The maximum pitch rates for the other three

controllers are below 25°s~!. The maximum torque rate observed was 8.1Nms~! for the
RBM controller.

5.3.4 Waked inflow

This test case addresses non-uniform inflow, and we evaluate the controller versions
under a meandering wake inflow scenario. The wake produced with the active grid
meanders in horizontal and vertical directions as a random walk. The radial distance
of the wake centre to the rotor centre is plotted in Fig. 5.13 as an absolute value. We
compare this signal to the hot-wire measurements on the centre line and the wind speed
estimator. Once the signals are propagated they correlate well in time. However, the

single-point hot-wire measurements fail to provide a representative rotor effective wind
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speed. Whenever the wake centre distance is below 0.5 D, the hot-wire measurements
are lower than the estimated wind speed and all parts of the rotor that are in the free
stream are not considered by this measurement technique. Only for very large wake
centre offsets (e.g. 440s <t < 450s) did the hot-wire measurements converge closer to
the signal of the wind speed estimator. The latter works much better in providing a
rotor effective wind speed, since the rotor is used as a sensor to capture all effects over
the rotor area.
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Figure 5.13: Top: wind speed derived from hot-wire measurements on the centre
line (propagated) and derived from the wind speed estimator. Bottom: radial
distance of the wake centre to the rotor centre. Only for very large wake centre
displacements did the single-point hot-wire measurements converge towards the
rotor effective wind speed, which is predicted by the wind speed estimator.

The average of the rotor effective wind speed over the duration of the test case is set
to 6ms~!, which means the turbine is in light-wind mode. The time intervals where the
wake centre offset is large enough that the rotor operates in the transition region are
of highest interest, as shown in Fig. 5.14. All controller versions succeed in tracking
the light-wind-mode TSR. Further, the reduction in TSR in the transition region works
equally well for all versions. Differences are visible in the load limitation. The FF
controller is blind to any non-uniformity in the flow, and for large wake centre offsets,
the exceedances of the flapwise RBM are most pronounced (e.g. ¢ = 315s, t = 410s,
t = 450s). In contrast, the baseline controller uses the estimated rotor-averaged wind
speed and chooses higher pitch angles, which leads to reduced load overshoots. The
LFB and FFLFB controllers again take advantage of the load feedback and perform best
in limiting the flapwise RBM. In summary, the maximum load exceeds the constraint of
7.3Nm by 17 % for the FF controller, by 12 % for the baseline, by 6 % for the FFLFB and
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by 5 % for the LFB controller. Note that the load time series presented in Fig. 5.14 are
low-pass filtered with a half-power frequency of 5 Hz to increase clarity and that 1P

variations are filtered out.
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Figure 5.14: Turbine response to waked inflow. (a) 200s and (b) 60's excerpt of the
tull test case. Background colours indicate the desired operating modes: green,
light-wind; yellow, transitioning between the operating modes. The FF controller
leads to the highest load overshoots for very large wake centre displacements.
The baseline controller estimates the rotor-averaged wind speed much better and
shows lower loads than the FF controller. The LFB and FFLFB controllers perform
best in limiting the loads.
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Although the FF controller uses the lowest pitch angles and shows the highest loads,
the power output is not increased compared to the other controllers. In contrast, the
power output of the FF controller shows more fluctuations in the light-wind mode
because the smaller variations in the rotor effective wind speed are not captured by the
single-point measurements. Consequently, the wind speed is assumed to be below us
and the pitch actuation is not triggered (as it is for the other controller versions), which

leads to higher power fluctuations (e.g. 320s < t < 4055s).

For this test case, the FF controller used the highest pitch rate of 53°s~!, the FFLFB
controller used 42°s~! and the baseline and LFB controller used 19°s~'. The maximum

torque rate observed was 7.2Nms~! for the baseline controller.

5.3.5 Pitch actuation and blade fatigue loads

In the previous sections, we mainly addressed extreme loads and power output for the
individual test cases. Finally, we compare all controller versions among all test cases in
terms of pitch actuation and blade fatigue loads for the flapwise bending moments, as
shown in Fig. 5.15. For the pitch actuation, the gust events are the most severe load case.
To compute the DEL and ADC, all 50 repetitions of the gust event were used, which
is not a realistic load case, but it can be used as a metric for comparison within this
study. Compared to the baseline and LFB controller, the FF controller leads to around
3 times higher pitch actuation for the gust test case. As already seen in Fig. 5.10, the
pitch manoeuvre for the FF controller starts with a much higher slope, which drives
up the pitch actuation value. Further, for the turbulent wind field test case, the FF
controller shows the highest actuation among all controller versions, although the
value is only 70 % of the pitch actuation from the gust events. The baseline and LFB
controller show similar pitch actuations for the gusts and turbulent inflow test cases
with a small increase for the turbulent inflow. This can be related to the small scale
fluctuations in the inflow which are not present in between the gust events. Among
all performed test cases, the waked inflow leads to the lowest pitch actuations for all
controller versions because the turbine is in light-wind mode most of the time with
little to no pitch actuation. Here, the FF controller shows rather low actuations because
the pitch is often not triggered. The single-point measurements on the centre line do
not fully capture the variations in the rotor effective wind speed, and this also leads to

lower values of pitch actuation.
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Figure 5.15: DEL and pitch actuator duty cycle for the three inflow cases: gust,
turbulent wind field and waked inflow. For the gust test case, the FF controller
leads to around 3 times higher pitch actuation but reduces the fatigue loads. Also
for the turbulent wind field test case, the FF controller shows the highest pitch
actuation, although the actuation is lower than for the gust test case. The fatigue
loads for the waked test case are strongly increased for all controllers due to the
non-uniformity of the inflow.

For the flapwise blade fatigue loads, the waked inflow is the most severe test case.
This can be related to the non-uniformity of the flow. The blades sample through
spatially inhomogeneous wind fields, and the individual blade loads are excited with
higher harmonics of the blade passing frequency, which is not present for the other two
test cases with uniform inflow. For the gust test case, the strategy of the FF controller
seems to pay off not only in terms of reduced extreme loads: the DELs are also the
lowest among the four controller versions for this test case. In general, the turbulent
inflow test case leads to similar DELs, compared to the gust events. For the turbulent
inflow, the LFB controller works best in reducing the extreme loads, but it leads to

higher blade fatigue loads (7 % increase compared to the baseline controller).
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5.4 Discussion

The novelty of the Hybrid-Lambda control strategy is the objective of tracking two
different TSRs below rated wind speed and the realization of the transition between the
operating modes with an overarching load constraint. Contrary to conventional wind
turbine controllers, the pitch and torque controllers are active simultaneously over a
wide range of wind speeds below rated. The wind tunnel validation clearly showed
that it is possible to realize the Hybrid-Lambda control strategy. The latter has so far
only been designed with steady-state analysis and tested in transient aero-servo-elastic
simulations. With the research presented here, we evaluated the controller methods on

a fully actuated scaled wind turbine.

We first discuss the achievement of the six research questions outlined in the
introduction. We give recommendations on controller design for very large wind
turbines with a load constrain, and we address challenges in the scaling approach. We

conclude the Discussion by comparing our finding to related research.

The results confirm the original research questions outlined in the Introduction.
First, the transition between the operating modes (i.e. keeping the rotor speed constant
while the pitch controller is active for the load constraint) can be accomplished by using
the torque Pl-controller. Despite the large rotor inertia, variations of only +2 % in rotor

speed are present for turbulent inflow when the turbine operates in the transition region.

The second objective of tracking a desired TSR and simultaneously achieving a
load constraint introduced a challenge to the controller design. In the present study;,
we tested two controller architectures that can accomplish one of the objectives but
struggle to fulfil both simultaneously. The baseline controller succeeded best in tracking
the strong-wind TSR but, due to a model mismatch, led to loads that were too high.
The LFB controller was able to limit the loads to the desired constraint. However, by
choosing higher pitch angles, the operating points of the aerodynamic model deviated
from the expected ones, resulting in a poor tracking of the strong-wind TSR by the
torque controller. To overcome this and to achieve both objectives independently of
each other, the kw?-law in the torque controller would need to be adapted with a k value

that is a function of the actual pitch angle and which needs to be calculated on the fly.

The third objective was to limit extreme flapwise RBM loads. If the mean value
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should be set correctly, a load feedback is necessary and the LFB controller performed
best. However, due to its integral behaviour, this controller architecture cannot handle
transient events on a small timescale like gusts. In this case, the FF controller performed
best in limiting the extreme loads. Further, controller designs without additional sensor
equipment, like the baseline controller, can keep the loads constant in the transition
and strong-wind mode. However, one needs to take model uncertainties into account,

which leads us to the fourth objective.

Model uncertainties can lead to an offset in the load response, as it is present for
the baseline controller. The LFB controller can overcome this challenge thanks to the
measurement data from the flapwise RBMs. Alternatively, a model calibration or
model update procedure would be needed to improve the baseline controller, as among
others described by Mulders et al. (2023). Model uncertainties will also be present for a
commercial full-scale turbine. The inflow is not controllable nor repeatable in the field.
However, the aerodynamic model might be more reliable due to higher chord-based
Reynolds numbers. Further, the manufacturing and assembling accuracy will be higher
for a full-scale turbine because the ratio of tolerances to product size is simply more

favourable.

With the fifth research question, we addressed further impacts on the wind turbine
as an engineering system, such as the pitch actuator duty cycle and fatigue loads.
Besides limiting the extreme loads, the FF controller could also reduce the fatigue loads
on the blade root bending moments but comes at the cost of an increased pitch actuation.
In contrast, other studies have reported reduced pitch actuation for feed-forward-based
model predictive controllers, since the anticipation of future events can also lead to an
avoidance of pitch manoeuvrers if the wind speed increase is only temporary (Sinner
et al., 2022).

The sixth research objective was to outline recommendations on controller design
for very large wind turbines with a load constraint. First, model uncertainties need to
be taken into account by a calibration or model update procedure. Second, a feedback
from load measurements is crucial to fulfil the load constraint in spite of uncertainties.
Third, a wind preview will be required to reduce extreme loads on small timescales.
Although load-limiting control concepts without a preview already exist on commercial
turbines, both the tremendous size of the turbines addressed in this study (diameter of

more than 300 m) and the wide wind speed range in which the load constraint is active
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(upper half of the partial load range) will require more sophisticated techniques to
achieve an economical viable design. Fourth, the TSR tracking needs to account for the
actual pitch angle, which might be different than the expected pitch angle due to the ad-

vanced control methods that react on the turbine state and the environmental conditions.

Testing wind turbine applications in the wind tunnel always comes with the
challenge of appropriate scaling (Canet et al., 2021). While the aerodynamic scaling
of the wind turbine model was successfully described by Ribnitzky et al. (2025), the
temporal scaling of the inflow conditions remains difficult to satisfy. One limitation
of the methodology presented here is that the turbulent inflow test case is not true to
scale in time, compared to a full-scale equivalent. The wind speed variations cannot
be accomplished arbitrarily fast, since the flow itself and the wind tunnel actuators
are subject to inertias. However, we can investigate the transient controller reactions
with the test case of gust events. The fastest gust that can be produced with the
active grid and that still shows a reasonable wind speed amplitude has a duration of
0.75s (Neuhaus et al., 2021). Due to the large time scaling factor of the model turbine
(n¢ = 1/114), this gust is still about 8 times slower than the full-scale equivalent, which
should have a duration of 10.5s according to the IEC 61400-1 (2019). However, for
the model turbine, the rotational inertia and the pitch and torque actuation times are
larger compared to an ideally scaled version of the full-scale turbine. Consequently, the

transient controller reactions can be assessed reasonably well with this compromise.

In this study, we derived the steady-state operating points by prescribing a schedule
of rotational speed which consists of tracking the light-wind and strong-wind TSR and
a transition region with constant rotational speed in between. The pitch angle was
then derived by optimizing the power coefficient with respect to the load constraint.
Here, we want to emphasize that other approaches are also possible. Frameworks
for the steady-state operating points, as described, for example, by Pusch et al. (2024)
and Lazzerini et al. (2025), enable the optimization of both the rotational speed and
the pitch angle for the entire operating range. The control philosophy described by
Lazzerini et al. (2025) drops the assumption of constant TSR, or it could be interpreted
as a control strategy with an infinite number of TSRs. This approach could be promising
for the Hybrid-Lambda concept and could be implemented in future studies. However,
special care needs to be taken considering model uncertainties because the control
algorithm proposed by Lazzerini et al. (2025) is essentially based on a reliable wind

speed estimator. Possibly, a load feedback would be a necessary addition.
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5.5 Conclusions

In this paper, we set up a control methodology for the Hybrid-Lambda Rotor concept
and validated it on a scaled wind turbine model in wind tunnel experiments under
various turbulent inflow conditions. We showed how two different TSRs can be
tracked below rated wind speed by using three different rotor speed set points (@min,
Orrans and Omax) and by defining the generator torque saturations according to the
TSRs. With this method, we can further realize a transition region with constant
rotational speed (Wtrans) to switch between the two operational TSRs. Four versions
of the pitch controller, which aim to satisfy the constraint on the flapwise RBM, were
investigated. An overview of the findings is provided in Table 5.2. First, we presented
a baseline controller which uses only standard sensors that are also available on a
conventional full-scale wind turbine. It performed well in tracking the different TSRs
and managed to constrain the loads to a constant value, which was, however, 10 %
higher than the desired level (in the test case with wind steps) due to a mismatch in
the zero pitch position. Second, a load feedback controller that uses measurements
from the strain gauges at the blade root. This version was able to correctly set the
mean value of the flapwise RBM, but reducing the loads always comes with the
drawback of reduced power feed-in. Further, due to its integral behaviour, the
response was too slow for sudden gust events. Third, a feed-forward controller was
tested that uses single-point wind speed measurements 1.44 D upstream of the rotor
as a preview signal. A special signal processing algorithm was developed which
enabled the controller to detect up-ramps early but also takes into account the slower
advection time of down-ramps. As a result, the load overshoots in gust events have
been significantly reduced, which, however, comes with the price of increased pitch

actuation. The fourth controller version is a combination of the LFB and the FF controller.

To close the loop, we transfer the presented findings to the full-scale application.
We need to evaluate the control strategies in the context of very large rotors that are
closely spaced in offshore wind farm applications. As explained in the introduction,
we need larger rotors to generate more energy in light winds and thus achieve a
more continuous and reliable supply of wind energy. To fulfil the goals of installed
capacity, those large rotors will need to be spaced relatively closely to each other and
economic competitiveness can only be achieved by a lightweight and cost-effective
turbine design. This can be supported by advanced control strategies that effectively

reduce extreme loads during operation. The close spacing of the turbines will make
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Table 5.2: Advantages (+) and disadvantages (-) of all tested controller versions
for all test cases.

Baseline LFB FF FFLFB
Wind + Good tracking of LW and + RBM correctly constrained + Good tracking of LW and (not evaluated)
steps SW TSR SW TSR
(+) RBM constant in transition ~ — TSR in SW mode too low — RBM increasing with wind
region and SW mode speed in transition region and
SW mode
— RBM constraint exceeded by ~ — Reduced power output — RBM constraint exceeded by
10 % 10%
Gusts — Highest load overshoot. RBM 4+ Steady state RBM correct + Pitch is increased just before ~ + Steady state RBM
constraint exceeded by 35 % the gust arrives correctly set
— Slowest pitch reaction + Lowest load overshoot of + Longest period of
11% increased pitch
— Load overshoot. RBM + Lowest variation in + Reduced load
constraint exceeded by 26 % rotational speed overshoot of 14 %
— Highest pitch actuation
Turbulent  + Good tracking of LW and + RBM correctly constrained — Average RBM in transition (not evaluated)
inflow SW TSR — Reduced power output and SW mode exceeds
— Average RBM in transition — TSR in SW mode too low constraint by 9 %
and SW mode exceeds
constraint by 6 %
Waked + Load overshoots are lower + Lowest load overshoot, RBM  — Highest load overshoots + Lowest load
inflow than for FF constraint exceeded by 5 % — RBM constraint exceeded by ~ overshoot, RBM

— RBM constraint exceeded by
12%

17 %
— Power output is not increased
— Higher power variations

constraint exceeded
by 6 %

highly turbulent partial wake scenarios more likely. That means that spatially resolved
information about the inflow needs to be provided to the controller and that individual
pitch strategies will possibly be needed to reduce unsymmetrical rotor loadings. A load
feedback will be essential to correct for model uncertainties and to adapt the controller
to changes in the system behaviour. Such changes could be present to the aerodynamic
behaviour, e.g. due to leading edge erosion, or to the actuation and sensor system, e.g.

due to long-term drift.

Unconventional rotor concepts like the Hybrid-Lambda Rotor will need advanced
control algorithms to unlock the full potential of aerodynamic efficiency and to ensure
structural integrity. Wind tunnel experiments are a powerful tool to test the newly
developed control strategies under tailored reproducible inflow conditions. With the
results presented here, we have completed an important step in the validation of the
Hybrid-Lambda Rotor design and control methodology.
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Data availability

The data shown in all figures of this paper are available in the following repository:
https://zenodo.org/records/16598897 (Ribnitzky, 2025a).

5.6 Appendix

Scaling of aerodynamic rotor torque

In this appendix, the scaling of the aerodynamic rotor torque M, is explained, which is
defined as .
M, = EP”R3”ZC‘1' (5.15)

Subject to scaling are the rotor radius R, the wind speed u and the torque coefficient c,.

Rotor radius

The scaling of the rotor radius can be expressed with
(5.16)
and this scaling criterion is satisfied.

Time scaling

The time scaling is defined by the ratio of rotational speeds in the transition region:

ng = tﬂ _ wtrans,f , (517)

If Otrans,m

and this scaling criterion is satisfied in the transition region.

Torque coefficient

The torque coefficient can be derived from the power coefficient ¢, and the TSR.

cq= ;—p (5.18)

The torque and power coefficients are non-dimensional, and they would be constant

for an ideal scaling (identical aerodynamic characteristics and constant TSR). However,
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this is not the case for the given model turbine. The power coefficient is reduced due to
aerodynamic losses associated with the lower Reynolds number. Thus, we introduce a

scaling factor for the power coefficient:

Cp,m
Cp,f

Nep = (5.19)
Further, the TSR is reduced in order to derive larger chord lengths and higher Reynolds
numbers for the model turbine. We can define a scaling ratio for the TSRs in light-wind
mode (A w) and strong-wind mode (Agw). Since we address the maximum aerodynamic

torque at rated wind speed, only the strong-wind mode is used here.

Asw,
nysw = ASV‘LT (5.20)

Consequently, we can define the following for the scaling of the torque coefficient:

C n
Mg =~ = =2, (5.21)
Cqf n

Wind speeds

For an ideal scaling (constant TSR), the wind speeds would scale with

Ny,ideal = =
Ug n¢

Um nj

(5.22)

Since we transferred the rotor design to lower TSRs, the wind speed scales with

g = m M (5.23)

ug  mny,

The maximum rotational speed (@,teq) of the model turbine is constrained due to
hardware limitations. When the maximum rotational speed is reached with the strong-
wind TSR, this wind speed is considered to be the rated wind speed. Thus, the rated
wind speed, rated torque and rated power change compared to the scaling theory, or in
other words, the model turbine is de-rated. This can be incorporated by defining a new

time scaling for rated power:
6Ora’ced,f

. (5.24)
Wrated,m

Nt rated =
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The rated wind speed consequently scales with

Uratedm m

Urated,f Ny rated A, SW

(5.25)

Ny, rated =

Aerodynamic torque

If we combine Egs. (5.15), (5.16), (5.21) and (5.25) we can define a scaling ratio for the
aerodynamic torque:

_ 3.2
"Ma = M} Ty ratedleq rated

2

- n3 ( n > Nep,rated (5.26)

=nj .
Ny rated A, SW ny.sw

For the ideal scaling (constant TSR and constant ¢p), Eq. (5.26) simplifies to

Ny = —- (5.27)
If the time scaling equals the geometric scaling, Eq. (5.26) simplifies to

n =nj. (5.28)

For the given model turbine, the required parameters are given in Table 5.3 and the

coefficients from Eq. (5.26) result in

12 atedeqrated = 1.14. (5.29)

This is why the maximum aerodynamic torque of the model turbine is 14 % higher, com-
pared to the ideal and simplified scaling, where only the change in radius is considered.

These scaling laws can be extended from the aerodynamic torque to the generator
torque, considering the different mechanical losses in the drive train, which we exclude
here for the sake of brevity.



152

5. Experimental investigation of wind turbine controllers for the Hybrid-Lambda Rotor

Table 5.3: Scaling parameters for the Hybrid-Lambda Rotor, relevant for the scaling

of the aerodynamic torque.

Parameter Symbol ~ Model scale Full-scale  Unit Scaling
(subscript m) (subscript f) coefficient
Rotor diameter D 1.8 326 m nj
Power coefficient at rated wind speed  ¢p rated 0.2805 0.2923 - Nep,rated
Maximum rotor speed Wrated 577.3317 5.3824  rpm 1/n¢ rated
Rated wind speed Urated 9.0687 102 ms~! Ny rated
TSR at rated (SW mode) ASW 6 9 - n).SW
Max. aerodynamic torque M3 max 5.2831 2.7563 x 10’ Nm NMa

Table 5.4: Data necessary for the calculation of the time constants in Eq. (5.9).

Parameter Symbol Model scale Full-scale  Unit
(subscript m) (subscript f)
Wind speed at the start of transition region Utg 6.3 6.8 ms]
Wind speed at the end of transition region Ute 7.9 83 ms!
dc
Derivative of aerodynamic torque coefficient at u g d%ts —76x1073  —37x1073 -
.. . . qu,te -3 _4
Derivative of aerodynamic torque coefficient at u¢e T —6.6 x 10 —6.9 x 10 -
. . dM, g, 7 -1
Derivative of generator torque at g 4 0.1 59x 10 Nmsrad
)
L. dM, gte 7 -1
Derivative of generator torque at ue 4o 0.06 4.8x 10" Nmsrad
)
Air density P 1.2 1.2 kg m—3
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Chapter 6
Conclusions and Outlook

In this chapter, the major findings and conclusions of this thesis are summarized and the
research questions stated in the introduction are addressed. Additionally, suggestions

for further research are discussed in Sect. 6.2.

6.1 Conclusions

The value of wind energy does not solely depend on a low levelized cost of energy.
It is of high importance at which time the energy is produced and how much wind
energy is already available in the grid at that given time. Further, the variability of
the produced energy directly impacts the value. We identified two major problems
of the large-scale exploitation of wind energy, especially in the German Bight. First,
the self-cannibalization (May et al., 2015; Lépez Prol et al., 2020) addresses the fact
that the higher the share of wind energy in the entire energy mix is, the larger is the
decrease of the market value with increasing wind speeds. In other words, wind energy
is very valuable at times of low wind speeds, but the value decreases significantly or
even drops below zero during strong wind periods. Second, the increasing clustering
of offshore wind farms heavily reduces the efficiency of downstream wind farms due
to cluster wake effects, which predominantly occur when the turbines operate in the
partial load range, i.e. at wind speeds below rated. These cluster wakes can persist for
several tens of kilometres under certain atmospheric conditions (Dérenkdmper et al.,
2023; Schneemann et al., 2020). Thus, there is a demand for an increased power feed-in
in light winds, which is usually accomplished by means of larger rotors and lower
specific ratings, at onshore sites. But especially at strong wind sites, large rotors come

with the need for load reduction techniques which inherently reduce the aerodynamic
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efficiency of the individual turbines. For offshore sites, the wind speed regime where
the load reduction is active, e.g. from around 7 to 11ms~!, coincides with the annual
average wind speed and a large portion of the produced energy would suffer from
the reduced efficiency during load limitation. Innovative rotor concepts are required
which enable very large rotors to capture more energy in light winds, but which also
limit the loads to a feasible level. The goal is to foster a lightweight and cost-effective
rotor design, while compromising the aerodynamic efficiency as little as possible.
Further, load reduction techniques can reduce the wake losses and a deficit on the
individual turbine efficiency can be at least partly counterbalanced with improvements

for downstream turbines.

This delicate compromise finding is addressed with the Hybrid-Lambda Rotor
design methodology which was developed and extensively examined within this thesis.
In the following, we summarize the major findings, structured according to the main

objectives outlined in the introduction.

1. Introduction of a design methodology for very large rotors with blades that are aerodynam-
ically optimized for the application of peak shaving:
The Hybrid-Lambda Rotor design methodology can be applied to any given
design problem which targets a very low-specific rating in order to increase the
power in light winds while maintaining the design driving loads. The design
features a non-uniform distribution of axial induction along the blade span, with
a design value of 0.36 for the inner 70 % of the blade and 0.23 for the outer 30 %.
Further, the blade is designed for two different TSRs, which is coupled to the
control strategy for which two operating modes, light-wind (LW) and strong-wind
(SW), are implemented. In the SW mode, peak shaving is applied with less
reductions in the aerodynamic efficiency, compared to conventional peak shaving
strategies, such as solely pitching to feather. This is due to a beneficial change in
the AoA distribution which can be achieved by considering the following three
aspects: First, when lowering the TSR, the increase in the inflow angle is larger
for the inner part of the blade than for the outer part. Second, when pitching the
blade to feather, the AoA decreases evenly over the entire blade length. And third,
a twist offset for the inner part of the blade ensures that this part operates closer
to the optimal AoA when peak shaving is applied. By reducing the TSR and
simultaneously pitching to feather, we can achieve the following: When switching
from the LW to the SW mode, the AoA decreases for the outer part of the blade
(which reduces the loading) but increases closer towards the optimal AoA for the
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inner part of the blade. This reduces the lever arm of the resulting bending forces
and the contribution to the rotor torque production is concentrated closer to the
blade root.

Due to the larger rotor diameter, the energy yield in light winds is significantly
increased and the power characteristics of the turbine better match the demand
in the energy system which results in a lower cost of valued energy. The mass
of the blades could be significantly reduced compared to conventional scaling
approaches by applying an aero-elastic optimization of the structural blade design
and due to the inherent slender blade design for high TSRs. A sophisticated
aero-servo-elastic simulation model was set up and the concept revealed several
advantages when investigated in transient, turbulent design load cases. Finally, a

cost model was introduced which enabled a techno-economic evaluation.

2. Development of a method on how to scale the Hybrid-Lambda Rotor concept to wind tun-

nel size and the experimental characterization and validation of the aerodynamic design
concept on wind tunnel scale:
When scaling wind turbines to wind tunnel size, usually not all physical charac-
teristics can be matched exactly. In this study, the scaling objectives were twofold:
First, we aimed to match the non-uniform axial induction distribution over the
blade span for two different operating modes. Second, we incorporated the change
in the AoA distribution when switching between the LW and SW operating mode,
as described above. Additionally, we transferred the design method to lower TSRs
to derive larger chord lengths and higher Reynolds numbers. The experimental
investigation of the scaled model showed that switching between the operating
modes with the associated change in the AoA distribution works similar to the
full-scale model and the aerodynamic characteristics are successfully replicated.
The scaled model was further tested in gust events which were produced with an
active grid in the wind tunnel. For this purpose, no controller action was applied
to compare the pure aerodynamic response of different blade designs. When
compared to a model turbine with the same diameter and with conventional blade
design (replicating the NREL 5 MW reference turbine), the load overshoot in the
normalized flapwise RBM was 4 % lower for the Hybrid-Lambda model turbine,
due to the beneficial low-induction design of the outer part of the blades.

3. Investigation of the influence of the steep gradients of axial induction along the blade span

on the aerodynamics and the characterization of the wake of the Hybrid-Lambda Rotor:
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This objective was addressed by means of experimental investigations with
the scaled wind tunnel model and by means of mid-fidelity simulations. Both
methods revealed the unique wake characteristics of the Hybrid-Lambda Rotor
which enable three major advantages: First, the wake deficit in the SW mode
is significantly reduced. In this wind speed region, conventional turbines still
operate in the partial load range, i.e. with a high thrust coefficient and with strong
wake deficits. Second, the low-induction design of the outer part of the blade
leads to an outer annulus in the wake with increased wind speeds, compared to a
wake deficit profile of a conventional turbine. This feature is present for the entire
partial load range and can be beneficial in partial wake scenarios, when only mild
deficits from the outer wake annulus impinge the downstream rotor. And third,
an additional shear layer and an associated vortex system shed from the blending
region on the blade due to the change in the design axial induction. The shear
layer further increases the turbulence intensity between the inner wake core and
the outer annulus which enhances wake diffusion.

The BEM theory inherently assumes that the blade elements are independent
of each other, at all radial positions. Therefore, strong gradients in the axial
induction distribution at the blade design blending region are predicted. In
contrast, the LDA measurements in the rotor plane show that the steep gradients
are smeared out. However, in the hot-wire measurements in the near-wake of
the model turbine, the steep gradients and the stepwise velocity change in radial
direction are present. We therefore conclude, that the gradients need to develop
from a uniform distribution in the inflow via a smeared out distribution in the
rotor plane to a stepwise profile with the steep gradients in the close vicinity
downstream of the rotor. This development can not be predicted by the inherent
model assumptions in the BEM theory. Due to the conservation of mass, the
inner wake core with the slower flow expands and pushes into the outer wake
annulus with higher wind speeds. This further supports the steep gradients and
the stepwise velocity change in radial direction in the near-wake. All applied
methods (experiments, LES and FVW simulations) revealed that the gradients in
the wake profile smear out with increasing turbulence intensity in the inflow.
We further compared the power output of a simplified wind farm layout with two
turbines in LES with actuator line model with a fixed absolute spacing of 1.44 km
among two Hybrid-Lambda turbines (Pateq = 15MW, D = 326m) and two IEA
reference turbines (Peq = 15MW, D = 240m). We used a very high spatial

resolution that allows to resolve the non-uniform axial induction distribution
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along the blade span. For a wind speed of 6.8ms™!, the Hybrid-Lambda turbines
produce twice the power than the reference turbines. This advantage even
outperforms the benefits on a single turbine level, due to the beneficial wake
characteristics. Similar results were found by Paulsen et al. (2024), who compared
the performance of the turbine concepts in large-scale wind farm clusters by

means of mesoscale simulations.

4. Development of control methodologies for very large turbines with a load constraint that
fulfil the Hybrid-Lambda control strategy, their application on the wind tunnel model and
the experimental validation with respect to extreme loads, fatique, pitch actuation and
power output:

We set up a control methodology for the Hybrid-Lambda Rotor concept which
succeeded in tracking two different TSRs below rated wind speed. This is achieved
by a smart arrangement of the rotor speed set points and the generator torque
saturations for the PI torque controller. It further enables a transition region with
constant rotational speed to switch between the two operational TSRs. Four ver-
sions of the pitch controller were introduced which approach the objective of
limiting the flapwise RBM in different ways. First, a baseline controller which
uses a wind speed estimator and a look-up table for the pitch angle, without the
need for additional sensor equipment that might not be available on commercial
turbines. Second, a load feedback (LFB) controller which uses measurements from
the flapwise RBM to set the pitch angle. Third, a feed-forward (FF) controller
which uses wind speed measurements upstream of the rotor as a preview, allow-
ing the pitch actuation to react in advance to sudden gust events. The fourth
controller is a combination of the LFB and the FF controller.

The baseline controller succeeded well in tracking the two TSRs in the LW and SW
operating modes and the flapwise RBM was held constant in the peak shaving
region in steady-state test cases. However, due to model uncertainties, the result-
ing RBM was 10 % higher than desired. The LFB controller was able to overcome
this challenge. The measurements from the blade root allowed to correct for the
model mismatch. The pitch angle was set higher and the RBM was constrained
well in steady-state. But, due to the inherent integral behaviour of the feedback
implementation, the response was too slow for sudden gust events. Those were
handled much better by the FF controller, which was able to entirely remove the
load overshoot by pitching just before the gust impacts the rotor. By thoroughly

explaining the scaling of the controller concepts, we ensure the transferability of
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the results from the wind tunnel tests to full-scale applications.

We therefore conclude, that controller development for very large wind turbines
with a load constraint should include a model calibration or model update proced-
ure, a feedback from the load measurements and a preview of the inflow. Those
characteristics need to be combined and implemented in a controller framework
that ensures structural integrity of the turbine while unlocking the full potential of

aerodynamic efficiency and load mitigation features of the Hybrid-Lambda Rotor.

6.2 Suggestions for further research

There are five implications of those results for future work on the Hybrid-Lambda
Rotor concept.

First, future design versions could incorporate a more gradual change of the design
TSR and axial induction along the blade span. This could include an application of the
axial induction distribution as derived by Jamieson (2020), which is found to be optimal
in terms of rotor size increase with a load constraint. Instead of a stepwise change in the
axial induction distribution, as proposed by the Hybrid-Lambda concept, and instead
of a constant low induction of 0.187, as described by Chaviaropoulos and Sieros (2014),
Jamieson (2020) derived an axial induction distribution that gradually decreases from
1/3 at the blade root to very low values at the blade tip. Such a design would probably
not provoke the additional vortex system, as it was found for the Hybrid-Lambda
concept described in this thesis. A comparison of those two design variations would
also enable a detailed analysis of the impact of the second vortex system on the wake

diffusion.

Second, the torsional degree of freedom needs to be included in the blade design.
Bend-twist coupling can help to reduce the loads and it will further reduce the lever
arm of bending forces, since the torsional deflection increases towards the blade tip.
However, the blade design as well as the controller strategy needs to be adapted.
Considering that the blade will deflect torsionally towards feather means that the angle
of attack will reduce gradually towards the blade tip which can help to reduce the
losses associated with load limiting strategies due to the reduced lever arm. But, this
also means that the aerodynamic operating point will move away from the optimum
and this can be counterbalanced by adjusting the twist angle in the blade design and
the control strategy. In this way, the aerodynamic optimum can be at least preserved for

one chosen operating point, preferably for the end of the light wind mode at us.
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Third, the Hybrid-Lambda concept offers further benefits on a wind farm level
which should be evaluated in detail. Paulsen et al. (2024) investigated the concept
using meso scale simulations. They showed that the benefits in a wind farm application
even outperform those of the single turbine due to the reduced wake losses. Paulsen
et al. (2026) further compared prospective expansion scenarios where the entire
available area in the German Bight is either equipped with IEA 15 MW turbines or
with the same amount of 15MW Hybrid-Lambda turbines. Over the course of a
representative year, the annual energy production is increased by 19.4% with the use
of Hybrid-Lambda turbines. This simulation method can cover a very large area,
like the entire available area of the German Bight, and a very long time span, like a
representative year. But the coarse spatial resolution cannot resolve the non-uniform
axial induction distribution over the rotor plane. It is therefore unable to fully
model the unique wake characteristics of the Hybrid-Lambda Rotor. Since LES is
computationally expensive, conventional wake engineering models should be adapted
to fit the wake shape of the Hybrid-Lambda Rotor. This would enable wind farm
and cluster layout optimization studies with the integration of the Hybrid-Lambda
Rotor. Also mixed layouts could be investigated, i.e. using the amount of deployed
Hybrid-Lambda turbines and the amount of conventional turbines as free design
variables. Thus, not only the layout and the spacing is optimized, but also the
best ratio of Hybrid-Lambda and conventional turbines in one wind farm (or in
the entire German Bight) would be investigated. With the different hub heights
and operational strategies, i.e. thrust coefficients vs. wind speed, interesting wake

mixing phenomena are expected, which could be investigated with LES in the next stage.

Fourth, the Hybrid-Lambda Rotor design methodology could be extended with
wind farm related aspects. An important design parameter is the wind speed uys, at
which the limiting loads are reached and the transition to the SW mode starts. For
stronger wind speeds, the efficiency of the individual turbine decreases but the wake
deficits in the wind farm are greatly reduced. The wind speed uis can be influenced
within the blade design by the axial induction distribution along the blade span. If
larger parts of the blade are designed for a higher axial induction (closer to 1/3), the
efficiency will be higher in the LW mode, but the limiting loads will be reached at lower
wind speeds and the peak shaving in the SW mode will be accompanied with larger
losses. However, the reduced wake deficits will expand over a wider range of wind

speeds. These complex interactions need to be addressed with an optimization routine,



160 6. Conclusions and Outlook

connecting the rotor and controller design of individual turbines with implications on
the wind farm level. Incorporating the transition wind speed as a key design variable
into wind farm oriented turbine design could open an interesting research field. This
seems to become increasingly important with the advancing clustering of offshore wind

sites in northern Europe and other suitable locations worldwide.

And fifth, the control concept for the Hybrid-Lambda Rotor could be further refined
and extended. By optimizing steady state operating points, the transition between
the operating modes can be improved. Incorporating model predictive control could
prevent unnecessary switches between modes if, for example, a wind speed reduction
is only temporary. Further, the control concept could be extended to the level of wind
farm control, enabled by a communication between the individual turbines with the
aim of improving energy capture and focusing on demand oriented power feed-in.
Nevertheless, the limitation of structural loads needs to be guaranteed and the health
state of individual turbines could be included in the control concept. The control
algorithm would then adapt to changing properties and the damage level of individual

turbines, aiming on an equal distribution of damage among the entire wind farm.
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