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i Abstract 

Abstract 
 

Das Ziel der vorliegenden Masterthesis ist es, Konzepte von strukturellen Auslegun-

gen von Windkraftanlagenrotorblättern zu untersuchen, die eine Lastenreduktion 

bewirken sollen. Diese Lastenreduktion soll dazu führen, größere Rotordurchmes-

ser für Windkraftanlagen umsetzbar zu machen, oder bestehende Blätter kosten-

günstiger herzustellen indem das Gewicht des Blattes gesenkt wird.  Mit Hilfe von 

automatisierten Prozessen werden dabei die strukturellen Modelle anhand eines 

Referenzrotorblattes aufgebaut und anschließend die dazu gehörigen Lasten simu-

liert. Die resultierenden Lasten und Massen der unterschiedlichen Konzepte werden 

mit denen des Referenzrotorblattes verglichen. Die Ergebnisse zeigen, dass sowohl 

ein strukturelles Design mit einem C-Balken, als auch ein strukturelles Design mit 

einem geschwungenen Balken zu einer Lastenreduktion führt.  Ein weiteres Kon-

zept, welches auf der Benutzung einer aktiven Hinterkantenklappe basiert, kann nur 

anhand von Referenzlasten bewertet werden. Hier zeigt sich ein deutlicher Ge-

wichtsanstieg, der durch eine Lastenreduzierung durch die Klappe aufgefangen 

werden muss.  

 

The aim of the present master thesis is to investigate concepts of structural designs 

of wind turbine rotor blades, which should result into a load reduction. This load 

reduction should lead to larger rotor diameters being feasible for wind turbines, or 

existing blades being produced more cost-effectively by reducing the weight of the 

blade.  With the help of automated processes, the structural models are constructed 

using a reference rotor blade and then the associated loads are simulated. The re-

sulting loads and masses of the different concepts are compared with those of the 

reference rotor blade. The results show that both a structural design with a c-beam 

and a structural design with a swept beam leads to a load reduction.  Another con-

cept based on the use of an active trailing edge flap can only be evaluated using 

reference loads. This shows a significant increase in weight, which must be ab-

sorbed by a load reduction through the flap  
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1 Introduction 

 

From an engineering perspective, the main task of today's wind turbine industry 

is to reduce the COE. The COE indicates the ratio of the total and operating costs 

of a wind turbine to its energy production in one year. In order to keep wind energy 

competitive in the future, this is probably the most critical economic aspect. This 

results in the following main point of attack for reducing COE: increasing energy 

production while maintaining or even reducing overall or operating costs. For this 

reason, various research institutes in the ñForschungsverbund Windenergieò 

have joined forces to research new technologies. Among others, the Fraunhofer 

IWES Nordwest Institute and the DLR are part of this network. DLR in particular 

has established its own strategic field for wind energy. In this strategic field, var-

ious DLR institutes are conducting joint research on various projects. These in-

clude, for example, the Institute of Composite Structures and Adaptronics (DLR-

FA). 

One of the research projects is the "Smart Blades" project. The aim of this project 

is to reduce the loads acting on the rotor blades of wind turbines during operation. 

This should not only make it possible to further increase the rotor diameters of 

wind turbines in the future, but also to produce existing blades more cost-effec-

tively by saving material or to increase their life span. Three technologies are 

subject of the research in the project: 

- Passive rotor blades (ĂTechnology 1ñ), which are inducing twist while bending 

due to their geometric or structural design during aerodynamic load changes (so-

called "Aeroelastic Tailoring"). Thus, a different angle of inflow along the blade is 

achieved by external loads 

- Active rotor blades that can react to load increases due to changing wind con-

ditions by means of a control flap attached either to the trailing edge (ĂTechnology 

2ñ) or to the leading edge (ĂTechnology 3ñ).  

The continuing research project "Smart Blades 2" is based on the research re-

sults achieved in the "Smart Blades" project. The research successes are pre-

sented in the chapter 2.2 for technology 1 and 2. The structural design optimiza-

tion of the rotor blades for both technologies are the main topics for this thesis. 
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2 State of the Art 

 

This section shall give an overview on the state of the art of the structural design 

of wind turbine rotor blades. Furthermore, the state of the art of the investigations, 

which have already been done in the ñSmart Blades 1ò research program, is de-

scribed. The investigations of the ñSmart Blades 2ò project are based on the fore-

going achieved results. 

 

2.1 Structural Design of Wind Rotor Blades 

Due to the immense wingspan of the current and upcoming wind turbine rotor 

blades, lightweight construction principles are in the foreground. Therefore, state-

of-the-art rotor blades closely follow the design of aircraft wings. In detail, the 

design of current rotor blades is oriented on the structure of glass-fibre composite 

glider wings [1]. These wings are similar in many aspects: 

¶ The usage of glass-fibre composite results in a low overall weight of the struc-

ture compared to aluminium construction methods 

¶ The aerodynamic efficiency is a key aspect during the design process 

¶ The great span of the wing 

Figure 2-1 below shows the section of a modern glider wing. The wing is fabri-

cated in a sandwich structure. The lower and upper skin of the sandwich structure 

is made from glass-fibre composite while the core is made from either a foam-

like material or balsa wood. The spar (see ñHolmstegò) has a great benefit to the 

overall torsional stiffness of self-supporting rotors or wings. Additionally it in-

creases the stiffness in the bending moment direction [1].  

 

 

Figure 2-1 Section of a modern Glider Wing [2] 
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This design principle is applied to the design of wind turbine rotor blades. There 

are two different approaches for the spar construction. Either single/multiple 

spars are used or a box beam, see Figure 2-2. 

 

 

Figure 2-2 Section of a modern Wind Turbine Rotor Blade [3] 

 

In both construction methods, the profiling skin is fabricated using a sandwich 

structure. In contrast, the beams or spars and their caps are manufactured from 

unstiffened glass-fibre composite layers. The spar caps are mainly absorbing the 

acting flapwise bending forces and moments.  

In a box beam approach, the loads are mainly absorbed by the box beam, while 

the profiling skin is not necessarily required for load transfer.  A single (or multiple) 

spar design favours the transfer of loads by means of the profiling skin. The spar 

design is advantageous because less material is required, thus reducing the over-

all cost of the rotor blade [3].  

Current rotor blades are manufactured using glass-fibre composites with epoxy 

resin as matrix material. For the sandwich structure, balsa wood is used as the 

core material. Due to their high cost, carbon fibres are rarely used. Their usage 

is generally restricted to high loaded parts of the rotor blade as the spar caps. For 

this material composition, laminating is the favourable manufacturing approach. 

Laminating is advantageous by adding the possibility to have a different material 
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composition along the rotor blade. Therefore, the stiffness of the blade can be 

adjusted in individual regions as desired. Additionally, the automated production 

of complex geometries of this kind is difficult and involves considerable costs. 

The disadvantage is that the blade has to be made by hand [3]. The lamination 

process using a negative form of a rotor blade is shown in Figure 2-3. 

 

 

Figure 2-3 Laminating of a Rotor Blade [3] 

 

 

2.2 Intelligent Wind Turbine Rotor Blades 

The research project ĂSmart Blades 2ò is based on the results of the foregoing 

research project ñSmart Bladesò. For the in chapter 1 introduced technologies 

different research statuses were achieved. The most important research results 

for the technology 1 and 2 are outlined in the following and are the basis for on-

going investigations. 

For ĂTechnology 1ñ, the passive rotor blades, both a geometric bending-torsion 

coupling (GBTK) and a structural bending-torsion coupling (SBTK) were investi-

gated. Both technology types were designed for the in chapter 4 introduced ref-

erence wind turbine. For the geometrical bending-torsion coupling, the concept 
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of pre-deformation of the blade was pursued, which counteracts deformation un-

der load. The structural bending-torsion coupling was implemented through an 

anisotropy of the fiber layers, leading to different induced twist along the blade. 

Induced twist results from forces acting on the rotor blade in loaded states, induc-

ing a torsion, resulting in a change of the angle of attack along the blade. Various 

CFD simulations of the adapted GBTK rotor blade and the adapted SBTK rotor 

blade have shown that both technology types are leading to a load reduction 

compared to the reference rotor blade. Overall, the GBTK led to a greater load 

reduction than the SBTK. To generalize the achieved results, a different rotor 

blade was designed and further verified by simulations. This rotor blade was a 

ςπ ά long rotor blade with implemented GTBK as the expected load reduction in 

comparison to the SBTK was greater. These advanced simulations supported the 

results previously obtained. Furthermore, the results for this rotor blade shall be 

experimentally verified by a prototype in the upcoming ñSmart Blades 2ò project 

[4]. Overall, the investigations on the reference rotor blade using GBTK resulted 

in a relative load reduction of the extreme and fatigue loads of several percent. 

In comparison, the SBTK only lead to a relative load reduction lower than ρ Ϸ. In 

the follow-up project "Smart Blades 2ñ, the SBTK is in focus. The reason for this 

is that the outer shape and thus the aerodynamic properties of the blade do not 

have to be changed in comparison to the GBTK. Further concepts for the imple-

mentation of the SBTK to increase the achieved load reduction are to be devel-

oped here [4].  

For ĂTechnology 2ñ, the active rotor blades with trailing edge flap, extensive pa-

rameter studies with aerodynamic simulations regarding the flap properties were 

carried out for the reference rotor blade. The results are the flap length, the flap 

end position, the flap depth and the flap profiles. With the help of further simula-

tions, the load reduction by the trailing edge flap could be verified. Here, a ς ά 

long demonstrator was manufactured and is going to be tested in ñSmart Blades 

2ò [4]. Figure 2-4 shows the demonstrator flap used for the described prototype 

blade. 
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Figure 2-4 ĂTechnology 2ñ Flap Demonstrator [5] 

 

 

Furthermore, the complete prototype blade installed at a test rig is shown in Fig-

ure 2-5. 

 

 

Figure 2-5 Technology 2 Test Rig with installed Prototype [5] 

 

In the "Smart Blades 2" project, an overall structural design of the reference rotor 

blade with trailing edge flap is aimed at. The effects of the trailing edge on the 

entire blade are to be analyzed with regard to structural, aerodynamic parame-

ters.  
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3 Approaches of the Research Topic Smart Blades 2 

 

In the ñSmart Blades 2ò project, different approaches for the load reduction on a 

rotor blade are investigated. These approaches are based on the results 

achieved in the ñSmart Blades 1ò project as previously described in chapter 2.2. 

This thesis is focusing on two technologies. First, the integration of bending tor-

sion coupling by using SBTK and second the integration of active control ele-

ments in form of a flap at the trailing edge.  

The bending torsion coupling is part of the ĂTechnology 1ñò research package in 

ñSmart Blades 2ò. It is also commonly known as aeroelastic tailoring. The core 

idea of this concept is to passively control the induced twist in the blade under 

bending conditions. Induced twist results from forces acting on the rotor blade in 

loaded states, inducing a torsion, resulting in a change of the angle of attack 

along the blade. In normal operation conditions, the blade is bending due to the 

dynamic pressure of the wind as well as the acting lift and drag forces on the 

blade. The acting aerodynamic forces are shown in Figure 3-1. It shall be noted, 

that the low-pressure side of the airfoil is orientated towards the tower for the 

reference turbine, as it is an upwind turbine. 

 

 

Figure 3-1 Aerodynamic Forces acting on a Rotor Blade [6] 
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The incoming velocity as well as the angle of attack on an aerodynamic airfoil of 

the rotor blade is dependent on two wind speeds. The ñTrue windò indicates the 

wind. The induced wind speed is created by the rotation of the rotor, the ñBlade 

speedò. The ñApparent windò is the product of both components. The arising aer-

odynamic forces on the blade, namely the ñLiftò and ñDragò are creating the 

ñTorqueò which drives the rotor of the wind turbine. The ñThrustò force is parallel 

to the wind, thus leading to the bending of the blade in wind direction. Aeroelastic 

tailoring is therefore an effective concept for load reduction, as the driving force 

(the bending of the blade) exists in all power production states of the wind turbine.  

The load reduction itself is achieved by the induction of twist. The induced twist 

leads to a different angle of attack along the blade. The aerodynamic lift coeffi-

cient ὧ and the drag coefficient ὧ, resulting in the lift force Ὂ and the drag 

force Ὂ, see equation σȤρ and σȤς, are dependent on the Angle of attack. 

 

Ὂ
ρ

ς
”ὺὛὧ σȤρ 

Ὂ
ρ

ς
”ὺὃὧ σȤς 

  

Different lift and drag forces are therefore the result of altered angle of attacks. 

As mentioned previously, the product of both forces is resulting in the torque and 

the thrust acting on the rotor. From a structural point of view, the reduction of 

those forces is leading to lower required stiffnessôs and strengths of the blade as 

the aerodynamic loads are lowered. From an aerodynamic and efficiency point of 

view, the reduction of the thrust acting on the blade is also desired, as the thrust 

has no beneficial effect. However, the relationship between thrust and torque 

leads to the conclusion, that the thrust acting on the blade cannot be reduced 

without an altered torque. Therefore, aeroelastic tailoring has an impact on the 

aerodynamic efficiency as well as the overall produced torque of the blade. For 

this reason, the optimal aerodynamic design of the blade may differ from the op-

timal structural design. 

The ĂTechnology 2ñ of ñSmart Blades 2ò, which bases on an active flap at the 

trailing edge towards the tip of the blade, works similar. The flap itself is definable 
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as an additional airfoil replacing the trailing edge of the blade airfoil. This flap 

airfoil is creating additional drag and lift forces dependent on its angle of attack. 

The resulting aerodynamic forces on the rotor blade become actively controllable 

by the forces added from the flap. Therefore, the overall produced torque and 

thrust are variable. Thus, the controlling of the flap is leading to minimized (or 

maximized) loads on the structure. 

The advantage of this concept in contrast to aeroelastic tailoring is that the angle 

of attack of the flap actively controls the aerodynamic forces of the blade. Due to 

being passive, the aerodynamic impact of aeroelastic tailoring cannot be dynam-

ically changed, but is given by the structural design. The disadvantage of the 

active controlled flap is the complexity it adds to the blade. On one hand, the 

increased structural requirements, as the flap has no benefits to the structure 

strength and stiffness and on the other hand the required controller of the flap. 

Therefore, the decrease of the structures mass by the achieved load reduction 

must be greater than the added weight by the additional components by the flap 

installation.  
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4 Reference Wind Turbine 

 

The reference wind turbine for the ñSmart Blades 2ò project is the IWT-7.5-164. 

The rotor of the turbine has a diameter of ρφτ ά and the maximum produced 

electric power is χȢυ ὓὡ [7]. 

The partaking institutes of the research association designed this turbine. It re-

flects the up-to-date standards of modern wind turbines in point of view of elec-

trical, control and aerodynamic design. Due to the research focus on rotor blades 

of the project, special attention is payed towards the design of the rotor blades. 

The leading designer of the wind turbine, the IWES institute, created the refer-

ence structural design of the rotor blade. The IWES institute itself is also contrib-

uting to the aerodynamic and aeroelastic investigations on the rotor blade [8].  

Due to being a virtual design concept, there is no prototype turbine. In the Figure 

4-1 below, the wind turbine is shown in an aerodynamic simulation environment. 

 

 

Figure 4-1 IWT-7.5-164 Reference Wind Turbine [8] 
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The power curve of the reference wind turbine is shown in Figure 4-2. The power 

curve displays the produced electrical power of the wind turbine against the wind 

speed. The cut-in wind speed, the speed where the turbine starts producing elec-

trical power, is σ άȾί. The cut-out wind speed where the turbine is shut down to 

prevent structural damage is ςυ άȾί. 

 

Figure 4-2 Power curve of the IWT-7.5-164 [7] 

 

As indicated from the figure, the maximum electrical produced power is χυτς Ὧὡ. 

This electrical power is produced starting at a wind speed of ρρȢχ άȾί and a ro-

tational speed of ρπ Ὑὖὓ. At greater wind speeds, the electrical output of the tur-

bine stays constant. It does not make sense from a cost point of view to further 

increase the electrical power produced for these wind speeds, as these occur 

very rarely. The power curve of a wind turbine in general is dependent on many 

factors, including aerodynamic boundary conditions as the air density. The air 

density for the displayed power curve is ” ρȢςςυ ὯὫȾάύ. 

 

The rotor blade of the IWT-7.5-164 is designed to aerodynamic standards. The 

total length of the rotor blade is ὰ  ψπ ά. The blade has a pre-twist starting 

from roughly — ρφȢχЈ at the blade root to up to — ρЈ at the blade 

tip. A negative pre-twist angle indicates the creation of a higher angle of attack of 

the airfoil section, see Figure 4-3. 



 

 
 

12 Reference Wind Turbine 

 

Figure 4-3 Negative Pre-Twist Angle [9] 

  

The pre-twist allows each airfoil to operate at its most efficient aerodynamic work 

point. The Figure 4-4 shows the pre-twist of the rotor blade along the radial po-

sition. 

 

 

Figure 4-4 Pre-Twist of the IWT-7.5-164 Rotor Blade [10] 
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The pre-bend of the rotor blade is up to Ὡ  τ ά at the blade tip. This results 

in a total tower clearance of ςςȢωωυ ά for the tip of the blade including the pre-

cone of the shaft. A pre-bend against the wind direction lowers the structural re-

quirements. The structural requirements for the bending strength in wind direction 

are derived from the minimum allowable tower clearance of the rotor blade to the 

tower of the wind turbine. A pre-bend, which further increases the clearance to 

the tower in the unloaded state, is therefore preferable. The pre-bend against the 

radial position of the rotor blade is shown by the red line Ὡ  in Figure 4-5. The 

blue line ὧ displays the chord length against the radial position. 

 

 

Figure 4-5 Pre-Bend of the IWT-7.5-164 Rotor Blade [10] 

 

The detailed structural design of the rotor blade including the spar distributions is 

further described in chapter 6.1.  
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5 Structural Requirements 

 

The structural design process of wind turbine rotor blades is strictly following en-

gineering standards. For the assessed technologies, two different guidelines 

have to be considered: The IEC-61400 that is most commonly used along all wind 

turbine manufacturers and the DNVGL-ST-0376. Both engineering standards are 

describing a standardized approach for designing parts of a wind turbine. The 

guidelines may have similar regulations, which have to be fulfilled in order to 

achieve certification. For the design process, the stricter regulation of both norms 

is applied to enable a certification for both engineering standards. The following 

chapter is outlining the most important design rules in terms of structural design, 

which are considered in the structural sizing process. 

 

5.1 Engineering Standards 

The Table 5-1 on the next page is showing all applied regulations from the engi-

neering standards. The shown regulations are extracted from the chapters of the 

guidelines regarding the structural design of rotor blades. Further regulations, for 

example regulations for loads, are not assessed. These regulations are consid-

ered in other sub processes used in the structural design process. The calculation 

of the represented reduction and safety factors for the regulations is described in 

chapter 5.2.  
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Table 5-1 Applied Engineering Standards [8], [9] 
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5.2 Safety Factors 

The represented reduction and safety factors from Table 5-1 are extracted from 

the applied guidelines. The guidelines are outlining a strict procedure for the cal-

culation.  

For the assessment of the maximal allowed deflection of the blade accordingly to 

the IEC-64100, three different partial safety factors have to be considered [11]. 

The partial safety factors are than multiplied by each other to achieve the overall 

safety factor ‎, which has to be used in the design process. Generally, each 

partial safety factor is used only for its special application case, e.g. the partial 

loads safety factor only for the loads analysis. By using a multidisciplinary design 

process, the combination of all safety factors is assessed as acceptable. Equa-

tion υȤρ is showing this context. 

 

‎ ‎ ‎z ‎z υȤρ 

 

where: 

 

‎ Partial safety factor for loads 

‎  Partial safety factor for materials 

‎ Partial safety factor for consequences of failure 

 

A value of ‎ ρȢωσπυ follows for the safety factor, see equation υȤς. This leads 

to the allowable maximum flapwise deflection of the blade as the requested min-

imum tower clearance in the guideline is described by no collisions between any 

parts. By dividing the maximal tower clearance available by the considered safety 

factor, the maximum allowed deflection is assessed, see equation υȤσ. 

 

‎ ρȢσυzρȢρz ρȢσ ρȢωσπυ υȤς 

ὰ ςςȢωωυ άȾρȢωσπυρρȢω ά  υȤσ 
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In contrast, the procedure of the DNVGL-ST-0376 is based on partial reduction 

factors for each design criterion. These partial reduction factors are then com-

bined to achieve an overall reduction factor for the material for each criterion. The 

overall reduction factor is assessed using the equation υȤτ [12]. 

 

‎ ‎ ‎z ‎z ‎z ‎z ‎z ‎z  υȤτ 

 

where: 

 

‎  Base factor 

‎  Partial reduction factor for criticality of failure mode 

‎  Partial reduction factor for environmental degradation 

‎  Partial reduction factor for temperature effects 

‎  Partial reduction factor for manufacturing effects 

‎  Partial reduction factor for the accuracy of analysis methods 

‎  Partial reduction factor for the accuracy of load assumptions 

 

 

For the reduction factor for fibre failure ‎  follows via equation υȤυ: 

 

‎ ρȢςz ρȢρz ρȢςz ρȢρz ρȢσz ρz ρ ςȢςφυ υȤυ 

 

 

Furthermore, for the reduction factor for inter-fibre failure ‎  follows via equa-

tion υȤφ: 

 

‎ ρȢςz ρz ρȢρz ρz ρz ρȢρυzρ ρȢυρψ υȤφ 
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Lastly for the reduction factor for stability ‎  follows via equation υȤχ: 

 

‎ ρȢςz ρȢρz ρz ρȢπυzρȢπυzρȢπυzρ ρȢυσ υȤχ 

 

The values for the partial reduction factors are extracted from the named guide-

line. As mentioned in Table 5-1 the reduction factor for the stress and strain cri-

teria is equal to the reduction factor for fibre failure ‎ . 

The described safety and reduction factors are integrated in an automated struc-

tural design process. The integration of these values as well as the analysis cri-

teria are further described in chapter 6.2.4.  
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6 Methodology 

 

The design and optimization process of the blades structure is transcribed by an 

automated design process. This chapter gives an overview about the different 

sub processes, which form the optimization process. The assembled processes 

for the technologies, based on the introduced sub processes, are explained in 

chapter 6.4 and 6.5. 

 

6.1 FE Model 

The FE model, which is used in the structural sizing and design process, is based 

on a parametric CPACS file. A CPACS file includes the necessary information for 

creating a FE models. CPACS is developed by the DLR and mostly used for avi-

ation purposes [13]. For the FE shell model of the rotor blade the file includes the 

following structural informationôs: 

¶ 30 airfoil profiles along the radial position of the blade including the pre-

twist 

¶ Position and number of the spars as well as their course throughout the 

blade 

¶ Shell thickness and material parameters 

¶ Position and connection points of RBE elements 

¶ Applied load cases to the structure 

The DLR-FA internal tool ñDELiSò is building the FE shell model from the para-

metric file for further usage in FE calculation tools [14]. From the 30 given airfoils 

and their radial position, the outer shell of the blade is built by interpolation, see 

Figure 6-1 and Figure 6-2.  

 

Figure 6-1 Plan View on the FE Model of the Rotor Blade 
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Figure 6-2 Side View on the FE Model of the Rotor Blade 

 

The rotor blades of the IWT-7.5-164 are built in a multiple spar approach. The 

spars in the blade, which are created from the parametric file, are defined by their 

position along the blade. Each positional definition is described by a point. This 

point has two coordinates: the radial position and the chordwise position as rela-

tive values of the total length of the blade and the local chord length. The two 

main spars, also known as the rear and the front spar, see Figure 6-3 (1) and 

(2), are defined by two positional definitions. An endpoint and a start point of the 

spar. The given points are connected by linear interpolation between the two po-

sitions. The third spar, which is positioned at the trailing edge, see Figure 6-3 (3), 

consists of three positional definitions, as its progression is subjected to a 

change. The course of the spars is adaptable by changing the existing positional 

definitions or by adding additional definitions. This enables an individual spar de-

sign for different structural layouts and is further used and explained in the differ-

ent structural concepts. Figure 6-4 shows the spars from the side view. 

 

 

 

Figure 6-3 Plan View on the Spars in the FE Model 
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Figure 6-4 Side View on the Spars in the FE Model 

 

Furthermore, RBE elements are integrated into the model and the defined sur-

rounding nodes are connected to them, see Figure 6-5. The surrounding nodes 

are defined from the 30 airfoils used in the creation of the shell model. This leads 

to 30 RBE elements for the blade overall. The blue lines in the figure are showing 

the connection of surrounding nodes to the RBE element. The RBE elements are 

used to introduce loads to certain parts of the FE model, by using a reference 

node (the RBE element). The reference node defines the resulting displacement 

by loads of the connected nodes. This procedure allows interrupting complex 

loads on individual single RBE node loads. 

 

 

 

Figure 6-5 Dynamic View on the RBE Elements in the FE Model of the Rotor Blade 

  

6.2 Structural Sizing 

For the sizing of the structure with glass fibre materials the program Hypersizer 

is used as a basic. Hypersizer, originally developed by NASA [15], sizes a struc-

ture by using a defined material library and furthermore given loads. By using 

defined criteriaôs, described in chapter 5.1, the shell model is analysed, the best 

material combination for the structure is obtained and the margins of safety are 
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assessed. The optimization objective of Hypersizer is the mass of the structure 

[15]. Hypersizer is integrated into a sizing process, which iteratively sizes the 

structure by updating a parameter space and set.  

 

6.2.1 Iterative Sizing 

The sizing process in Hypersizer is extended by an outer iterative sizing loop. 

The maximum and minimum thickness of the sized assemblies must be defined 

in Hypersizer. This given thickness is the parameter space Hypersizer is working 

with next to different glass fibre laminates. The iterative sizing loop analyses the 

margins of safety obtained from the sizing in Hypersizer. Based on the results, 

the allowed thicknesses are adapted and the new iteration starts with different 

boundaries for the thickness. This is leading to the lowest possible mass for the 

complete structure while reducing the required sizing time. Furthermore, the iter-

ative sizing is required for the adaptation of the maximum deflection of the blade. 

This is further described in chapter 6.2.4. Next to the deflection criterion, the pro-

cess uses the margins of safety as well as the achieved difference in mass be-

tween iterations to assess the convergence of the process. 

 

6.2.2 Material 

Hypersizer is based on a material library for the glass fibre lamina. This library 

includes all relevant material properties needed for the sizing: 

¶ The given stiffness against tension (Ὁ , the allowed stresses through ten-

sion (Ὂ  and the allowed strain through in-plane tension Ὡ   in 0 de-

gree direction of the laminate 

¶ The given stiffness against tension (Ὁ , the allowed stresses through ten-

sion (Ὂ  and the allowed strain through in-plane tension Ὡ   in 90 

degree direction of the laminate 

¶ The given stiffness against compression (Ὁ , the allowed stresses 

through compression (Ὂ  and the allowed strain through in-plane com-

pression Ὡ   in 0 degree direction of the laminate 
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¶ The given stiffness against compression (Ὁ , the allowed stresses 

through compression (Ὂ  and the allowed strain through in-plane com-

pression Ὡ   in 90 degree direction of the laminate 

¶ The given stiffness against in-plane shear (Ὃ , the given stiffness against 

interlaminar shear (Ὃ  ὥὲὨ Ὃ ,  the allowable stress through in-plane 

shear (Ὂ  and the allowable strain through in-plane shear (Ὡ  

¶ The Poissonôs ratio ’  

¶ The density ” of the material 

 

The coordinate system of a lamina is strictly defined, see Figure 6-6. The index 

ρ is equivalent to the π degree direction of the lamina, the index ς to the ωπ degree 

direction and the index σ to the perpendicular direction of the fibres. The above 

introduced abbreviations are according to this definition. 

 

 

 

Figure 6-6 Lamina directions [16] 

 

 

From the given material properties, Hypersizer formulates the stiffness matrix of 

a laminate. The stiffness matrix is determined by using the classic laminate the-

ory. For each layer of the laminate, the stress-strain relations are defined via 

equation φȤρ [16]. 
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„
„
†

ὗ ὗ π

ὗ
π

ὗ π
π ὗ

‐
‐
‎

 
 

φȤρ 

 

where: 

 

ὗ
Ὁ

ρ ’ ’
 ὗ

Ὁ

ρ ’ ’
 ὗ

’ Ὁ

ρ ’ ’
 ὗ Ὃ  

 

Ὁ matches the given Ὁ  or Ὁ  depended on the direction of the stress. The 

same applies to Ὁ for Ὁ  and Ὁ . The terms ὗ  and ὗ  are set to zero, as a 

layer is analysed as an orthotropic material in its plane stress state. This consid-

eration is recognized with regard to individual layers of the laminate. The assump-

tion of plane stress for single plies is widely spread. A single ply is only able to 

withstand high forces in its plane directions. A force in perpendicular direction of 

the plane cannot be intercepted by the ply, as there are no fibres in that direction. 

Therefore, the stiffnessôs of the ply in its perpendicular direction are neglect able 

low, which allows the definition of a ply in a plane stress state [16]. For the stiff-

ness matrix of the laminate it is further assumed, that each lamina of the laminate 

is perfectly bonded to one another, that the bonds are infinitesimally thin and non-

shear-deformable. Therefore, the resulting laminate can be considered as one 

layer [17]. 

 

The forces and moments acting on the complete laminate are derived by the in-

tegration of the stresses in each layer, see equation φȤς and φȤσ [18]. 
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where: 
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ὔȾȾ Ⱦ  Force per unit width of the cross section of the laminate in all di-

rections 

ὓ ȾȾ Ⱦ  Moment per unit width of the cross section of the laminate in all 

directions 

„ȾȾ Ⱦ  Acting stresses in all directions 

ὸ Thickness of the layer 

ᾀ Distance of the layer to the middle surface of the laminate 

 

Figure 6-7 and Figure 6-8 are indicating the introduced forces ὔ and ὓ acting 

on a flat laminate in the different directions. 

 

 

Figure 6-7 In-Plane Forces on a Flat Laminate [18] 

 

 

 

Figure 6-8 Moments on a Flat Laminate [18] 

 

The equations φȤς and φȤσ are equal to the formulation φȤτ and φȤυ [18]. 
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where: 

 

ὔ Total number of layers 

ὗ  Transformed stiffnessôs of layer Ὧ 

ᾀ Distance of the layer Ὧ to the middle surface of the laminate 

 

The transformed stiffnessôs of layer Ὧ,  ὗ , are only dependent on the in equa-

tion φȤρ introduced stiffnessôs ὗ   of the layer and the angle —. The angle  — 

describes the difference of the layer coordinate system, see Figure 6-6, to the 

laminate coordinate system, see Figure 6-7. This context is shown in Figure 6-9. 

 

 

Figure 6-9 Layer Angle in Comparison to the Laminate Angle [16] 

 

 

Finally, the stiffness matrix-force correlation of the complete laminate is described 

via φȤφ and φȤχ [18]. 
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where: 

 

ὃ ὗ ᾀ ᾀ  ὄ
ρ

ς
ὗ ᾀ ᾀ  

Ὀ
ρ

σ
ὗ ᾀ ᾀ   

  

ὃ  corresponds to the extensional stiffnessôs, ὄ  to the bending-extension cou-

pling stiffnessôs and Ὀ  to the torsional stiffnessôs [18]. With the strains obtained 

from a before connected FE tool, Hypersizer is able to calculate the acting 

stresses and build for each laminate design the corresponding laminate stiffness 

matrix.  

For the IWT-7.5-164 rotor blade, only glass fibre fabrics are used. Fabric materi-

als already include the matrix material, e.g. epoxy resin. These materials are im-

plemented into the material library as effective laminates. When using effective 

laminates, the discrete stacking of the individual layers is resolved and the effec-

tive material properties are displayed in percent of 0°, 90° and ±45° layers of the 

entire laminate. By dissolving the discrete individual layers, the required compu-

ting time is significantly reduced by limiting the possible stacking combinations. 

However, this also means that no direct layer stacking can be derived from the 

laminate design created. The discrete layer stacking must be verified in a post 

processing [19]. 

The effective laminates are commonly differentiated in three different ways: uni-

axial, biaxial or triaxial. The uniaxial fabric has all fibres orientated in one direction 

corresponding to a π° orientation. Uniaxial material is preferable for regions with 

homogeneous stresses in a single load direction. Biaxial material further in-

creases the material properties in an additional direction and corresponds to ei-

ther πЈ and ωπЈ or τυ° and τυ° fibre orientation. Triaxial material combines 

three fibre orientations and is most commonly used in complex load locations 

where the load direction and distribution can be described as inhomogeneous or 

the loads lead to stresses in several directions of the material. Triaxial material 
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corresponds to τυЈ, τυЈ and ωπ° or π° degree fibre orientation. Figure 6-10 is 

showing the different lay-up methods. 

 

 

Figure 6-10 Lay-up Methods [20] 

 

In effective laminates, multiple lay-up methods may be combined. Therefore, ef-

fective laminates are often described with the percentage amount of each layup 

type included. For example, a fabric described as ñ50% uniaxial / 50% biaxialò 

contains half-uniaxial fibres and half-biaxial fibres. The arising fabric differs in 

material properties, mainly in terms of stiffnessôs in the different directions as well 

as density, from a fabric using only one fibre direction. The material library used 

for the sizing process inhibits the following different fabric types: 

¶ 100 % uniaxial, biaxial or triaxial 

¶ ὼ Ϸ  uniaxial, ὼ Ϸ  biaxial, where ὼ is ranging from 5 to 95 in υ Ϸ steps 

¶ ὼ Ϸ  uniaxial, ὼ Ϸ  triaxial, where ὼ is ranging from 5 to 95 in υ Ϸ steps 

This results into a total number of τρ different considered fabrics.  

 

6.2.3 Assemblies and Sections 

For the sizing in Hypersizer, the shell model of the blade is divided into different 

assemblies. In these assemblies, the general design concept, the analysed crite-

riaôs and the allowed materials are defined. Two different design concept are con-

sidered for the sizing of the rotor blade. The usage of foam sandwiches, see Fig-

ure 6-11, and unstiffened ply stacks, see Figure 6-12.  Foam sandwiches are 

adding thickness to the structure. This increases the resistance against buckling. 

In contrast, ply stacks are used at higher loaded regions where the thickness of 

the ply stacks is sufficient to withstand an instability or buckling. 
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Figure 6-11 Foam Sandwich 

 

Figure 6-12 Ply Stacks 

 

 

The IWT-7.5-164 rotor blade is differentiated into the following assemblies: 

¶ Three assemblies for the spars of the blade  

¶ Two assemblies for the trailing edge shell of the blade at the location of 

the trailing edge spar 

¶ Two assemblies between the front and rear spar, the spar caps 

¶ Four assemblies including the shells next to the spar caps in direction of 

the trailing and leading edge, the profiling skin 

 

For the introduced assemblies the design concept, as well as the allowed material 

in Hypersizer differ. A short description of the assemblies and their properties are 

displayed in Table 6-1. 
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Table 6-1 Hypersizer Assemblies 
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All named assemblies are further subdivided into smaller sections or panels. The 

finer breakdown of the assemblies allows a more optimal material selection for 

the whole blade, as more parts are designed and analysed. Figure 6-13 indicates 

the different defined sections on the outer shell of the blade. The applied design 

concept and the allowed materials are not affected by this differentiation. Each 

panel is separately sized by Hypersizer. 

 

 

Figure 6-13 Panels in Hypersizer 

 

The blade is subdivided into φπ panels in radial direction from the root to the tip 

of the blade. The subdivision of the panels in chord position is variable due to the 

different assemblies and variating local chord lengths. 

 

6.2.4 Analysis Selections and Methods 

During the sizing process, the highlighted standards from chapter 5.1 are ana-

lysed. For this purpose, various analysis methods that correspond to the criteria 

of the standards are defined in Hypersizer. The following Table 6-2 shows the 

chosen analysis methods in correlation to the engineering standard regulations. 

The assessed safety and regulation factors are further interpreted as safety fac-

tors. Hypersizer is assessing margins of safety for each analysed criterion. These 
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margins of safety (MoS) are dependent on the safety factor (FoS) as shown in 

equation φȤψ. 

 

ὓέὛ
ὊὥὭὰόὶὩ ὒέὥὨ

ὈὩίὭὫὲ ὒέὥὨ
ρ ὊέὛρ φȤψ 

 

This method simplifies the procedure as the material properties of all fabrics do 

not need to be altered by the reduction factors resulting from DNVGL-ST-0376.
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 Table 6-2 Hypersizer Criteria 
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Additionally to the chosen analysis methods, the maximum flapwise deflection of the 

blade needs to be assessed. Hypersizer offers no option to analyse the deflection 

of the blade and furthermore restrict it. The iterative sizing process build around 

Hypersizer uses a workaround for this criterion.  

The deflections of the blade are calculated in the FEM tool. The deflection of each 

FE node in the model is evaluated. By identifying a node, which is located at the 

low-pressure side of the blade tip. The total flapwise deflection of the blade is meas-

ured as the flapwise deflections towards the blade tip are adding up. Figure 6-14 is 

showing the outer aerodynamic profile of the blade tip including the corresponding 

FE Nodes. The node marked by the red arrow is located nearly at the middle of the 

low-pressure side and depicts the position of the airfoil with the greatest thickness. 

It is used for the measurement of the total blade deflection. 

 

 

Figure 6-14 Blade Tip Deflection Node 

 

The bending of the blade in wind direction is mostly dependent on the stiffness of 

the spar caps. The spar caps and the spars are especially designed for the load 

transmission of bending moments in wind direction, as already mentioned in chapter 

2.1. The sized laminate of the spar caps are defined through their stiffness matrix 

by Hypersizer as described in chapter 6.2.2.  

The ὃ  term of the stiffness matrix corresponds to the stiffness in bending direction 

for the spar caps as the bending force results from tension and compression in fibre 

direction. While not being able to define allowed deflections of the structure, Hyper-

sizer allows the assignment of to be reached stiffness terms in the stiffness matrix.  
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The sizing process factorizes the current flapwise deflection Ὤ   with 

the allowed flapwise deflection Ὤ , resulting from the engineering 

standards in each iteration, see equation φȤω. 

 

ὥ
Ὤ

Ὤ
 φȤω 

 

The factor ὥ  is multiplied by the ὃ  term of the stiffness matrix The 

resulting stiffness ὃ  is set in the next iteration as a constraint, see equation 

φȤρπ. As mentioned the target of the stiffness increase are the spar caps. 

 

ὃ ὃ ὥz  φȤρπ 

 

As a boundary condition for this workaround, it is assumed that the stiffness of the 

spar caps in their ὃ  direction has a proportional dependency on the flapwise de-

flection displayed in equation φȤρρ. 

 

ὃ ὥz ᶿ
Ὤ

ὥ
 φȤρρ 

 

Furthermore, the ὃ  stiffness factorization is applied equally to each panel along 

the radial position of the blade. 

 

6.2.5 Further Development of Adaptive Twist Stiffness 

For the investigation on the aeroelastic tailoring of the blade, the assessment of the 

induced twist by the applied loads is necessary. The induced twist is the design 

parameter for the aeroelastic tailoring. As described previously, Hypersizer does not 

include a method for restricting deflections of the blade in different directions. 

The iterative process built around Hypersizer is extended not only assessing the 

induced twist, but also restrict the absolute value of it. The developed approach is 

based on the deflection analysis described in chapter 6.2.4.  
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First, the evaluated nodes for the induced twist must be identified. Based on the 

airfoil profile at the blade tip, the leading and trailing edge nodes are chosen to de-

termine the induced twist, see Figure 6-15 red arrows. 

 

 

Figure 6-15 Blade Tip Twist Nodes 

 

From the deflection of the leading and trailing edge node, the induced twist is cal-

culated via the theorem of Pythagoras. In the unloaded state, the difference of the 

ὼ locations of the nodes form the hypotenuse ὧ of a rectangular triangle, see Figure 

6-16. It is assumed that the displacement of the nodes to each other in the unloaded 

state in the ᾀ and ώ direction is negligibly small. 

 

 

Figure 6-16 Hypotenuse between Leading and Trailing Edge Node 

 

From the deflected positions of the nodes in the loaded state, see Figure 6-17, an 

imaginary third node is created. This node displays the delta of the deflection be-

tween the leading and trailing edge node in ᾀ direction, see Figure 6-18. 
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Figure 6-17 Deflected Positions of the Leading and Trailing Edge Node 

 

 

 

Figure 6-18 Imaginary Node 

 

The indicated angle ‌ in the Figure 6-18 is then derived from equation φȤρς. 

 

‌ ÔÁÎ
Ўᾀ

ὧ
 φȤρς 

 

The angle ‌ depicts the induced twist at the blade tip. An additional assumption is 

that the induced twist adds up over the length of the blade. Therefore, the twisting 

of the blade tip reflects the twisting of the whole blade.  
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The adaptation of the stiffness of the spar caps, which is used for the deflection 

criteria, is insufficient for the induced twist criterion. In a preliminary study, it is es-

tablished that the stiffness against torsion is mainly determined by the profiling skins 

next to the spar caps. Furthermore, the results of the study are showing, that the  

ὃ  stiffness is not contributing to stiffness against twisting of the blade. The twist 

stiffness is mainly dependent on two terms of the stiffness matrix, the ὃ  stiffness 

value and the Ὀ  stiffness value. The ὃ  stiffness value corresponds to the stiff-

ness against shear acting in-plane of the laminate, see Figure 6-6 ρ ς direction. 

In comparison, the Ὀ  stiffness value corresponds to the torsional stiffness in the 

ρ ς direction of the laminate [18] [21]. 

As the overall goal of the optimization is the reduction of the total mass of the blade, 

it has to be verified, that the stiffness adaption for the induced twist is optimized in 

the perspective of mass increase. It is further shown, that the ὃ  stiffness value is 

more efficient in terms of weight increase than the Ὀ  stiffness value. Therefore, 

the ὃ  stiffness value of the profiling skins next to the spar caps are used to adapt 

the stiffness against twist. In a similar approach to the assessment of the deflection, 

the twist stiffness to be reached is evaluated by factorization, see equation φȤρσ 

and φȤρτ. 

 

ὥ
‌

‌
 φȤρσ 

ὃ ὃ ὥz  φȤρτ 

 

While the deflection criterion uses the approach of adding stiffness equally through-

out the blade length, this cannot be verified for the induced twist. The moment of 

inertia to the shear decreases over the blade. The cross-sectional area to the blade 

tip decreases due to shorter local chord lengths. Thus, the stiffness against twist 

decreases towards the blade tip. 

 

This indicates that an increase in stiffness of the stiffness value ὃ  towards the 

blade tip is more efficient than an even increase in stiffness over the entire blade 

length. To prove this assumption, a further study is performed with two parameters: 
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¶ Usage of an equation for the relative application of the twist stiffness factor, 

leading to an increases of the twist stiffness towards the tip of the blade 

¶ The radial start position of the stiffness increase 

¶  

Various equations are established for the application of the stiffness increase factor. 

 

¶ A static or equal distribution of the stiffness increase Ὢὼ ρππ 

¶ A linear distribution  Ὤὼ ρȢφχzὼ   

¶ A quadratic distribution ὴὼ πȢπςχυzὼ πȢπςσ 

¶ A logarithmic distribution Ὣὼ ςτȢτςzÌÏÇ ὼ 

¶ An e distribution  ὸὼ ψȢχυφυzρπ Ὡz 

 

The variable ὼ indicates the radial position along the blade through the panel num-

bers. As mentioned previously, the blade is divided into 60 panels in its radial direc-

tion. Therefore, the 60th panel is depicting the total blade length of ψπ ά. The equa-

tions are shown in Figure 6-19. 

 

Figure 6-19 Stiffness Equations 
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The relative stiffness increase resulting from the introduced equations is added to 

the factorization, see equation φȤρυ. 

 

ὥ ρ
‌

‌
ρ Ὢzὼ  φȤρυ 

 

where: 

 

Ὢὼ Corresponding equation 

 

As an example, when using the linear equation Ὤὼ from Figure 6-19, and an as-

sumed factor for twist 

 

‌

‌
ς 

 

The factor ὥ  for the blade root is  

 

ὥ ρ ς ρ Ὤzπ ρ ρz π ρ 

 

The factor ὥ   for the panels in the middle of the blade is 

 

ὥ ρ ς ρ Ὤzσπ ρ ρz πȢυ ρȢυ 

 

And the factor ὥ   for the panels at the tip of the blade is 

 

ὥ ρ ς ρ Ὤzφπ ρ ρz ρ ς 
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As a conclusion, only the panels at the blade tip are adapted by the full factor re-

sulting from ‌ Ⱦ‌ . The panels at the blade root remain un-

changed. 

Using this approach, the reference blade is sized in the iterative sizing process with 

preliminary loads. The induced twist for this sizing is restricted. Only if the twist is 

restricted and the sizing is evaluating, that this restriction is transcended, the stiff-

nessôs are adapted. Therefore, the allowed twist of the reference blade is set to ρͯЈ. 

The reference blade has an induced twist without restrictions up to  υͯЈ using the 

preliminary loads. This implicates a maximum factor for the twist stiffness increase 

of υ. 

To evaluate the efficiency of the different equations, the mass has to be assessed. 

The following Figure 6-20 is showing the results of the sizing with the different equa-

tions. 

 

 

Figure 6-20 Equation Mass Results 

 

The achieved results are showing, that the mass of the blade is the highest at the 

static sizing with a relative mass difference to the reference design of ςχπ Ϸ. De-

creasing the stiffness requirements for the blade root, the logarithmic equation and 

the linear equation are decreasing in relative weight difference to ςυφ Ϸ and ςςςϷ. 

The quadratic equation achieves the lowest weight increase with a relative mass of 



 

 
 

42 Methodology 

ρωωϷ. It would be assumed that the Ὡ equation further decreases the weight, be-

cause the stiffness requirements for panels before   the blade tip are further lowered. 

However, the usage of an Ὡ equation is not leading to a convergence of the sizing 

process. The Ὡ equation is mainly increasing the twist stiffness of the blade tip as 

visible from Figure 6-19. The required twist of only ρЈ is never reached during the 

sizing. This indicates, that the twist stiffness increase cannot be reduced to the re-

gion around the blade tip. It must include a greater number of panels along the radial 

position of the blade. The quadratic equation is therefore the most preferable appli-

cation of twist stiffness. 

It should be noted, that the relative mass difference is relatively high. However, the 

stiffness increase of maximum factor υ is unreasonable. The highlight of this pre-

study is more aimed towards the general conclusion about the equation to be used, 

than the relative mass difference. The relative mass difference is dependent on the 

required induced twist and the consequent twist factor. 

Concluding that a quadratic function is best suited, the equation is further used to 

determine the radial starting point position of the optimization. This is the second 

design parameter of the study. The assumption is made, that the starting point of 

the twist stiffness increase shall start around a radial position of about ςυ Ϸ of the 

total blade length. This corresponds to a blade length of ςπ ά or in terms of radial 

panel position, position ρυ. From this blade length on, the cross-sectional area is 

steadily reduced towards the blade tip. The following Figure 6-21 is showing the 

adapted quadratic equation ᾀὼ, which now starts to increase the twist stiffness at 

ςυ Ϸ of the blade length. The equation ὴὼ displays the quadratic equation, which 

is introduced before. 
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Figure 6-21 Stiffness Equation with adapted Start Point 

 

The sizing of the blade with the adapted quadratic equation results in a further re-

duced relative mass difference compared to the standard quadratic equation. In a 

further study, the start point of the stiffness increase should have been further in-

creased in υ Ϸ steps upwards. However, the next evaluated start point of σπ Ϸ total 

blade length is not converging. A further increase of the start point is therefore ob-

solete. The made assumption about the start point is consistent with the achieved 

results. Figure 6-22 shows the achieved relative mass difference results for the new 

equation. 

 

Figure 6-22 Equation Mass Results for the different Start Point 
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The relative mass difference further decreases to ρωσ Ϸ from the previous achieved 

ρωω Ϸ.  

Based on the achieved results, a quadratic equation with a starting point of 25 % of 

the blade length is implemented into the sizing process for the adaptation of twist 

stiffness. The equation used is once more displayed in φȤρφ. 

 

ᾀὼ πȢπςωφzὼ φȢφχ φȤρφ 

 

6.3 Loads Processing 

The loads for the sizing of the structure must be evaluated throughout the structural 

design process. For the assessment of loads, the tool Simpack by Dassault Sys-

tèmes is used. Simpack is a multi-body simulation software, which enables the as-

sessment of dynamic systems. Each part of the wind turbine is depicted by its ei-

genfrequencies and other system dependent variables [22]. 

The aerodynamic and inertia forces from different load scenarios are assessed in 

Simpack. The blade itself is integrated into the simulation by modal reduction. A 

modal reduction reduces the degrees of freedom of a complex structure to simplify 

the numerical expenses. For the modal reduction of the blade, the σπ RBE elements, 

introduced in chapter 6.1, are used. At those elements, the structure is defined by 

its cross section stiffness, its mass matrix and the eigenfrequencies. The described 

data is processed in Simpack to build the blade model. The dynamic behaviour of 

the blade becomes assessable, while reducing the required computational time. 

The model created in Simpack can simulate and evaluate various load scenarios in 

a time integration. The wind turbine is built in Simpack, and the required wind fields 

for the different load scenarios are created. Starting the simulation, the controller of 

the turbine regulates the required turbine parameters as generator torque or blade 

pitch. The turbine starts up until a steady-state is reached. This steady-state differs 

for the evaluated load scenarios. Thus, different forces and moments are resulting 

for each load scenario. 

The introduced engineering standards are giving a strict list of load scenarios to be 

assessed. The IEC-61400 divides between the general load scenarios, see Figure 

6-23. 
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Figure 6-23 Load Scenarios from IEC-61400 [11] 

 

The abbreviations in Figure 6-23 are further explained in Figure 6-24. 

 




















































































































































