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Abstract:  

 

Wind turbines convert kinetic energy to mechanical energy. The kinetic energy is generated by 

the wind flow and receipted by the wind turbine blades. Therefore, wind turbine blades need to 

be designed in order to have a high stiffness to maintain aerodynamic performance, a low density 

to reduce gravity forces, and a long fatigue life to reduce material degradation [1].  

All blade designs are subjected to international safety conditions. These conditions have to be 

considered in all designs while maintaining a very accurate approach to the measurement of the 

safety factors of the designed blade. In our case, we are restrained by the Germanischer Lloyd 

safety factor of 9 and a stricter safety factor of International Electrotechnical Commission of 

1.48.  

For this capstone project, objectives have been set for the design of a small wind turbine blade 

that has an optimized mass of 20 kg for a length of 3.5m. This small wind turbine should pass the 

fatigue tests in normal stress conditions and stress and tip deflection tests in extreme wind 

conditions. We will optimize the mass and design by altering the stacking pattern or lay-up 

schedule of the wind turbine airfoils in several sections. 

Keywords: wind turbine blade, lay-up schedule, stacking patterns, safety factors, fatigue 

analysis, stress analysis, mechanical characterization, extreme wind conditions, SolidWorks, 

FAST, ANSYS, SwiftComp, International Electrotechnical Commission, Germanischer Lloyd. 
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1. Introduction 

 

The objective of my capstone design project is to come up with an optimum blade lay-up 

schedule for a small wind turbine based on fatigue and stress analysis, as we are bound by safety 

criteria set by the International Electrotechnical Commission (IEC) and Germanischer Lloyd 

(GL). We also aim at optimizing the manufacturing costs of the small wind turbine, therefore, we 

will also be working on optimizing and reducing the wind turbine blade mass. 

The steps of this capstone revolve around first identifying the mechanical characterization or 

mechanical properties of the materials used for the manufacturing of the wind turbine blade, then 

altering or changing the blade lay-up schedule to come up with a design, initializing a stress or 

tip deflection analysis on the wind turbine blade design and identifying major deflection regions 

along the blade and recording its values, as well as running fatigue analysis to conclude whether 

the wind turbine blade considers international safety measures. The blade mass remains an 

important constraint that should be taken into consideration in each and every step.  

Trials and errors will allow for the establishment of tentative guidelines for the optimization of 

blade lay-up schedules that abide by IEC and GL safety requirements. As any other initial 

design, the initial blade design stumbles on manufacturing limits that are going to be addressed 

in this report. 

This capstone project design also considers the societal, environmental, political, and ethical 

implications through a STEEPLE analysis. 

The methodology for this capstone project stresses on the use of aero-elastic modeling that is 

more accurate than simple load modeling usually used for IEC standards when considering small 

wind turbines. We will be using computer models to have a precise fatigue and stress test results. 

1.1. Small Wind Turbines 

 

Wind is one of the latest renewable energy resources whose exploitation can be truly beneficial 

for energy production without altering natural resources. Indeed, wind does not come with 

transportation, price, or availability constraints. The only main drawbacks that wind turbines 

installation can come up with are noise disturbance and collapse danger in case of hurricanes or 
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extreme wind or nature conditions. However, the latter ones can still be avoided by controlling 

wind turbine parameters and design. 

There are two kinds of wind turbines: horizontal axis wind turbines and vertical axis wind 

turbines. The difference remains in the direction of the wind turbine rotating axis. However, 

horizontal axis wind turbines produce more power than vertical axis wind turbines [2]. The most 

common wind turbine is the horizontal axis wind turbine with three blades. Still, a new category 

of wind turbines is emerging and it is small wind turbines. One of the suggested reasons is that 

the rising energy costs encourage consumers to invest in alternative independent power supply 

[2] and the decreased noise damage to the external environment. 

The power generated from the wind is proportional to the wind speed and area of the rotor [3], 

for this we should consider some important parameters when designing an efficient wind turbine.  

In our case, we will be dealing with the special case of a small scale horizontal axis wind turbine 

that holds three blades as shown in figure 1. The length of each blade is 3.5 meters that will 

contribute to the generation power rate of 11 kW. As the design process of a three bladed rotor 

relies heavily on the rotor material and diameter [3], it’s important to point out that our small 

wind turbine has a rotor diameter of 3.5 meters. 

 

Figure 1: Screenshot of the side view of the designed wind turbine with a focus on the 

blades side view. 
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1.2. Small Wind Turbine Material Properties 

 

1.2.1. E-Glass Fiber 

 

E-glass stands for Electrical Glass Fiber. It’s characterized by its tensile and compressive 

strength and stiffness. It also holds good electrical properties, but has a very poor impact 

resistance. Still, it has a very low cost that makes it the most common used fiber for fiber 

reinforced polyester composites [4].  

From literature review, we came to the conclusion that E-glass fiber is an isotropic material 

holding the same mechanical properties along all directions. E-glass fiber mechanical properties 

have been summarized in figure 2 below. 

Figure 2: Summary of Mechanical Properties of Electrical Glass Fiber. 

 

1.2.2. Epoxy resin 

 

Polymer resins are long molecule chains of repeated simple molecular units that are classified as 

either thermoplastic or thermosetting. Epoxy polymer is a thermoset strong polymer 

characterized by its brittleness as its molecular chains are tightly entangled. 
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Epoxy resins are extremely outperforming compared to other types of resins when it comes to 

mechanical properties and degradation resistance. It’s formed from the combination of an 

Oxygen atom with two Carbon atoms that are already bonded to other elements such as 

Hydrogen and exhibits high adhesive strength and great electrical insulation and chemical 

resistance [4]. Epoxy resins are also characterized by their minimized internal stresses, good 

stiffness, and excellent heat resistance properties. Epoxy Resin properties have been summarized 

in figure 3 below. 

 

Figure 3: Mechanical Properties Electrical Glass Fiber. 

1.2.3. Fiber Reinforced Polyester Composite 

 

Our blade is made from a fiber reinforced composite comprised of Electrical Glass fiber (with a 

volume fraction of 0.5) and Epoxy matrix (with a volume fraction of 0.5 as well). The 

composite’ behavior and mechanical characterization are different from the behavior of the 

parents materials e-glass fiber and epoxy matrix that made it and should be tracked and measured 

to carry out efficient analyses. 

E-glass fibers offer the most useful strength at the lowest cost possible for wind turbine 

application, it’s known for its strength and stiffness .Epoxy resin is a thermoset polymer that has 

been picked mainly for its ease of manufacturing and processing, its high chemical and corrosion 
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resistance, and its excellent mechanical and thermal properties. However, it’s necessary to fill it 

with E-glass fiber to reinforce the matrix and improve its stiffness, toughness, hardness, and 

distortion temperature [5]. Both materials require the presence of the other, as the epoxy matrix 

also supports and protects the E-glass fibers from damage and distributes the load between the 

fibers. This can be made even more obvious, as we notice that when a single fiber is broken or 

damaged, the epoxy matrix transfer its load to the adjacent fibers [6]. 

Previous work enabled us to have a tentative determination of the composite mechanical 

properties based on its parent’s material properties shown above in figure 2 and figure 3.The 

fiber reinforced polyester composite properties have been tracked based on several analytical 

methods, mainly Rule of Mixtures, The Modified Rule of Mixtures, Chamise Model, and 

Halphin-Tsai Model, as well as the Laminator software. Figure 4 below summarizes findings of 

previous work. 

 

Figure 4: Mechanical Properties of Fiber Reinforced Polyester Composite based on 

analytical methods. 

 However, these mechanical properties are pretty limited to run stress and tip deflection 

analysis and in our drive to find more accurate data to run fatigue analysis as well, we will be 

using more reliable and sophisticated software. 

1.3. Wind Turbine Blade Sections and its Lay-up Schedule  

 

The composite material that makes up our wind turbine blade is disposed as bonded stack of 

plies or laminas that are flat at some locations and curved at some other locations. The 

mechanical behavior of our laminar composite material depends on the degree of its component 

material orthotropy, ply stacking sequence, stitching pattern, or lay-up schedule chosen for each 

section of the wind turbine blade [6].  
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The various possible orientations of a laminate contribute to the uniqueness of a wind turbine 

blade design, as each orientation contribute to a specific change in the mechanical properties of 

the blade. A laminate can also be arranged symmetrically in respect to a middle surface which 

results in a coupling between bending and extension [6]. 

Laminate ply orientations can be displayed with respect to x- reference axis as shown in figure 5 

below. In a stitching pattern, laminates are listed in sequence with a numerical subscript for 

laminate plies of same angle or orientation and separated by a slash. When plies are oriented at 

angles with same magnitude but different direction, we add a (+) or (-) sign to make it more 

explicit; however, it’s still important to point out that each (+) or (–) sign represents a ply on its 

own [7]. When dealing with symmetric laminates, we write a stitching sequence that starts on 

one face and stop at the midpoint ply while we use an S subscript to indicate that the sequence is 

symmetric with respect to a mid-plane. The sequence is written between brackets, for 

example[0/90/±45]𝑠. 

 

Figure 5: Possible Laminate Ply Orientation in a Fiber Reinforced Epoxy Composite 

Material. 

  

A laminate sequence is symmetric when plies above a mid-plane are mirroring plies below it. An 

advantage of symmetry is the avoidance of thermal twisting when cooling down parts after 

curing as non-symmetric plies can warp during cure [8]. One important concerns remains the 

direction of ± plies, mainly for the ± 45 plies. It either follow a counter-clockwise or clockwise 

standpoint according to the warp clock standardization. 
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When initializing a wind turbine blade design, we need to account for several sections along the 

wind turbine blade. For every section along the blade, we need to account for different 

component lay-up schedules. The main sections in a wind turbine are the root, internal 

connection or transition zone, and active blade with a mid and tip section. Starting from the 

internal connection, we have an I beam structure made of two spar caps and a shear web. The 

spar caps and shear webs prevent the buckling of the blade that is subjected to significant upper 

or downwind surface compressions during its operating life [9].  

The three mains sections we consider for each section throughout the blade are the leading edge, 

spar cap, and trailing edge as shown in figure 6 below. We also consider the shear web when 

relevant or applicable. Appendix A also displays a table of different sections throughout the 

blade, specifying stitching pattern of each of the three main cross sections. 

  

Figure 6: Main sections in a wind turbine blade with different stitching pattern 

orientations (Note: this figure displays two shear webs whereas we only have one for our 

design). 

1.4. Safety Conditions 

 

Safety standards for small wind turbines are set by the International Electrotechnichal 

Commission (IEC) and Germanischer Lloyd Guidelines. Small wind turbines are defined 

according to 61400-2 as having a rotor swept area less than 200 m2 and an output power less than 

50 kW. IEC 61400-2 assesses safety conditions of a wind turbine through [9]:  

a. The Simple Load Model that uses very simplistic equations and design methodology 

with high safety factors. 
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b.  Aero-elastic modeling that uses more accurate computer-based modeling of wind 

turbines loads, it’s mainly used for large wind turbines for its degree of sophistication 

and use of expensive software. 

c. Load field experiment measurements for extreme wind conditions. 

IEC 61400-2 has defined safety factors for fatigue and ultimate loads. Figure 7 clearly exhibits 

that Simple Load Model is less accurate than aero-elastic modeling. 

 

 

Figure 7: Load Partial Safety Factors γf for several methods according to IEC61400-2 

guidelines. 

IEC 61400-2 regulations are even stricter when relying on a full characterization method that we 

adopted for our model. A partial safety factor for materials of 𝛾𝑚 = 1.25 has been set for fatigue 

strength and 1.1 for ultimate strength tests [9]. A final safety factor is retrieved from the 

multiplication of load partial safety factor and partial safety factor for materials.  

IEC 61400-2 deemed that a wind turbine design model is satisfactory if:  

𝜎𝑒𝑞 < 𝜎𝑑 

While 𝜎𝑒𝑞 is the equivalent component stress, and 𝜎𝑑 is ultimate material strength over final 

safety factor. 

We are also required to compute fatigue damage using Miner’s rule, using this following 

equation: 

     𝐷𝑎𝑚𝑎𝑔𝑒 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑎𝑡𝑖𝑔𝑢𝑒 𝑐𝑦𝑐𝑙𝑒𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑦𝑐𝑙𝑒𝑠 𝑡𝑜 𝑓𝑎𝑖𝑙𝑢𝑟𝑒
  

 

The number of cycles of failure is a function of stress, load partial safety factor𝛾𝑓, and partial 

safety factor for material𝛾𝑚. The damage ratio must be strictly less than one to pass the eligibility 

test of IEC commission. 



 

9 
 

A wind turbine blade design also has to undertake tip deflection analysis to ensure that blades 

won’t hit the tower in extreme wind conditions.  

1.5. STEEPLE ANALYSIS 

  

It’s primordial and important to weigh the effect of any undergone project on its surrounding 

environment. For this, I will use STEEPLE or PESTLE analysis. It’s a tool that senses the effect 

of an action or a business strategy on the close environment represented by the 6 major letters : S 

stands for Social factor, T for Technological factor, E for Economic factor, E for Environmental 

factor, P for Political factor, L for Legal factor, and E for Ethical factor. 

We need to be aware of the print that our project may left behind it. If there is any negative 

impact that can hinder its application, the STEEPLE analysis can lead us to avoid dealing with 

any further complications. 

When it comes to the social effect of our project, installing an optimized blade contributes to 

electrical energy production. It’s true that the small wind turbine output energy revolves around 

11 kW, but that is enough to sustain many households that would benefit from an 

environmentally friendly and profitable energy source. Also, our project could be expanded to 

the construction of a wind turbine plant or farms and would create employment opportunities for 

Moroccan citizens. Clearly, we are contributing to the social development by providing job 

opportunities and enhancing citizens’ lifestyle. 

Technologically speaking, this capstone design project involves the use of several software: 

SolidWorks, ANSYS, Precomp, FAST, Mlife, and Laminator. All these software are being used 

for the sole purpose of having accurate measurements of fatigue and tip deflection of the rotor 

blade to abide by the safety requirements set by the International Electrotechnical Commission 

(IEC) and Germanischer Lloyd (GL). These software also enable us to track an optimum 

stacking pattern. We are using a trial version of Laminator to retrieve the most accurate material 

information that we should implement or input to run FAST and ANSYS for the fatigue and 

stress test. Our project makes use of several recent and most reliable software to come up with an 

ideal design. 

When it comes to the economic effect, the main aim of this capstone design project is the 

optimization of the blade design mainly by reducing its mass through the stacking sequence of 

airfoils. In other words, we are reducing the manufacturing costs and at the same time reducing 
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material purchasing and employees effort expenses. We are aiming at a profitable small wind 

turbine that would incur more revenues than expenses. When it comes to energy sector, it has 

been estimated that it contributes to 6% of the Moroccan GDP [10].It’s also important to point 

out that Morocco imports electricity from Spain and Algeria as its industry sector consumes great 

amounts of energy that can go up to 43.6% [11]. The demand for energy only grows with time, 

for this, investing in renewable wind energy can become a necessity for Morocco, and our 

project could be considered as a good offer for the Moroccan government.  

Environmentally wise, wind is definitely a renewable source of energy that Morocco can rely on 

especially due to its advantageous geographic position. This capstone project provides us with a 

100% environmentally friendly source of energy that can’t have any disastrous effect on the 

climate. Also, forecast of the wind predicts an ideal wind speed in the region of Morocco that 

varies from 2 to 19 knots as seen in figure 8, this is profitable for the launching or execution of 

energy production for our designed wind turbine. 
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Figure 8: A Representation of Wind Speed and Direction in the Moroccan Continent 

Region. 

Concerning the political and legal frame, Morocco has been encouraging and calling for 

investment in the renewable energy sector and showed its unconditional engagement through 

several contracts signed during the COP 22 such as the Climate Vulnerable Forum 

announcement through which Morocco engaged into producing energy only from renewable 

resources. Clearly, this capstone project goes in line with the Moroccan government needs and 

aims. 

Most importantly, when it comes to ethics, this capstone project bears an important objective 

which is to keep safety as one of the main success keys. The aim of this project is to provide 

Moroccan citizens with a reliable and profitable source of energy that wouldn’t hinder the 

economy, environment, or political needs of Morocco. Calculations and measurements carried 

out and reported will abide by ethics, honesty, and society welfare concerns required for any 

engineering project. 

2. Methodology 

 

This capstone project is concerned with the use of aero-elastic modeling which imply handling 

several software to run fatigue and stress tests. These software rely on mechanical 

characterization of our blade material. We can get these mechanical characterizations measures 

(Young Modulus, Poisson Ratio, and Shear Modulus) from previous literature used for a similar 

composite material or the Laminator software. We need to implement our design specifications 

coming from the stacking patterns of different section in aero elastic computer modeling as 

shown in Appendix A. 

2.1.The Laminator: Mechanical Characterization. 

 

The first step in our fatigue, stress, and tip deflection analysis is defining the mechanical 

characterization of our composite laminates according to several stitching patterns adopted 

throughout the wind blade sections. The task is very complex, as we had to find a software that 

will take into consideration the material properties of E-glass fiber and epoxy matrix, but also the 

complex geometry of the blade and its sections, and go deeper to the specifics of laminates 

angles disposition and thickness that varies even within one blade cross section. 
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The Laminator software takes into consideration all our needs for an accurate mechanical 

characterization output. Required inputs are materials properties, strengths, ply fiber orientation 

and stacking pattern mechanical loads and strains, and moisture and temperature loads [12].  

We first have to input fiber and matrix property to calculate lamina properties as seen in figure 

9.  

 

Figure 9: First step to run Laminator, Input material properties of component material to 

get the laminate properties. 

We then have to record these data to register them as the main material for our stacking sequence 

layers. 

The last step remains inputting the stacking sequence and specifying the material used for each 

layer, it’s in this step that the composite material data fetched earlier comes useful and handy. 

We just need to analyze for data as shown in figure 10. However, these data are not sufficient for 

our tip deflection analysis using ANSYS. For this, literature review and analytical method are 

very complimentary to succeed in running our design analysis.  
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Figure 10: Last step involves specifying the stacking sequence to get analysis results of the 

sections lay-up schedule. 

 

2.2.ANSYS: Tip Deflection Analysis 

 

The tip deflection analysis comes in two important and complementary parts. The most 

important part where we actually get tip deflection and stress distribution results being the Static 

Structural analysis. This first part is a Fluid Flow analysis that develops the aerodynamics 

loading applied on the blade, it takes into consideration air temperature, density, and viscosity 

[13]. It also considers wind velocity that we set to an extreme measure of 52.5 m/s. In the second 

part, we upload the pressures and aerodynamic loadings from the Fluid flow analysis to the Static 

structural analysis to come up with stress and deformation measures [13].  

To carry out these two parts, we have to work on: Geometry, Meshing, Physics Setup, and 

Numerical Solution to finally get to the Numerical Results. 
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The composite material properties are the first inputted in the static structural step in engineering 

data. It requires to input density, Young Modulus data in X, Y, and Z directions, Poisson ratio 

and Shear Modulus in XY, YZ, and XZ directions. Part 1 and 2 rely on the same geometry and 

numerical solution. Aerodynamics loading carried out in part 1 are actually imported to part 2. 

We only need to import different parts’ thicknesses and carry out the meshing for the second part 

to get out final measures. The figure 11 below displays the steps involved in carrying out a stress 

and tip deflection analysis and demonstrates how both parts are related to each other. 

 

Figure 11: A screenshot of ANYS Workbench interface showing several parts carried out 

for a stress and deflection analysis. 

Through ANSYS, we can check for different static measurement: deformation, strain, stress, 

energy, and damage. The figure 12 below demonstrates results from a wind turbine blade that 

was tested during my learning process. It gives an accurate idea of estimated results we should 

come up with for our different blade designs. 
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Figure 12: A screenshot of the results computed by ANSYS for a total deformation analysis 

of the entire blade sections accompanied with a legend for the colors distribution. 

The most challenging task in each part remains the meshing task that is determinative of our 

analysis results. The meshing actually allows us to point out design issues such as collision and 

superposition in our design. It proved to be very helpful for this capstone design modification. 

We evaluate the quality of our meshing and accuracy of our work by navigating through: Mesh> 

Details of “Mesh”> Statistics> Mesh Metric> Skewness OR Orthogonal Quality.  

A good meshing can be sensed through a maximum skewness that is lower than 0.95 and a 

minimum orthogonality greater than 0.15 as shown by quality criteria in the figure 13 below 

[13]. 
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Figure 13: Mesh Statistics Quality Range. 

2.3. FAST: Fatigue Analysis 

 

For the fatigue test considering normal wind conditions, we will be mainly using FAST software. 

However, this software encompasses several software uses for different steps that lead us to the 

computation of the damage ratio. 

The first software compromised is Precomp. After altering the stacking patterns for different 

sections using the excel sheet data shown in Appendix A. We have to record that change in the 

Precomp input file as shown in the figure 14. In this file, we specify the stitching patterns for the 

three bottom and top surface sections: leading edge, spar caps, and trailing edge and also the 

stitching pattern for the shear web when applicable.  
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Figure 14: Precomp input file for the first blade section displaying the lay-up schedule 

stacking pattern. 

The next step is running Precomp and retrieving output file information concerning mass density, 

flip wise stiffness, edge wise stiffness, and torsional stiffness and retrieving blade mode shapes. 

These information will be imported in the blade input file in FAST labeled as SWRT Blade. 

Figure 15 shows how this input file summarizes all the information required to run a fatigue test. 

 

Figure 15: FAST SWRT input file summarizing important data from all blade sections and 

stitching patterns. 

 

The next step is to set aerodynamic loads conditions by running a time series for different wind 

speeds: 3 m/s, 5 m/s, 7 m/s, 9 m/s, 11 m/s, and 13 m/s. For this, we work with TurbSim input 

file, we change the RandSeed1 and mean wind speed (shown in figure 16) and run TurbSim to 

retrieve a SUM and WIND file to bring it back to FAST files and run our simulation for each 

wind speed.  
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Figure 16: Time Series modifications for wind conditions using TurbSim. 

We input time series results in Mlife and run it to get damage ratio calculations from an Excel 

Statistics file. These damage rations should be subject to IEC and GL safety conditions to 

validate wind turbine blade design.  

3. Results 

 

3.1.  Mechanical Characterization 

 

As mentioned previously, stitching patterns affect the mechanical properties of a blade to an 

extent that contributes to the fatigue, stress, and tip deflection results. Aero-elastic modeling 

actually takes into consideration the variation of mechanical properties according to the 

orientation and thickness of the laminates for the entire blade sections. 

FAST requires us to input the fiber reinforced epoxy composite material properties for 0° and 

±45° layers. These data can be easily conveyed from the Laminator as shown in figure 9 and 

figure 10. 

However for ANSYS software, the engineering data section requires us to input more extended 

data than what the Laminator outputs for us. These data have to be retrieved using several 
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analytical methods. Also, the Laminator only gives us restricted data about one specific lay-up 

schedule model, for this, we chose to input the section with the weakest lay-up schedule to have 

accurate results. We chose section 20 lay-up schedule or 2/3rd section as it’s the pressure center 

for thrust loads, it enables us to adopt a conservative approach, and it was also confirmed as the 

section or location for highest stress applied when using ANSYS. 

By using the Laminator, we can get these following information EX, EY, GXY,𝜗𝑋𝑌, and 𝜗𝑌𝑋. 

However, we still need to retrieve EZ, GXZ, GYZ,𝜗𝑋𝑍 , and 𝜗𝑌𝑍. 

As Fiber reinforced epoxy composite is an orthotropic material, orthotropic materials are 

constrained by Lempriere based on the following Hooke’s law: 𝜎𝑖 = 𝐶𝑖𝑗 × 𝜀𝑗 where 𝜎𝑖 represents 

stress components in x, y, and z coordinates, 𝐶𝑖𝑗 represents the stiffness matrix, and 𝜀𝑗 represents 

strain components. The stiffness matrix is symmetric meaning that 𝐶𝑖𝑗 = 𝐶𝑗𝑖. Its inverse matrix is 

known as compliance matrix 𝑆𝑖𝑗, defined as  𝜀𝑗 = 𝑆𝑖𝑗 × 𝜎𝑖 based on Hooke’s law, and is also 

symmetric. Elements of the compliance matrix are shown in figure 17[14]. 

 

Figure 17: Compliance Matrix Elements. 

As specified earlier this compliance matrix is symmetric, and thus, we can translate it as: 

𝜗𝑦𝑥

𝐸𝑦
=

𝜗𝑥𝑦

𝐸𝑥
  And  

𝜗𝑧𝑥

𝐸𝑧
=

𝜗𝑥𝑧

𝐸𝑥
 And 

𝜗𝑧𝑦

𝐸𝑧
=

𝜗𝑦𝑧

𝐸𝑦
 

Stress Strain relations can also be exhibited as shown in figure 18: 

 

Figure 18: Hooke’s Law Stress-Strain Matrix Format. 
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Where:                              Q11=
E

1−ϑ2   and   Q12=
ϑE

1−ϑ2 and   Q66 = 
E

2(1+ϑ)
= 𝐺 

As both Young Modulus Ey and Ez are measured across fibers in the same directions in the same 

manners, therefore they are equal [14], so:  Ez = Ey    

 Similarly    𝜗𝑍𝑋 = 𝜗𝑌𝑋    and   𝜗𝑍𝑋 = 𝜗𝑌𝑍     

Also, whether shear stress 𝜏𝑥𝑧 or 𝜏𝑥𝑦 is applied, resulting deformations are identical as fibers 

have the same orientation to the applied shearing stress [14], thus:    Gxz=Gxy       and   

Gyz=
Ey

2(1+ϑyz)
 

 

From findings above, we can conclude that: 

     𝜗𝑥𝑧 =
𝐸𝑍

𝐸𝑥
× 𝜗𝑧𝑥 =

𝐸𝑍

𝐸𝑥
× 𝜗𝑦𝑥 

And  

     𝜗𝑦𝑧 = 𝜗𝑧𝑥 =
𝐸𝑥

𝐸𝑧
× 𝜗𝑥𝑧 

 

We considered two weakest lay-up schedules [(±45)/02/ (±45)] s and [(±45)/02/ (±45)] s, 

mechanical properties or characterization of our composite material can be summarized in the 

table below:  

  [(±45)/02/ (±45)] s  [(±45)/02/ (+45)] s  

Young Modulus X 

direction 2.18E+10 2.45E+10 

Young Modulus Y 

direction 1.02E+10 1.05E+10 

Young Modulus Z 

direction 1.02E+10 1.05E+10 

Poisson Ratio XY 6.69E-01 6.11E-01 

Poisson Ratio YZ 3.13E-01 2.61E-01 

Poisson Ratio XZ 1.46E-01 1.12E-01 

Shear Modulus XY 5.33E+09 4.47E+09 

Shear Modulus YZ 3.87E+09 4.15E+09 

Shear Modulus XZ 5.33E+09 4.47E+09 

Table 1: Mechanical Characterization Results for two different sections using Laminator 

and Analytical Methods. 

 

3.2.Design 1: Fatigue and Stress Analysis 
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Our initial aim is to decrease the mass and check for the fatigue and stress tests based on IEC 

61400-2 standards. For this, we have to go through trial and error while trying to reduce the 

mass. My first design trial was inspired from the initial design that had a mass of 21.86 kg shown 

in Appendix A.  

This first design is based on the initial design with slight changes in the lay-up schedule of spar 

caps and shear web. Trailing and Leading edge were not modified as they have a slight 

contribution to the structure strength, the root and transition has not been changed as well. The 

lay-up schedule has been summarized in figure 19 below. The design specifications are more 

developed and discoursed in Appendix B:  

 

Figure 19: Simplified Stitching Patterns of the first wind turbine blade design. 

I could establish the blade mass of this design using Precomp, as it outputs the mass density in 

(Kg/m) according to locations. I had to sum up the mass of all blade sections to establish that this 

design had a mass of 20.88 kg. Therefore I was approaching my goal of 20kg when it comes to 

mass but still had to verify the fatigue and stress results. 
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After running Precomp, I could run FAST by changing wind conditions and running a time series 

for several wind speed ranging from 3 m/s to 13 m/s as mentioned above in methodology. 

Figure 20 displays the output retrieved from the time series of wind speed 13 m/s.  

Figure 20: Time Series of the first wind turbine blade design for a wind speed of 13 m/s. 

 

We only considered ultimate loads for a maximum wind speed of 13 m/s as summarized in the 

table below:  

  Safety Factor =4.5 Safety Factor =4 

  Blade 1 Blade 2 Blade 3 Blade 1 Blade 2 Blade 3 

Root Fx 7.065 7.515 7.425 6.28 6.68 6.6 

Root Fy 2.1015 2.2275 1.9665 1.868 1.98 1.748 

Root Fz 145.8 145.35 145.35 129.6 129.2 129.2 

 

Table 2: Ultimate Loads of the first design of wind turbine blade for two safety factors: 4.5 

and 4. 

Next step was running Mlife to get damage ratios for all wind turbines blades. 
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 We first considered a safety factor of 4.5, the results as shown in figure 21 assert that this blade 

fails the fatigue test as for the first and third blade. Indeed, the damage ratio for Root Fyc1 and 

Root Fyc3 are 1.25 and 2.53 respectively. Both of these measures are higher than 1 and don’t 

allow us to design a blade according to IEC 61400-2 standards. 

 

Figure 21: Damage Ratios for the first wind turbine blade for a safety factor of 4.5 with 

highlighted failing channels. 

  

When trying for a safety factor of 4, the results as shown in figure 22 clearly indicate that this 

blade would fail the fatigue test for all three wind turbine blades as the damage ratios for Root 

Fyc1, Root Fyc2, and Root Fyc3 are 4.41, 2.63, and 9.02 respectively. It makes complete sense 

for stricter conditions to fail the fatigue test with higher damage ratios. Therefore, we concluded 

that this blade design although with a relatively low mass fails to abide by International Electro-

technical Commission standards for small wind turbines. 
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Figure 22: Damage Ratios for the first wind turbine blade for a safety factor of 4 with 

highlighted failing channels. 

Regardless of these results, we carried out the tip deflection and stress analysis for this design in 

extreme wind conditions of 52.5 m/s using ANSYS. We can notice from figure 23 that the 

deformation is distributed evenly with the highest deflection at the tip of the wind turbine blade. 

We get a tip deflection of 0.23201 m or 232.01 mm that does not exceed the tolerance 

benchmark set for small wind turbines of 500 to 600 mm. Also, the highest equivalent stress of 

3.0802×107 Pascal or 30.802 MPa (as shown by figure 24) appears to be located in the mid 

sections of the wind turbine blade in the spar caps and shear web region.  

  

 

. 
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Figure 23: Deflection distribution of the first wind turbine blade design from root to tip in 

meters. 

 

 

Figure 24: Stress distribution of the first wind turbine blade design from root to tip in 

meters. 

We can conclude that this wind turbine blade design passes the tip deflection analysis, but fails 

fatigue analysis and can’t be considered for construction under IEC 61400-2 and GL standards. 

 

3.3.Design 2: Fatigue and Stress Analysis 

 

After failing to reduce the mass by building a design highly inspired from the initial blade 

design, I relied on a completely different stitching pattern for my blades spar cap, while slightly 
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altering the leading and trailing edge stitching pattern, as shown in figure 25. The design of this 

wind turbine blade is further expanded in Appendix C. 

Figure 25: Simplified Stitching Patterns of the second wind turbine blade design. 

 

For the spar caps we can clearly notice that there is a switch in stitching pattern from a [(±45) 

x/0y/ (±45) x/0y/ (±45) x] model for the upper spar caps section to [[(±45) x/0y/ (±45) x] for lower 

spar caps section as seen in figure 25 above. Also, leading and trailing edge stitching patterns 

have been drastically changed compared to the first design in figure 19 as we opted for thinner 

overall laminate layers. 

After running Precomp, we could get the mass density in (Kg/m) for different locations or 

sections which made it easier for us to compute the mass of each location within the blade and 

we summed it up to get an overall mass of 18.03 kg. When compared to the first initiated design, 

it makes sense for us to have a lower mass as all the stitching patterns starting the spar cap area 

are thinner and leading and trailing edge are also much thinner compared to the first design. 
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We run a time series for several wind speed ranging from 3 m/s to 13 m/s as mentioned above in 

methodology. Figure 26 displays the output retrieved from the time series of wind speed 13 m/s.  

 

 

Figure 26: Time Series of the second wind turbine blade design for a wind speed of 13 m/s. 

 

We only considered ultimate loads for a maximum wind speed of 13 m/s as summarized in the 

table below:  

  Safety Factor =4.5 Safety Factor =4 

  Blade 1 Blade 2 Blade 3 Blade 1 Blade 2 Blade 3 

Root 

Fx 6.345 6.345 6.255 5.64 5.64 5.56 

Root 

Fy 2.084 2.088 2.003 1.852 1.856 1.78 

Root 

Fz 110.7 110.7 110.7 98.4 98.4 98.4 

Table 3: Ultimate Loads of the second design of wind turbine blade for two safety factors: 

4.5 and 4. 
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Next step was running Mlife to get damage ratios for all wind turbines blades. 

We considered a safety factor of 4.5, the results as shown in figure 27 assert that this design of 

wind turbine blade is passing the fatigue test for all three blades, as all the damage ratios are less 

than 1. We can even come up with a comparison in terms of damage ratios with the first design ( 

shown in figure 21), as all the damage ratios are lower for this second design, except for 

channels Root Fz c1, Root Fz c2, and Root Fz c3. However, we are still abiding by the IEC 

61400-2 standards for this wind turbine blade that has a low mass of 18.03 kg.  

Figure 27: Damage Ratios for the second wind turbine blade for a safety factor of 4.5 with 

highlighted passing channels. 

As it’s not enough to analyze time series for fatigue test only to be able to abide by safety 

requirements, we also run a tip deflection and stress analysis in extreme wind condition of 52.5 

m/s using ANSYS. Figure 28 demonstrates that the deformation is distributed evenly with the 

highest deflection at the tip of the wind turbine blade. We get a tip deflection of 0.33362 m or 

333.62 mm, it’s clearly higher than the first design and it’s understandable as we have a lower 

mass and a weaker structure, but it’s still below the tip deflection tolerance range of 500 mm to 

600 mm for Small Wind Turbines. The highest equivalent stress is also higher than the first 

design, as it reaches 4.5533×107 Pascal or 45.533 MPa as shown in figure 29, however, it still 

seems to be located in the mid sections of the wind turbine blade in the spar caps and shear web 

region.  



 

29 
 

 

Figure 28: Deflection distribution of the second wind turbine blade design from root to tip 

in meters. 

 

 

Figure 29:  Stress distribution of the second wind turbine blade design from root to tip in 

meters. 

We concluded that this design passes the fatigue, tip deflection, and stress analysis and can be 

considered under the IEC and GL safety requirements. 

3.4.Design 3: Fatigue and Stress Analysis 

 

In my strive to find an optimum wind turbine blade design that abides by the International 

electro- technical standards while respecting the lowest mass criterion, I altered the wind turbine 

blade design to decrease the mass even lower than the 18.03 kg retrieved in the second design. 

For this, I came up with a third design with altered lay-up schedule for spar caps in different 

sections. These sections have a lower thickness than both of the previous designs. I also altered 
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the stitching pattern of the leading and trailing edge as done in the second design, and altered the 

shear web to withstand the stress and buckling due to compression of the upper and lower blade 

surfaces. This third design has been summarized in figure 30 below and further expanded in 

Appendix D. 

  

Figure 30: Simplified Stitching Patterns of the third wind turbine blade design. 

After running Precomp, we could get the mass density in (Kg/m) for different locations or 

sections which made it easier for us to compute the mass of each location within the blade and 

we summed it up to get an overall mass of 16.91 kg. When compared to the first and second 

initiated design, it makes sense for us to have a lower mass as all the stitching pattern starting the 

spar cap area are thinner and leading and trailing edge are also much thinner compared to the 

previous designs. Almost all the sections thickness have been altered reasonably except for the 

root and root transition, as we have to abide by root specifications for it to be able to fit in the 

wind turbine rotor while keeping a smooth root transition that we can manufacture without added 

handling costs. 
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We run a time series for several wind speed ranging from 3 m/s to 13 m/s as mentioned above in 

methodology. Figure 31 displays the output retrieved from the time series of wind speed 13 m/s.  

 

Figure 31: Time Series of the second wind turbine blade design for a wind speed of 13 m/s. 

We only considered ultimate loads for a maximum wind speed of 13 m/s as summarized in the 

table below:  

 

  Safety Factor =4.5         Safety Factor =4  

  Blade 1 Blade 2 Blade 3 Blade 1 Blade 2 Blade 3 

Root 

Fx 6.165 6.21 6.255 5.48 5.52 5.56 

Root 

Fy 2.1015 2.061 2.061 1.868 1.832 1.832 

Root 

Fz 123.3 123.3 123.3 109.6 109.6 109.6 

Table 4: Ultimate Loads of the third design of wind turbine blade for two safety factors: 4.5 

and 4. 



 

32 
 

Next step was running Mlife to get damage ratios for all wind turbines blades. 

We considered a safety factor of 4.5, the results as shown in figure 32 assert that this design of 

wind turbine blade is passing the fatigue test for all three blades, as all the damage ratios are less 

than 1. Surprisingly enough, the damage ratios for this design are lower than the damage ratios of 

the second wind turbine design except for the first channel Root Fxc1.Therefore, we are abiding 

by the IEC 61400-2 standards for this wind turbine blade that has an extremely low mass of 

16.91 kg.  

Figure 32: Damage Ratios for the third wind turbine blade for a safety factor of 4.5 with 

highlighted passing channels. 

 

As it’s not enough to analyze time series for fatigue test only to be able to abide by safety 

requirements, we also run a tip deflection and stress analysis in extreme wind condition of 52.5 

m/s using ANSYS. Figure 33 demonstrates that the deformation is distributed evenly with the 

highest deflection at the tip of the wind turbine blade. We get a tip deflection of 0.27275 m or 

272.75 mm. This tip deflection is higher than the first design, but lower than the second design 

while we get the highest equivalent stress of 3.5012×107 Pascal or 35.012 MPa as shown in 

figure 34 that obviously occur at the mid-section of the wind turbine blade in the spar caps and 

shear web regions. 
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Figure 33: Deflection distribution of the third wind turbine blade design from root to tip in 

meters. 

 

Figure 34: Stress distribution of the third wind turbine blade design from root to tip in 

meters. 

 

Clearly, it can be concluded that this design also passes the fatigue, tip deflection, and stress 

analysis and can be considered under the IEC and GL safety requirements. 
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3.5.Guidelines for Optimum Blade Lay-up Schedule 

 

As per the three designs that I came up with and tested, it seems very hard to come up with 

instructions for an optimum blade lay-up schedule. However, the fact that altering lay-up 

schedules enabled us to have different designs that pass or fail the fatigue test clearly shows that 

the lay-up or stitching pattern of blade sections can affect the wind turbine blade design in ways 

where we can actually work out the mass constraint and get the most favorable design that 

respect safety conditions and optimize manufacturing and handling costs. 

The most important section when considering the alteration of stitching pattern remains the spar 

caps and shear web. I would favor a stitching pattern that follows a [[(±45) x/0y/ (±45) x] s 

structure while x and y represents the number of layers for ±45 angle laminates and 0 angle 

laminates respectively. These x and y numbers could be controlled to adjust the thickness and 

therefore the mass of the wind turbine blade. 

A change of spar caps and shear web stitching patterns should be ushered by a change in trailing 

and leading edge stitching patterns to have a consistent design that can still pass the fatigue, 

stress, and tip deflection tests. The third and second suggested design also showed that the root 

and tip lay-up schedules should be pretty consistent and though to avoid having a higher tip 

deflection for lighter structures. 

As seen in stress analysis, the highest equivalent stress always occur at the center of the wind 

turbine blade, and for this we should consider a stronger shear web and spar caps lay-up 

schedules. 

4. Conclusion 

 

This wind turbine blade design project has been a very interesting project to lead. The social, 

environmental, and technological stakes it holds could be extremely benefiting to the social and 

economic development in Morocco in terms of renewable energies. 

Throughout this project, I could come up with the mechanical characterization of the fiber 

reinforced epoxy composite material for different laminate orientations and thicknesses 

throughout the blade for different stitching patterns. These mechanical characterization 

properties are the basis to accomplish a fatigue analysis and damage ratio computations using 

FAST and its Mlife Time Series. It’s also complementary to carry out a tip deflection and stress 

computations using ANSYS. These results had to be compared to the International Electro-
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Technical Commission and Germanischer Lloyd standards summarized in IEC 61400-2 

guidelines, as we are restrained by its safety instructions. 

We could come up with three designs that have a lower mass than the initial design, but the first 

design failed the fatigue analysis, while the second design had the highest tip deflection 

(although it still passes IEC and GL requirements). We could therefore conclude some basic 

guidelines for an optimum wind turbine blade design. 

Our calculations may have been constrained in terms of software, as we would have wished to 

ensure and double proof FAST time series and damage ratios calculations using ANSYS nCode 

DesignLife.  

Still, we came up with two suggested designs with low masses that could be considered for 

construction under International Electro-Technical Commission and Germanischer Lloyd 

standards. 

The STEEPLE analysis also seems to encourage the execution of a small wind turbine design 

that can generate energy to sustain many households at a fairly acceptable price and generate job 

opportunities and boost citizens’ lifestyle with no or little footprint on environment. While 

generating investment opportunities and offers that would contribute to the Moroccan GDP and 

enforce the Moroccan government will to abide by COP 22 conventions and engagement to 

produce energy mainly through renewable resources.  
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Appendix A: Stitching Pattern of the initial design at different sections throughout the 

blade for the spar caps, leading edge, trailing edge, and shear web 
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Appendix B: Stitching Pattern of the first design at different sections throughout the blade 

for the spar caps, leading edge, trailing edge, and shear web 
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Appendix C: Stitching Pattern of the second design at different sections throughout the 

blade for the spar caps, leading edge, trailing edge, and shear web 
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Appendix D: Stitching Pattern of the third design at different sections throughout the blade 

for the spar caps, leading edge, trailing edge, and shear web 
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