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Renewable energy is a rapidly growing sector within the realm of electricity generation. While the 

field itself is incredibly broad, wind and wave energy are the primary focus of this thesis. Wind 

turbines have existed for hundreds of years, with their first application to electricity production 

occurring over 100 years ago. Wave energy, on the other hand, is a comparatively new field, having 

been seriously explored within only the past 20 years. However, both sectors are intimately related 

to the field of structural dynamics, and the goal of producing electricity at a rate competitive with 

traditional sources of energy plays a large role in the development of new technologies in these 

fields. In this respect, validated design tools are one of the key needs for achieving (in the case of 

wave energy) and maintaining (in the case of wind energy) a market-competitive levelized cost of 

energy (LCOE). In this thesis, new methods for developing digital twin models based on dynamic 

modelling and multiple uses of the resulting models are derived, detailed, and discussed for both 

wave and wind energy systems. Wave energy is the focus of the first half, in which a coupled 

dynamics model of a point absorber-style wave energy converter (WEC) and the bridge to which 

it is mounted is developed and validated against experimental data. The primary benefits of the 

resulting model are its simplicity and decreased simulation time relative to other available WEC 

models while still providing an acceptable degree of accuracy. Such a model would be particularly 

useful in the realm of controls system development, which will become increasingly important in 

the field for larger-scale devices. The model is then utilized to explore the relationship between 

power production and fatigue damage in the realm of wave energy. This issue is of great 
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importance in the young field of wave energy as the feasibility of WECs lies in their ability to 

produce power at a sufficiently low LCOE. The second half of this thesis focuses on wind energy 

and a novel technique for developing an aero-structural digital twin of an existing utility-scale 

1.5MW wind turbine. In this technique, experimental data from an operating wind turbine is used 

to calibrate the properties of a baseline turbine model to represent the dynamic behavior of a target 

wind turbine. The blade aerodynamics and structural dynamics are the primary focus of this 

technique, in which the power curve and thrust coefficient data of an experimental turbine is used 

to calibrate the blade aerodynamic properties of the model, and experimental blade total mass, 

center of gravity, and natural frequencies are used to calibrate the model blade mass and stiffness 

property distributions, respectively. A primary benefit of this methodology is its relative ease of 

implementation in the creation of models of multiple similar turbines (such as those in a fleet) once 

a baseline model is in place. In short, the overarching goal of this thesis is to provide and explore 

two unique dynamic model development methodologies for existing renewable energy systems 

(i.e., digital twins) and explore their potential benefits in the realm of LCOE reduction. 
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CHAPTER 1 

INTRODUCTION 

1.1     Motivation and Overview 

As the world’s population grows and humanity’s technological needs evolve, the requirement 

for new sources of energy becomes more apparent every day. To provide for this need in a 

sustainable manner, we need to explore energy sources that are both dependable and plentiful. 

Recognizing this, much of the world is looking toward renewable energy to fill this role. As will 

be discussed in the following sub-sections, the creation of accurate, validated models is crucial to 

the development of reliable, efficient renewable energy systems. In this thesis, two different 

renewable energy system models are developed and presented. The first is an up-and-coming 

technology: wave energy. The second is a technology that has already aided humanity for hundreds 

of years: wind energy. A key feature of these models is that they are developed for actual, operating 

renewable energy systems, thus these models can be referred to as “digital twins” for both the 

water power and wind energy systems. This term and its implications will be discussed in more 

detail in the coming sections.  In Chapter 2, a finite element model of a point absorber-style wave 

energy converter is developed and validated and in Chapter 3, this model is used to explore one of 

the pivotal issues in the waterpower field: fatigue damage. In Chapter 4, a digital twin of a 

commercial-grade wind turbine is developed and calibrated and in Chapter 5, this model is applied 

to explore life-extension strategies for aging turbines. 

1.2   Wave Energy Converters 

A)  Wave Energy Background and Basics 

While a significant amount of research has been done in the fields of solar, geothermal, and 

wind energy, wave energy is a comparatively young field. In fact, much of its major development 

has occurred recently – within only the past 20 years. However, being that over 70% of the Earth’s 

surface is covered by oceans, it seems that we are not paying adequate attention to one of the most 

readily available and powerful sources of energy at our disposal. Existing research shows that the 

energy potential of the waves within the United States continental shelf alone produces 
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approximately 1,170 TWh (terawatt-hours) annually (Figure 1.1). Given that 1 TWh is enough to 

power almost 94,000 U.S. homes, the ocean surrounding the United States could provide almost 

one third of the country’s yearly electricity needs [1]. Furthermore, the US population is 

concentrated in coastal areas; therefore, wave energy is available for generation in close proximity 

to major population centers. 

 
Figure 1.1.  Map of Annual Wave Power Density of the United States (Source: NREL [2]) 

Seeing these vast untapped resources, many scientific organizations and entrepreneurs have 

begun to determine the most efficient way to harness the ocean’s power. Numerous concepts 

(broadly called “wave energy converters,” or “WECs”) have been developed. WECs are 

mechanical devices that utilize some sort of power take-off system to convert the motion of the 

ocean into usable electricity. Most of these power take-off mechanisms work by transforming the 

linear motion of the ocean into rotational motion to turn a turbine. Some devices do this by forcing 

fluid through a turbine, while others use some sort of gear train or belt system. Often flywheels 

and control systems are used to maximize the power captured with every wave cycle. With the 

rapid increase in interest in wave energy converter technology in recent years, thousands of patents 

have been filed in the field of wave energy in hopes of finding the best way to capture the untapped 

resources of the ocean. Among these thousands of designs, there are six prevalent types of wave 

energy converters (Figure 1.2). 
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Figure 1.2.  Primary WEC types (Source: Ingvald Straume, CC0 1.0 [3]). 

 Each of these six designs takes advantage of at least one of the many ways in which the ocean 

moves. While the ocean is capable of moving in any direction, “any direction” can be described 

by a combination of six degrees of freedom: three rotational and three translational. Generally, the 

translational degrees of freedom are referred to as heave (up-and-down), sway (side-to-side), and 

surge (back-and-forth), and the rotational degrees of freedom are referred to as roll (side-to-side 

rocking), pitch (up-and-down rocking), and yaw (Figure 1.3). 

 
Figure 1.3.  The six degrees of freedom of bodies in the ocean (Source: Inspired by [4]) 

Referring back to Figure 1.2, the attenuator utilizes the up-and-down heave motion of the 

ocean to capture energy. The two halves of the attenuator are generally connected via some sort of 

power take-off mechanism, and hydraulic fluid is pumped through the power take-off turbine to 

generate power [5], [6]. The oscillating wave surge converter uses the ocean's back-and-forth surge 

motion to pump fluid through a turbine (often located on land) to generate power [5], [6]. The 

oscillating water column is a surface device which confines air within a structure exposed to only 

the surface of the ocean and uses the heave motion of the waves to force air out of the top of the 
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structure through a turbine [5], [6]. An over topping device floats on top of the waves and as the 

waves splash water over the surface of the device, the water falls down through the center of the 

device and turn a turbine [5], [6]. The submerged pressure differential floats just below the surface 

of the waves. The top of the device moves up with the waves, but the lower portion of the device 

is deep enough under water such that it is not affected by the motion of the waves. The motion of 

the top of the device relative to the bottom creates a pressure differential which is used to force 

fluid through a turbine [5], [6]. Finally, the last of these concepts is known as a point absorber 

(Figure 1.4). This type of wave energy converter is generally small relative to the size of the 

incoming waves and is tethered to the bottom of the ocean. To produce electricity, a point absorber 

utilizes the heave motion of the waves and converts this linear motion to rotary motion to generate 

power through some form of a power take-off mechanism [5], [6]. A point absorber-style WEC 

will be the focus of Chapters 2 and 3. 

 
Figure 1.4.  PB40 Powerbuoy built by Ocean Power Technologies, point absorber-style wave 

energy converter (Source: Lance Cpl. Vanessa M. American Horse, Public Domain [7]) 
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B)  Benefits of Structural Modelling 

It is widely accepted that an ideal wave energy converter system should have a long design 

life (greater than 20 years), relatively low capital costs, yield high annual energy production per 

capital cost, and be reliable, requiring minimal yet predictable maintenance (see e.g., [8]). 

Achieving these goals is possible with experimentally validated design tools capable of exploring 

the design space of system architecture and control system development. As such, structural 

modelling is crucial in the field of wave energy. As is the case in wind energy and other fields of 

renewable energy, the high capital costs and operational costs of a WEC pose significant 

engineering and market challenges for manufacturers and investors. To gain confidence in a design 

leading to market adoption, it is important that WEC designers be able to answer two crucial 

questions: “How long will the WEC last?” and “Will the WEC produce enough electricity in its 

lifetime to prove a worthwhile investment?” These questions can be answered with confidence 

through the use of structural and mechanical modelling [9], [10]. 

To illustrate the need for structural modeling further, consider the following. All WECs are 

equipped with some form of power take-off (PTO) device that converts the mechanical motion of 

the ocean into usable electricity. Given the wide variety of WEC designs in development and in 

the field today (see e.g., [11], [12]), there is a diverse assortment of PTO system configurations 

[6]. Even within the realm of point absorbers, which is a subset of WECs, the types of PTOs 

utilized can vary greatly. Through structural modelling and simulation, designers can examine 

various body designs and mechanical arrangements to determine an optimized design solution for 

their particular application – without the heavy investment of prototype build and test. As the 

capital costs of the typical WEC are comparable to that of most other renewable energy sources 

(such as solar and wind energy), the role that structural modelling plays in reducing research and 

development expenses is critical [10]. 

It is fairly common for point absorber-style WECs to have a direct drive mechanical PTO 

consisting of some arrangement of belts, pulleys, gears, or all three [6]. A point absorber equipped 

with a direct drive PTO utilizes a sequence of gear or pulley ratios to convert the waves’ gradual, 

low-frequency motion into high-speed rotational energy [6]. With all of these gears, belts, turbines, 

and generators, WEC PTOs end up being expensive, mechanically complex systems. In fact, the 
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PTO alone accounts for 20-30% of any given WEC’s capital cost [6]. Therefore, ensuring the long-

term success of a WEC and by extension, its PTO, is of the utmost importance in the field of wave 

energy. Given the mechanical complexity of a WEC’s PTO (especially those with a direct drive 

design), there are two major areas of concern for ocean-deployed WECs: fatigue damage and 

extreme loading [13]. Throughout its desired 20+ year life, a WEC will experience millions of 

loading cycles in a huge variation of weather conditions and sea states. Not only can structural 

modelling help WEC designers gain insight into the most fatigue-vulnerable aspects of their 

design, but modelling also allows designers to simulate sea states that would be impossible to 

achieve through wave tank testing alone, such as extreme loading cases due to 50 year’s storms 

[13].  

Chapter 2 of this work will consist of a description of the creation and validation of a 

mathematical finite element model of a point absorber-style wave energy converter that was tested 

at the US Navy’s Carderock Maneuvering and Sea Keeping (MASK) basin with the MASK Basin 

bridge. In Chapter 3, this model is utilized to explore the critical give-and-take relationship 

between power production and fatigue damage. Following the conclusion of our travels into the 

field of wave energy, we will turn our attention to the much older, much more developed field of 

wind energy. 

1.3     Wind Turbines 

A)  Wind Energy Background and Basics 

Just like wave energy, one of the biggest challenges in the field of wind energy is producing 

energy at a price that is competitive with traditional sources of energy such as oil and natural gas 

[14]. However, unlike wave energy, wind energy is not struggling to meet this goal, but rather to 

continue to meet it with turbines that are reaching the end of their design life. This is because wind 

energy is a much more mature field that wave energy. In fact, wind turbines, or windmills as they 

are sometimes called, are estimated to date back to as early as 900 A.D., to vertical-axis machines 

known as a panemone windmills that were built by the Persians [15]. The wind has been harnessed 

in thousands of different ways by many civilizations over the years for varying purposes, ranging 

from pumping water to grinding grain [15], but it wasn't until 1887 that the first windmill was 

created for the purpose of generating electricity. The first known electricity-generating wind 
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turbine was a vertical-axis windmill created by a Scotsman and university professor by the name 

James Blythe to supply electricity for his cottage in Marykirk (Figure 1.5) [16]. The first recorded 

wind turbine created in the United States for generating electricity was a horizontal-axis windmill 

constructed by inventor Charles Brush in 1888, just one year after Blythe's first wind turbine 

(Figure 1.6) [16]. 

 
Figure 1.5.  James Blythe's 1887 windmill (Source: [17]) 

 
Figure 1.6.  Charles Brush's 1888 windmill (Source: [18]) 
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While research in wind energy continued in small steps, not much occurred in the commercial 

sector until environmental concerns and the Oil Crises of the mid-1970s sparked renewed interest 

in alternative and clean sources of energy [16]. At this point, many nations around the world 

invested considerable time and resources into the developing wind energy sector. By 2001, the 

total installed wind capacity was approximately 20,000MW worldwide [16]. With such a long 

history, it is no surprise that it is estimated that by 2025, onshore wind energy will achieve a 

levelized cost of energy of $0.040/kWh, making it easily comparable to the estimated levelized 

cost of electricity (LCOE) of electricity generated via combustion turbine ($0.069/kWh) or of 

natural gas-fired combined-cycle ($0.035/kWh) [19], [20].  

In contrast to the windmills of the past, which varied so much in form and functionality that 

it would be require at least 20 different diagrams to categorize them all, the commercial wind 

turbines of today can be more easily described. By the late 20th century, most wind turbines 

installed around the world could be described as 3-bladed, horizontal-axis structures. A basic, 

labelled diagram of a generic wind turbine can be found in Figure 1.7. In this figure, the hub is 

located in the center of the rotor and it is to this that the turbine's blades are mounted. The nacelle 

is the region of the turbine in which the rotational motion of the turbine is used to generate 

electricity. The turbine's low speed shaft transfers the slow rotation of the blades into a gear box, 

which increases the rotational speed significantly. The increased rotational speed is then translated 

by the turbine's high-speed shaft to a generator. It is through this process that a wind turbine 

converts the slow rotation of the rotor into the much faster rotation required for the generator to 

produce electricity. 

B)  Digital Twins in Wind Energy 

Having been around for so long, many of the wind turbines that were installed within the early 

2000s and late 1990s are nearing the end of their respective design lives. As such, it is no surprise 

that wind farm operators are looking to researchers for ways to extend the lives of these aging 

machines and determine whether it is safe to do so. Advances in wind energy over the years have 

yielded more efficient wind turbines than those that were installed in the early 2000s. For example, 

turbines that are taller have access to higher wind speeds, and turbines with larger rotors can 

capture more power. Rather than installing these updated machines on their wind farms, which 
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would represent a significant capital cost, many wind farm operators are beginning to wonder 

whether it would be possible to retroactively make these modifications to their aging turbines. 

Could aging blades be removed and replaced with larger ones? Would it be feasible to install 

attachments to lengthen the existing turbine blades? Could a turbine be operated at a lower speed 

to increase its remaining life? All of these questions can be condensed into two much simpler 

questions: "Is it possible?" and "Is it worthwhile?" These questions help to explain the rising 

interest in digital twins in recent years. 

 
Figure 1.7.  Labeled diagram of a typical commercial wind turbine. 

The term "Digital Twin" has only recently been applied to the field of wind energy, but it is 

already capturing the interest of researchers and wind farm operators alike. While the term has 



 
 

10 

been used in many different (but related) ways, in this thesis, a digital twin is defined as a virtual 

model of an existing wind turbine [21]. Commonly, the digital twin is used as a way to monitor 

and assess the health of an existing wind turbine from afar, wherein real-time data is taken from 

the wind turbine in the field and inputted into the digital twin. The results shown by a validated 

digital twin can then be extrapolated to the real wind turbine to assist in making decisions and 

understanding the health of the turbine in general. In this way, digital twins have a wide range of 

benefits, not the least of which is helping to reduce operations and maintenance costs, which 

account for about 1/3 of the LCOE of an onshore turbine [22]. Clearly, having accurate wind 

turbine digital twin would offer numerous benefits and uses to support decision-making by wind 

farm owner/operators; however, three of the most valuable uses of digital twins are as follows. 

First, digital twins can be used to estimate the remaining useful life of an aging turbine to aid in 

the decision to replace it or keep it running. Second, digital twins can be used to remotely diagnose 

performance issues or perform root cause analysis without the need to send technicians onsite. 

Third, digital twins provide a way to investigate the effect of proposed performance upgrades 

before they are implemented, such as those discussed in the previous section. Altogether, the 

combination of potential benefits of an accurate digital twin can lead to a reduction of the LCOE 

of a wind turbine. 

Chapter 4 of this thesis will detail a methodology for the creation of a digital twin of a common 

commercial-grade wind turbine, and in Chapter 5, this model will be used in a de-rating study to 

illustrate the potential benefits of having a validated digital twin. Clearly, the overarching themes 

of this thesis are solidly rooted in renewable energy and the creation of accurate models of actual, 

operating renewable energy systems: firstly, a point-absorber wave energy convertor and second, 

a utility-scale wind turbine. Due to the immense scale and large capital costs of renewable energy 

projects, model creation is pivotal to both the fields of wave and wind energy. For wave energy, 

accurate models are needed to get the ball rolling and help put reliable, efficient WECs in the 

water. For wind energy, modelling is needed to help ensure that existing wind turbines continue 

their safe and fruitful operation. The primary goals of this thesis are as follows. First: To provide 

two distinctly different methodologies on the creation of a digital twin. Second: To illustrate that 

while obtaining an accurate model is in no way trivial, its benefits are undeniable. 
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CHAPTER 2 

WEC DYNAMIC MODELING AND VALIDATION STUDY1 

Sandia National Laboratories is a multi-mission laboratory managed and operated by 

National Technology and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of 

Honeywell International, Inc., for the U.S. Department of Energy's National Nuclear Security 

Administration under contract DE-NA0003525. This chapter describes objective technical results 

and analysis. Any subjective views or opinions that might be expressed in the paper do not 

necessarily represent the views of the U.S. Department of Energy or the United States Government. 

2.1     Introduction 

The challenge of developing a reliable wave energy converter with a long design life, 

relatively low capital costs, and high annual energy production per capital cost is widely 

recognized in the field of wave energy. Three important steps in the process of achieving these 

goals are experimentation, modelling, and validation. Sandia National Laboratories recently took 

the first step when they conducted a series of model-scale wave tank tests at the US Navy’s 

Carderock Maneuvering and Sea Keeping (MASK) Basin using a point-absorber style WEC [2, 3, 

4]. In these experiments, the WEC was mounted to a large bridge (115m in length) that spans the 

basin. To develop models of these experiments that are both accurate and amenable to use in 

controls system development and numerical simulation, it is important to consider the coupling 

between the bridge deck and WEC. The focus of this chapter is on developing such models and 

characterizing the dynamic coupling between the bridge and WEC, which is critical for both wave 

tank test operation and translating findings of wave tank testing to the open ocean.  

In collaboration with Sandia, the University of Texas at Dallas (UTD) developed a coupled 

model of the dynamics of the Sandia WEC and the MASK Basin bridge. The development of this 

 

1 Parts of this chapter are under review for publication with the Journal of Ocean Engineering and Marine Energy under the title: 

" Development and Characterization of a Coupled Structural Dynamics Model for the Sandia Wave Energy Converter Testbed" 

Liliana C. Haus*, D. Todd Griffith*, Ryan G. Coe+, Giorgio Bacelli+ 

* The University of Texas at Dallas, Department of Mechanical Engineering, Richardson, TX, United States 
+ Sandia National Laboratories, Water Power Technologies (Org. 8822), Carlsbad, NM, United States 
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model is the subject of this chapter. Initial modelling efforts focused on developing a simple, but 

accurate model of the MASK Basin bridge. The developed bridge model was found to agree well 

with measured modes of vibration and measured static displacement under loading. Following the 

completion of the bridge model, a coupled dynamics model of the Sandia WEC with the validated 

bridge model was then developed. The purpose of this coupled model is to make clear the effect 

of the bridge upon the dynamics and performance of the WEC and visa-versa. The quantification 

of this effect is essential for translating results for the Sandia WEC testing from the MASK facility 

to the open ocean. 

In addition to facilitating our understanding of the dynamic behavior of WECs in a wave tank 

test facility, this model will also be useful in the development of controls systems to optimize WEC 

performance. The need to design a wave energy converter that is capable of producing energy at a 

competitive rate is widely recognized within the field of wave energy [11, 12]. However, as is the 

case with most sources of renewable energy, this goal has proven difficult to achieve. The root of 

the problem lies in the two main driving factors in the design of a WEC: the desire to maximize 

both power output and system life expectancy. These two goals represent a fundamental dichotomy 

in the design of a cost-effective and reliable WEC. To produce electricity at a more competitive 

rate, point absorbers must output the maximum power possible per wave cycle. This can be 

achieved by forcing the point absorber to maintain resonance with the incoming waves such that 

the structure’s displacement is maximized each wave cycle [4]. However, while operating in 

resonance, a structure is placed under very large stresses. Perpetual operation at the structure’s 

resonance frequency can drastically reduce the life expectancy of the WEC, increasing the 

operational costs. Finding a balance between the two provides the motivation for the current study: 

the development of a validated coupled model of the Sandia WEC and the MASK Basin bridge 

would provide a means to perform research in implementing and testing control strategies capable 

of considering both power output and system fatigue as objectives. This will be discussed in more 

detail in the following chapter. 

This chapter is organized as follows: In Section 2.2, a finite element model of the MASK 

Basin bridge is verified and validated. In Section 2.3, a simple dynamics model of the WEC is 

presented, followed by the development of a coupled dynamics model of the WEC and bridge and 
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validation of this model with experimental data in Section 2.4. Finally, Section 2.5 concludes the 

chapter with a series of studies using the coupled model to quantify the degree of coupling between 

bridge and WEC dynamics, evaluate the impacts of potential coupling, and present reduced order 

models of the coupled systems that are suitable for control system development. 

2.2     Modelling of the MASK Basin Bridge 

Sandia National Laboratories’ Water Power Technologies Department is playing a major role 

in the development of advanced control strategies for wave energy technology for the US 

Department of Energy. A major element of the research program are experiments being conducted 

in the MASK Basin at the Carderock Facility. Figure 2.1 shows a photograph of the bridge that is 

used in the experiments carried out at the facility [4]. In these experiments, the Sandia Wave 

Energy Converter (WEC) testbed is mounted below the bridge deck. It is important that dynamic 

models of the coupled bridge deck and WEC be developed and are both accurate and amenable to 

use in controls system development and numerical simulation. These requirements are the focus 

of this research study. 

 
Figure 2.1.  Photograph of the MASK Basin Bridge (Image Credit: Ryan Coe, SNL) 

In this section, two modelling approaches for the MASK Basin bridge are discussed. The first 

is a relatively simple beam finite element (FE) model and the second is the more detailed FE model 

developed in Nastran (commercial software) created by ATA Engineering. With the goal of 
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developing a model amenable to numerical simulation of controls, we chose to pursue the simpler, 

beam finite element model, which was programmed in MATLAB. The chosen finite element 

model is from Craig and Kurdila (2006) [13]. This model includes six degrees of freedom per node 

(x-spanwise, y-vertical, z-lateral, x-rotation (torsion), y-rotation, and z-rotation). In general, all 

these degrees of freedom are important in the modelling of the bridge; however, the dynamic 

response in the vertical, lateral, and torsional degrees of freedom correspond to typical 

measurements. In the following sections, verification and calibration of the bridge FE model are 

described. Verification involves checking to ensure that the numerical bridge finite element model 

is accurate and that the coding is free of errors. After the model has been verified, we then proceed 

to perform model calibration. Model calibration involves adjusting either the form or parameters 

of the model in order to match target values (e.g. natural frequencies or static deflection). 

A.  Bridge Model Verification via Analytical Models 

The beam FE model was programmed in MATLAB and verified against an analytical solution 

for natural frequencies using (2.1). In this equation, f(i) is the ith natural frequency in hertz, λ is a 

constant that depends on the beam's boundary conditions, L is the span of the beam, E is the 

modulus of elasticity, and μ is the mass density of the beam material [14]. 

𝑓(𝑖)  =  
𝜆(𝑖)

2𝜋𝐿
√

𝐸

𝜇
 ;  𝑖 =  1, 2, 3, …                                              (2.1) 

The natural frequencies were computed analytically using the above formula for the first three 

modes and were compared against the numerical finite element model that was programmed in 

MATLAB for the same set of sample parameters.  The results are shown in Table 2.1.  With an 

agreement within 0.1%, the beam finite element model is shown to be highly accurate with respect 

to analytical benchmarks, thus the programming of the model is considered verified. 

Table 2.1.  Comparison of analytical solution with numerical FE model 

Mode Mode Type Analytical Frequency (Hz) Beam FE Model Frequency (Hz) % Variation 

1 

Lateral (z-direction) 

15.098 15.087 0.08% 

2 41.626 41.587 0.09% 

3 81.592 81.529 0.08% 

1 

Vertical (y-direction) 

21.352 21.336 0.08% 

2 58.867 58.813 0.09% 

3 115.387 115.300 0.08% 
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B.  Calibration of Bridge Dynamics 

With a verified FE model, we turn to modelling the bridge with the following given properties 

for the MASK Basin Bridge as shown in Table 2.2 [4]. At the beginning of this calibration process, 

the boundary conditions at each end of the bridge were an unknown. It has been assumed that the 

bridge boundary conditions are cantilevered at both ends, which means that all translational and 

rotational degrees of freedom are constrained (zero-valued) at each end of the bridge. This choice 

yielded good results for the calibration, as will be discussed shortly. 

Table 2.2.  List of Gross Properties for the MASK Basin Bridge 

Parameter Value 

Bridge Length 115 meters 

Bridge Mass 235 tons (213,636 kg) 

Young’s Modulus 215 GPa (steel) 

Mass per unit length 1.86e3 kg/m 

Calibration, or "model updating" is the process of updating the parameters in a model to 

improve agreement with experiments. Two types of calibration data have been provided: natural 

frequencies of the low-order lateral, vertical, and torsional modes of vibration of the bridge, and 

vertical deflection values of the bridge for two cases: (a) under self-weight (1g gravity load) and 

(b) effect of 33,500lb (15,195.3kg) carriage [4].  The given calibration data will be referred to as 

the target values.  

In this section, we focus on calibration with respect to natural frequencies. The initial 

calibration effort assumed uniform (constant) properties for each element in the finite element 

model. As a result, we were only able to tune or match the natural frequencies of the first lateral, 

first vertical, and first torsional modes of the bridge as specified in the report (Table 2.3).  This 

being the case, the 2nd modes have errors of 5%, 30%, and 10%, as shown in Table 2.3. 

Table 2.3.  Initial Bridge Calibration with Uniform (constant) Property Variation along the 

Bridge Span 

Parameter  Target Values Initial Calibrated Model Values % Variation 

Mode 1 Lateral (Hz) 1.04 1.04 0.4% 

Mode 2 Lateral (Hz) 3.01 2.87 -4.6% 

Mode 1 Vertical (Hz) 1.64 1.64 0.3% 

Mode 2 Vertical (Hz) 3.13 4.10 31.0% 

Mode 1 Torsional (Hz) 1.68 1.68 -0.3% 

Mode 2 Torsional (Hz) 3.72 3.31 -10.9% 
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In order to obtain a better match for both the 1st and 2nd modes of each the lateral, vertical, 

and torsional modes, in the next version of this model we varied the spanwise bridge properties. 

Inspired by the parabolic nature of the bridge structure, we varied relevant cross-sectional 

properties of the beam model along the span with parabolic-varying properties. This model 

intended to match the dominant natural frequencies of the bridge is referred to as Model A. The 

results of this model are shown in Table 2.4. For the five modes listed, the agreement in natural 

frequency is within 1.7% for the bridge’s five lowest frequency modes, which is excellent 

agreement. However, some difficulty has been found in matching the 2nd vertical mode, which is 

reported at 3.13Hz whereas the model predicts 4.97Hz. Therefore, in this model we favored 

matching the more important 1st vertical mode frequency. Note that the 1st vertical mode has been 

deemed more important than the 2nd vertical mode because the 1st vertical mode is the most likely 

to interact with the dynamics of the WEC during dynamic testing. 

Table 2.4.  Refined Bridge Calibration with Parabolic-varying Properties along Bridge Span 

(Model A: Frequency Match) 

Parameter Target Values Refined Calibrated Model Values % Variation 

Mode 1 Lateral (Hz) 1.04 1.03 -1.0% 

Mode 1 Vertical (Hz) 1.57 1.55 -1.3% 

Mode 1 Torsional (Hz) 1.68 1.69 0.6% 

Mode 2 Lateral (Hz) 3.01 3.06 1.7% 

Mode 2 Torsional (Hz) 3.72 3.71 -0.3% 

Mid-span Deflection (m) 0.170 0.127 -25.3% 

C.  Calibration of Bridge Deflection 

We now look at prediction of the static deflection of the bridge. The bridge deflection was 

examined for the case of self-weight loading (1g gravity load). Coe 2016 reported a deflection of 

0.170 meters at the bridge mid-span for this load case [4]. By reducing the vertical stiffness of the 

model predicted in Table 2.4, the mid-span deflection can be predicted perfectly. However, this 

also results in decreasing the frequency of the 1st vertical model by about 15%. This modified 

model intended to match the experimental deflection of the bridge is referred to as Model B. The 

calibration results are shown in Table 2.5. 
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Table 2.5.  Refined Bridge Calibration with Parabolic-varying Properties along Bridge Span 

(Model B: Deflection Match) 

Parameter Target Values Refined Calibrated Model Values % Variation 

Mode 1 Lateral (Hz) 1.04 1.03 -1.0% 

Mode 1 Vertical (Hz) 1.57 1.34 -14.6% 

Mode 1 Torsional (Hz) 1.68 1.69 0.6% 

Mode 2 Lateral (Hz) 3.01 3.06 1.7% 

Mode 2 Torsional (Hz) 3.72 3.71 -0.3% 

Mid-span Deflection (m) 0.170 0.170 0.0% 

Table 2.6 provides a side-by-side comparison of Model A (frequency match) and Model B 

(deflection match), where it can be seen that neither model can match all desired metrics for natural 

frequencies and deflection. As such, it will be necessary to determine whether matching the 

bridge's dynamic or static properties is most important in future studies that utilize the FE bridge 

model. This decision will be addressed as it relates to the coupled WEC and bridge model in future 

sections involving model validation efforts, comparing the coupled model with experimental data. 

Table 2.6.  Comparison of Model A (frequency match) and Model B (deflection match) with 

Parabolically-varying properties 

Parameter Target Values 
Model A 

(Frequency Match) 

Model B 

(Deflection Match) 

  Calibrated Values   % Variation Calibrated Values % Variation 

Mode 1 Lateral (Hz) 1.04 1.03 -1.0% 1.03 -1.0% 

Mode 1 Vertical (Hz) 1.57 1.55 -1.3% 1.34 -14.6% 

Mode 1 Torsional (Hz) 1.68 1.69 0.6% 1.69 0.6% 

Mode 2 Lateral (Hz) 3.01 3.06 1.7% 3.06 1.7% 

Mode 2 Torsional (Hz) 3.72 3.71 -0.3% 3.71 -0.3% 

Mid-span Deflection (m) 0.170 0.127 -25.3% 0.170 0.0% 

 

In summary, Figure 2.2 shows the predicted mode shapes for the first six modes of the bridge 

FE model.  Figure 2.3 shows the shape of the bridge deflection under static loading (self-weight 

case). Figure 2.4 shows the parabolically-varying properties modelled in the calibrated bridge 

model. In Figure 2.4, note the properties that vary according to the parabolic nature of the bridge, 

namely the cross-sectional area, which controls the bridge mass distribution, and the moments of 

inertia Iy, Iz, and J, which control the bridge bending stiffnesses and torsional stiffness. Also note 

that density, Young's modulus (E), shear modulus (G), and mass moment of inertia are modelled 

as constant along the bridge span. 
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Figure 2.2.  Mode Shape Plots for the Calibrated Bridge Model A (Frequency Match) 

 
Figure 2.3.  Deflection of Bridge for Model B (Deflection Match) 

 
Figure 2.4.  Properties of the Calibrated Bridge Model B (Deflection Match) 
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2.3     Modelling of the Sandia WEC 

In this section, we describe the methods and calculations behind the modelling of the 1/17th 

scale Sandia Wave Energy Converter (Figure 2.5). Data and measurements from previously-

conducted WEC experiments by Sandia at the U.S. Navy's MASK Basin wave tank testing facility 

will be used for the purpose of both modelling the WEC as well as validating the WEC model [4]. 

This WEC model will then be used in the creation of a simplified coupled model of the MASK 

Basin bridge (described in Section 2.2) and the Sandia WEC described in this section. 

 
Figure 2.5.  Sandia Wave Energy Converter at the US Navy's MASK Basin wave tank [15] 

The Sandia Wave Energy Converter was modelled as a simple spring-mass-damper (SMD) 

system with the equation of motion defined in (2.2). Note that this equation is strictly accurate 

only for single frequency excitation cases. Otherwise, the WEC's damping and inertia must be 

defined as functions of frequency. 

mwÿ(t) + cwẏ(t) + kwy(t) = F(t)                  (2.2) 

In this equation, mw is the mass of the buoy, cw is the damping on the buoy due to both non-

frequency-dependent radiation damping (or, energy that is lost to waves generated by the WEC 
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body) and viscous/friction damping, kw is the hydrodynamic stiffness of the waves, y is 

displacement of the WEC in the vertical direction, and F is the sum of the external forces acting 

on the WEC. Both y and F are functions of time. Furthermore, the buoy is assumed to only move 

in the vertical direction (y-direction) for this simplified model. This well-known model, along with 

all its variables, is illustrated in Figure 2.6. 

 
Figure 2.6.  Illustration of a simple SMD system 

To perform time-domain numerical simulations of a simple SMD system with the 

characteristics of the WEC, the MATLAB function ODE45 was utilized [16, 17]. The model was 

coded in MATLAB using the WEC specifications provided in Table 2.7 [18]. It should be noted 

that the hydrostatic forces acting on the WEC are not easily measurable or known. As such, this 

parameter is set to zero for the initial simplified SMD system and will be tuned in the coupled 

model (Section 2.4). 

Table 2.7.  List of Sandia Wave Energy Converter properties [18] 

Parameter Value 

WEC mass (m) 858 kg 

Infinite-frequency added mass (A∞) 822 kg 

Total WEC mass (mw) = 𝑚 + A∞ 1,680 kg 

Linear hydrostatic stiffness (kw) 25,000 N/m 

Hydrostatic forces (cw) 0 Ns/m 
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A.  WEC Model Verification 

To determine whether the model is coded correctly, we ran a few simple test cases, chosen 

specifically because they should yield easily predictable outcomes. More specifically, simple 

checks for energy conservation, overdamped motion, and underdamped motion were successfully 

performed to verify the WEC model equations. These verification test cases are described in more 

detail in the following subsections: 

1) Undamped with Initial Displacement 

In the first numerical test case, the WEC was undamped and given initial downward 

displacement of 1m. In this scenario, the plot of displacement should show the WEC oscillating 

between −1m and +1m perpetually, with the graph of displacement beginning at −1m. Figure 2.7 

shows that the model oscillates indefinitely between −1m and +1m as expected. 

 
Figure 2.7.  Time-dependent displacement of the undamped WEC model. 

 Conservation of energy was also verified within this test case. With the damping value set to 

zero and no external forcing, the total energy of the system can be defined as the sum of the kinetic 

energy and spring potential energy of the coupled system, as shown in equation (2.3). In this 

equation, the superscript T indicates that the vector is transposed. With no damping or external 

forces acting on the system, the energy of the system should be conserved. This is confirmed by 

Figure 2.8. 

𝐸𝑡𝑜𝑡 = 𝐸𝑘 + 𝐸𝑠 = 
1

2
({ �̈� } 𝑴𝑪{ �̈� }𝑇) +

1

2
({ 𝑦 }𝑲𝑪{ 𝑦 }𝑇)       (2.3) 
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Figure 2.8.  Time-dependent total, kinetic, and potential energy of the undamped WEC model. 

2) Damped with Initial Displacement 

In the second test case, the WEC was given initial downward displacement of 1m and an 

arbitrary amount of damping was applied. In this scenario, the damping term effectively removes 

energy from the system. Therefore, the oscillation of the WEC will again begin at −1m and the 

amplitude of the oscillation will decrease as time progresses. Figure 2.9 shows that the model 

displaced as predicted, and Figure 2.10 shows that the total energy of the system decreased to zero. 

 
Figure 2.9.  Time-dependent displacement of the damped WEC model. 

 
Figure 2.10.  Time-dependent total, kinetic, and potential energy of the damped WEC model. 
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3) Natural Frequency Comparison 

Finally, in Bacelli et al. (2017), the natural vibration frequency of the WEC was 

experimentally determined to be 0.63 Hz [18].  This was confirmed using equation (2.4) and the 

values given in Table 2.7 to within 3% error. Additionally, in an initial test of the simple SMD 

WEC model, we also verified the WEC vibration frequency through observation of the Fast Fourier 

transform of the undamped WEC displacement time history, as shown in Figure 2.11. 

𝑓𝑤 =
1

2𝜋
√

𝑘𝑤

𝑚𝑤
               (2.4) 

 
Figure 2.11.  FFT of the undamped WEC displacement time series. 

2.4     Modelling of the Coupled Bridge-WEC 

In this section, the modelling of the coupled bridge/WEC system will be mathematically 

described. In the previous sections, it was noted that the bridge model is a finite element model 

constructed using beam elements.  The size of this model depends on the number of beam elements, 

but for even small numbers of elements, the bridge model has significantly more degrees of 

freedom than the simple WEC model. The bridge finite element model does take on a familiar 

form, very similar to the WEC spring-mass-damper system. The bridge's equation of motion can 

be described in matrix form with equation (2.5): 

𝐌𝐁 { ÿ } + 𝐂𝐁 { ẏ } + 𝐊𝐁 { y } = { FB }         (2.5) 

In (5), MB, CB, KB are the mass, damping, and stiffness matrices of the bridge respectively, y 

is the vector of displacements of each node along the length of the bridge, and FB is the vector of 

the sum of the external forces acting on the bridge, defined at each node along the length of the 

bridge. While the WEC model has a single vertical degree of freedom, each node of the bridge 

model has six degrees of freedom (as described in Section 2.2).  
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With the WEC attached to the bridge, a coupled dynamical system is formed (see Figure 2.12). 

The purpose of the creation of this coupled model is to determine the degree to which two systems 

interact. During testing, Sandia ran tests with their WEC connected to the MASK Basin bridge to 

characterize the dynamics of the WEC and to develop control systems to optimize the motion of 

the WEC in open water. As such, the extent to which the bridge interacted with and affected the 

motion of the WEC during testing should be quantified. Additionally, there is a concern that the 

two systems may have a similar resonance frequency. If this were true, there is a possibility that 

the vibrations of the WEC and bridge could couple and cause the system to resonate, which could 

lead to significant damage to the bridge, WEC, or both. For all these reasons, the accurate 

development of this coupled model is important. 

 
Figure 2.12.  Illustration of the coupled bridge and WEC system model  

The bridge model is designed with a total of N nodes and N – 1 elements. After applying 

cantilevered boundary conditions, the number of nodes is reduced to N – 2. Because each node has 

six degrees of freedom, the total number of degrees of freedom in the system is 6 * (N – 2). We 

determined that the WEC could be incorporated by adding an extra degree of freedom in the 

coupled model of the system and including coupling terms within the bridge stiffness and damping 

matrices [19]. With the inclusion of the WEC, the total number of degrees of freedom in the system 

can be calculated as in (2.6), where the last degree of freedom is also the vertical WEC degree of 

freedom. 

𝑁𝑑𝑜𝑓 =  6 ∗ (𝑁 − 2) + 1           (2.6) 
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It is known that the WEC was attached to the bridge at approximately 60% of its length, so 

the model WEC is to be attached to the bridge node that most closely corresponds to the 60% 

mark, hereby referred to as the nth node. For example, in a system with 26 nodes, the WEC would 

be attached to node 15 (see Figure 2.12). Because the WEC is only allowed to move in the vertical 

direction, it is only coupled with the vertical degrees of freedom of the bridge. With the addition 

of the WEC to the system, the coupled system’s new equation of motion can be written in the same 

general form: 

𝐌𝐂{ ÿ } + 𝐂𝐂{ ẏ } + 𝐊𝐂{ y } = { FC }     (2.7) 

In equation (2.7), MC, CC, and KC are the mass, damping, and stiffness matrices of the coupled 

system respectively, and FC is the vector of external forces on the system. The coupling process 

will now be described in more detail. The WEC is attached to the bridge at the nth bridge node. 

Because the WEC is assumed to move in only the vertical direction, we are only concerned with 

the vertical degree of freedom of the nth bridge node. The vertical degree of freedom of the nth 

bridge node can be calculated as in (2.8). To be clear, this is the vertical bridge degree of freedom 

to which the WEC is directly coupled. 

𝑛𝑑𝑜𝑓 =  6 ∗ (𝑛 − 2) + 2         (2.8) 

The vertical degree of freedom corresponding to the addition of the WEC to the coupled 

system is Ndof, and the vertical degree of freedom corresponding to the bridge location to which 

the WEC is attached is ndof. Therefore, the equation of motion of the WEC when it is coupled to 

the bridge can be described by (2.9). Note the relative velocity and displacement captured between 

the WEC (Ndof) and bridge (ndof) in the vertical direction. 

mwÿN𝑑𝑜𝑓
+ cw (ẏN𝑑𝑜𝑓

− ẏndof
) + kw (yN𝑑𝑜𝑓

− yn𝑑𝑜𝑓
) = FN𝑑𝑜𝑓

      (2.9) 

In (2.7), the total mass matrix of the coupled system, MC, is the combination of the bridge 

mass matrix MB and the WEC mass scalar mw. In other words, the coupled mass matrix (MC) is 

composed of the original elements of the bridge's mass matrix (MB) plus an extra row and column 

of zeroes and the mass of the WEC, for a total of Ndof × Ndof elements. More specifically, the 

coupled mass matrix is assembled in the following manner: 

𝐌𝐂 = [
𝐌𝐁 0
0 mw

]
N𝑑𝑜𝑓×𝑁𝑑𝑜𝑓

            (2.10) 
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Similarly, the total stiffness matrix (KC) and the total damping matrix (CC) are also increased 

in dimension by one row and column of zeros from their original square dimensions to Ndof × Ndof 

through the addition of a new WEC equation of motion. However, these two matrices differ from 

the total mass matrix in that they require additional off-diagonal terms in the matrix positions 

corresponding to the bridge node onto which the WEC is attached (ndof) as well in the matrix 

position corresponding to the WEC itself (Ndof). With the inclusion of the additional degree of 

freedom and the coupling terms, the new total stiffness matrix is: 

KC = 

[
 
 
 
 
 
KB … … … … 0

⋮ ⋱       ⋮
⋮     kw    -kw

⋮   ⋱  0

⋮                    ⋱ ⋮
0 … -kw 0 … kw ]

 
 
 
 
 

N𝑑𝑜𝑓×𝑁𝑑𝑜𝑓

       (2.11) 

Where kw is located at the vertical degree of freedom corresponding to the bridge node to 

which the WEC is attached. In other words, kw is located at (ndof, ndof) and (Ndof, Ndof), and the -kw 

terms are located at the off-diagonal matrix positions (Ndof, ndof) and (ndof, Ndof). Similarly, the new 

damping matrix is as follows, where cw is located at (ndof, ndof) and (Ndof, Ndof), and the -cw terms 

are located at the off-diagonal matrix positions (Ndof, ndof) and (ndof, Ndof). 

CC = 

[
 
 
 
 
 
CB … … … … 0

⋮ ⋱       ⋮
⋮     cw    -cw

⋮   ⋱  0

⋮                    ⋱ ⋮
0 … -cw 0 … cw ]

 
 
 
 
 

N𝑑𝑜𝑓×𝑁𝑑𝑜𝑓

       (2.12) 

 

A.  Coupled Model Verification 

In order to verify whether the coupled model is coded correctly and responds as we would 

expect, we ran a few simple test cases chosen specifically because they should yield easily 

predictable outcomes. In all of these test cases, the coupled system was excited through some 

initial displacement rather than by supplying an external force. Additionally, in these test cases, 

the vertical motion of the bridge node to which the WEC is attached is analyzed. This is done 

because this node will show the clearest interaction between the motion of the WEC and bridge. 
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1)  Undamped with Initial Displacement 

In the first verification test case, the WEC is undamped and has an initial displacement of -

1m. The bridge is also undamped and has no initial displacement. In this scenario, the plot of 

displacement should show the WEC oscillating between ± 1m at a position of 6m below the bridge. 

Additionally, the bridge will oscillate as well, though far less noticeably. With no damping or 

external forces acting on the system, the energy of the system is conserved. Figure 2.13 shows that 

the WEC oscillates between –1m and +1m as expected. Figure 2.14 shows that the bridge has two 

dominant frequencies – its own and the WEC’s.  

 
Figure 2.13.  Undamped WEC (top) and bridge node (bottom) motion due to initial 1m WEC 

displacement. 

 

 
Figure 2.14.  FFT of the Undamped WEC and bridge node motion. 
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2) Damped with Initial Displacement 

In the second test case, an arbitrarily selected level of damping was applied to the WEC. No 

damping was applied to the bridge. The buoy was then provided an initial displacement of –1m 

and allowed to oscillate freely. In this scenario, the WEC’s damping term effectively removes 

energy from the system. Therefore, the oscillation of the WEC will again begin at –1m, but this 

time the amplitude of the oscillation will decrease as time progresses. Figure 2.15 shows that the 

model displaces as expected, and Figure 2.16 shows that the total energy of the system decreases 

to zero over time. 

 
Figure 2.15.  Damped WEC (top) and bridge node (bottom) motion due to initial 1m WEC 

displacement. 

 

 
Figure 2.16.  Time-dependent total, kinetic, and potential energy of the damped coupled model. 



 
 

31 

3) Undamped and Excited at Resonance 

In the final test case, damping was removed and the stiffness of the WEC was modified such 

that the frequency of the WEC's first mode of vibration was the same as that of the bridge. In this 

way, the two systems are expected to enter resonance if excited. After applying an initial 

displacement to the WEC, we confirmed that the motion of the WEC and the bridge were amplified 

considerably when compared to the system's motion when the WEC's stiffness was set to its true 

value. Figure 2.17 shows the displacement of the model. In this graph, the motion of the bridge is 

far more noticeable than when compared to earlier test cases, in which the WEC and bridge were 

displaced by the same amount as in this test case.  Figure 2.18 shows that there is a single dominant 

frequency in the system, confirming that the WEC is in resonance with the vertical bridge mode.  

 
Figure 2.17.  Undamped resonant WEC (top) and bridge node (bottom) motion due to initial 1m 

WEC displacement. 

 
Figure 2.18.  FFT of the undamped resonant WEC and bridge node displacement motion. 
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4) Bode Comparison to Bacelli, et al. (2017) 

As a final check of the model, we compared our model’s simple SMD WEC against the more 

complete WEC model created in Bacelli, et al. (2017) [18]. One of the primary differences between 

our simple WEC model and the more intricate WEC model in Bacelli, et al. is the decision to 

model the WEC damping as a function of frequency. In our simple model, we elected to neglect 

the effect of frequency-dependant hydrodynamic forces on the level of damping, whereas this 

effect was not neglected in Bacelli, et al. In other words, while the damping of the simple WEC 

model presented in this study is defined by a constant value, the damping of the WEC model in 

Bacelli, et al. is defined as a function of the frequency at which the WEC is moving. Figure 2.19 

shows a comparison of the Bode plots of the two WEC models. The Bode plot from Bacelli, et al. 

was provided and the Bode plot for our simple WEC model was created in MATLAB using the 

transfer function of a simple spring-mass-damper system with velocity as the output, as shown in 

(2.13) [13]. From Figure 2.19, we determined that our WEC model is a satisfactory representation 

of the more complete WEC model found in Bacelli, et al. 

𝐻(𝑠) =  
𝑠

𝑚𝑤𝑠2+𝑐𝑤𝑠+𝑘𝑤
           (2.13) 

 
Figure 2.19.  Bode plot comparison of our simple WEC model and the more complete model 

found in Bacelli, et al. (2017) 

B.  Wave Tank Test Descriptions 

To fully understand the way in which the mathematical model was excited during simulations, 

it is necessary to first describe the MASK experiments and the data they yielded. Sandia provided 
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UTD with data from several experimental studies performed on the coupled WEC-bridge system 

at the U.S. Navy's MASK Basin wave tank facility. A total of ten data sets from the MASK trials 

were provided, but only trials 002, 003, 004, and 005 will be utilized for validation because these 

are the only trials during which the surge and pitch actuators (which provide non-vertical motion) 

were inactive. Brief descriptions of these trials are provided in Table 2.8. During the four trials of 

interest, the WEC's heave actuator (which provides motion in the vertical direction) was used to 

directly excite the WEC in the wave tank. Because the heave actuator is located between the WEC 

and the bridge, the bridge was also excited by the heave actuator by way of the reactionary forces. 

No waves were created by the wave tank paddles. During testing, the respective accelerations of 

the WEC and bridge were measured using triaxial accelerometers, and the force provided by the 

heave actuator was measured using a torque transducer and corresponding gearing constant. The 

bridge acceleration data was measured at the weldment located between the WEC and the bridge. 

All data was measured at a sampling rate of 1000 Hz. 

Table 2.8.  Descriptions of relevant MASK2A Trials 

Trial Test Length (min) Heave Actuator Surge Actuator Pitch Actuator 

002 15.0 WaveForm A, gain = 1000 None (unlocked) None (unlocked) 

003 15.0 WaveForm A, gain = 1500 None (unlocked) None (unlocked) 

004 15.0 WaveForm A, gain = 2000 None (unlocked) None (unlocked) 

005 15.0 WaveForm B, gain = 1500 None (unlocked) None (unlocked) 

The force data from the heave actuator is used as the excitation to the coupled MATLAB 

model. However, before being inputted to the model, the heave force data needed to be filtered. 

The MATLAB function lowpass was used to apply a lowpass filter directly to the raw heave force 

data. All frequencies above 5 Hz were filtered out because it was determined that the frequency 

range of interest was 0 to 5 Hz. An example of the results of this filter being applied to the raw 

heave force data are shown in Figure 2.20. The same filter was also applied to the raw experimental 

WEC and bridge acceleration data to reduce the high-frequency noise levels in the experimental 

data prior to their comparison to the model data. The results of the acceleration filtering are shown 

in Figure 2.21. This method of filtering results in no phase-shifting. 
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Figure 2.20.  Trial 002 filtered experimental heave force data using lowpass MATLAB function 

to filter out everything above 5Hz 

 
Figure 2.21.  Trial 002 filtered experimental WEC (left) and bridge (right) acceleration data. 

In order to compare the model with the experimental results, we decided it would be best to 

excite our model in the same way that the physical system was excited during the MASK trials to 

predict the coupled model time-domain response. The model was created using the built-in 

MATLAB ordinary differential equation solver, ODE45. Therefore, to apply the experimental 

heave force to the model at the correct rate, interpolation was used to find the magnitude of the 

heave force data at a given point in time. The magnitude and direction of the force was then applied 

equally and oppositely in the vertical direction to the model WEC and the bridge at the node to 

which the WEC is attached to the bridge. In this way, the model is being excited in the same way 

as the WEC and bridge were in the physical experiment. 
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To compare the respective accelerations of the model WEC and bridge to the experimental 

data obtained within MASK trials, we needed to first obtain acceleration data from model. Due to 

the way ODE45 works, our model code directly outputs the position and velocity of every node in 

the model. From this, we can extract the position and velocity of the WEC alone and the bridge 

node to which the WEC is attached. With the data available to us, we elected to calculate the 

acceleration of the model bridge and WEC by differentiating their respective time-dependent 

velocity vectors with respect to time, although we could have alternatively used the equation of 

motion to solve for the acceleration as they produce nearly identical results. The model WEC and 

bridge accelerations could then be compared against the corresponding experimental WEC and 

bridge accelerations to assess the credibility of the coupled bridge and WEC model. 

C.  Linearity of Wave Tank Results 

In this section, we perform a brief linearity check on three of the MASK2A datasets. Of the 

ten total MASK2A trials, trials 002, 003, and 004 utilized the same waveform (Waveform A). The 

only difference between these three trials is the gain waveform applied by the heave actuator to 

excite the WEC (see Table 2.8). Because the only difference between these trials is their respective 

gains (i.e, their respective forcing levels) we elected to utilize these three trials to determine 

whether the system responds linearly to the applied forcing. We began by analyzing the heave 

force to confirm that the heave force is linearly related to the waveform gain. The gain of Trial 

002 is 1000. The gain Trial 003 is 1500, 1.5 times the gain of Trial 002. To determine whether the 

heave force is linearly related to the gain, the heave force from Trial 003 is divided by 1.5.  For 

linearity to hold, the scaled heave force of Trial 003 should be nearly identical to the heave force 

from Trial 002. Similarly, the gain of Trial 004 is 2000, 2 times that of the gain of Trial 002. If the 

same procedure is repeated for the heave force of Trial 004, then for linearity to hold, the scaled 

heave force of Trial 004 should be nearly identical to that of Trial 002. From Figure 2.22, it is clear 

that the heave force is linearly related to the gain of the waveform that is applied. 
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Figure 2.22.  Heave force (left) and scaled heave force (right) from MASK2A Trials 002, 003, 

and004. 

This same method of linearity check was applied to both the WEC and bridge accelerations. 

Figure 2.23 shows the results of the linearity check on the filtered WEC acceleration data. While 

the data of the three trials do align relatively well, indicating that the relationship is near-linear, 

the motion of the WEC cannot be said to be exactly linearly related to the waveform gain. Figure 

2.24 shows the results of the linearity check on the moving average of the acceleration data of the 

bridge. This data is much noisier, so the data is more difficult to analyze. While the peaks of the 

data appear to be near one another after scaling, it cannot be said that there is a clear linear 

relationship between the bridge’s acceleration and the gain of the applied waveform. This linearity 

study is a useful preliminary to help understand the adequacy of linear models of the WEC and 

bridge structural dynamic behavior. 

 
Figure 2.23.  WEC acceleration (left) and scaled WEC acceleration (right) from MASK2A Trials 

002, 003, and 004 
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Figure 2.24.  Bridge acceleration (left) and scaled bridge acceleration (right) from MASK2A 

Trials 002, 003, and 004 

D.  Coupled Model Evaluation  

As described in Section 2.2, there are two models of the bridge available for use in the coupled 

model. These models differ only due to the variation in the distribution of the bridge properties. In 

Model A, the relevant cross-sectional spanwise properties of the bridge were varied in a parabolic 

distribution to match the first five natural frequencies of the physical MASK Basin bridge. In 

Model B, the vertical stiffness of the bridge was reduced from what it was in Model A such that 

the midspan deflection of the bridge model matched that of the real MASK Basin bridge. In this 

validation study, however, our ultimate goal is agreement in the time-domain properties of the 

coupled system. This being the case, we evaluated the coupled model response using both the 

Model A (frequency match) and Model B (deflection match) bridge models. To compare the results 

of the two models, we selected comparison metrics that represent the aspects of the model that are 

considered most important for how the model will be used. These aspects are the mean, standard 

deviation, and range of the acceleration signals (Table 2.9). It was found that the deflection match 

model (Model B) provided better agreement to the experimental data than did the frequency match 

model (Model A) (Figure 2.25). From Table 2.9 and Figure 2.25, it is clear that the acceleration 

data yielded by the deflection match model is in closer agreement to the experimental data, both 

in terms of data range and the peak location. Therefore, the coupled model included the bridge 

Model B with the WEC model attached to the bridge node corresponding to approximately 60% 

the length of the bridge. 
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Table 2.9.  Bridge time domain comparison metrics (x̅ = mean, σ = standard deviation, R = 

range) to compare deflection and frequency match models. 

Model Trial �̅�𝐞𝐱𝐩 �̅�𝐦𝐨𝐝𝐞𝐥 σexp σmodel σ %Error Rexp Rmodel R %Error 

Deflection 

Match 
002 0 1.337e-6 4.549e-3 4.114 e-3 9.56 0.04039 0.03627 10.2   

Frequency 

Match 
002  0 6.724e-7 4.549e-3 2.931e-3 35.6 0.04039 0.02076 48.6 

 
Figure 2.25.  MASK2A 002 acceleration data vs. frequency match model acceleration (left), 

MASK2A 002 acceleration data vs. deflection match model acceleration (right). 

In Section 2.3, it was mentioned that the damping ratio of the WEC will need to be tuned. 

This is because the damping properties of the WEC, due primarily to radiation damping, are a 

function of the frequency of the motion of the WEC in the water. From 0.2 to 1 Hz, the radiation 

damping on the WEC varies between approximately –1000 to 3000 Ns/m [18]. However, for this 

simplified model, a single, non-frequency dependent value of damping is desired. To calculate this 

single value of damping, the model was run for all MASK2A trials (002 to 009) for the entire 

sample space of possible damping values within the acceptable range given by Bacelli et al. (2017) 

[18]. The value of damping that produced the best match between the peaks of the experimental 

WEC acceleration data and the model WEC acceleration data was selected as the tuned damping 

value. This value was found to be 1,732.5 Ns/m. The WEC properties are updated and summarized 

in Table 2.10. These are the properties that were used to define the WEC within the coupled 

bridge/WEC model. 
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Table 2.10.  List of Sandia Wave Energy Converter properties [18] 

Parameter Value 

WEC mass (m) 858 kg 

Infinite-frequency added mass (A∞) 822 kg 

Total WEC mass (mw) = 𝑚 + A∞ 1,680 kg 

Linear hydrostatic stiffness (kw) 25,000 N/m 

Hydrostatic forces (cw) 1,732.5 Ns/m 

E.  Coupled Model Validation 

In this section, we examine how well the coupled model agrees with the data from experiments 

performed on the actual coupled WEC-bridge system. To do so, the coupled model is validated 

against the aforementioned MASK2A Trials 002, 003, 004, and 005 in the time domain. The results 

are shown in Tables 2.11 and 2.12. The validation metrics were selected to compare the aspects of 

the model that are considered most important in relation to how the model will be used. These 

aspects are the mean, standard deviation, and range of the acceleration signals of the WEC and 

bridge. Acceleration was selected because it was the most easily experimentally measurable 

dynamic data. Figure 2.26 and 2.27 show the acceleration data of the model WEC and bridge 

compared against the experimental data from MASK2A Trial 004. The heave force from Trial 004 

was applied directly to the model to obtain the resulting acceleration time series. From Figure 2.26, 

it can be seen that the acceleration of the WEC in the model follows that of the WEC from the 

physical experiments very well. The acceleration peaks are both very much in phase as well as of 

a similar magnitude in most cases. Similarly, Figure 2.27 shows that the modelled bridge 

acceleration demonstrates very similar general trends and maintains a similar amplitude range to 

that of the filtered experimental bridge acceleration data. 

 
Figure 2.26.  WEC experimental acceleration (MASK2A Trial 004) and WEC acceleration from 

coupled model. 
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Figure 2.27.  Bridge experimental acceleration (MASK2A Trial 004) and bridge acceleration 

from coupled model. 

In the following tables, 750 seconds was simulated by the coupled model using the 

experimentally obtained heave force as the excitation. The 750 second simulation corresponds to 

the measured experimental data from 50 to 800 seconds. The resulting model data was compared 

to the experimental data corresponding to the trial in which the heave force was measured. For 

example, if the heave force from MASK2A Trial 002 was used to excite the model, then the 

model’s acceleration data is compared against that of the experimental acceleration data from 

MASK2A Trial 002. 

Table 2.11.  WEC time domain validation metrics (x̅ = mean, σ = standard deviation, R = range) 

Trial �̅�𝐞𝐱𝐩 �̅�𝐦𝐨𝐝𝐞𝐥 σexp σmodel σ %Error Rexp Rmodel R %Error 

002 0 1.739 × 10-4 0.2745 0.2958 7.76 2.243 2.241 0.111 

003 0 2.699  × 10-4 0.4468 0.4559 2.04 3.494 3.421 2.08 

004 0 3.655  × 10-4 0.6185 0.6159 0.419 4.704 4.607 2.08 

005 0 1.8812 × 10-5 0.4470 0.4590 2.67 3.434 3.552 3.419 

Table 2.12. Bridge time domain validation metrics (x̅ = mean, σ = standard deviation, R = range) 

Trial �̅�𝐞𝐱𝐩 �̅�𝐦𝐨𝐝𝐞𝐥 σexp σmodel σ %Error Rexp Rmodel R %Error 

002 0 1.337 × 10-6 4.549 × 10-3 4.114 × 10-3 9.56 0.04039 0.03627 10.2   

003 0 2.121 × 10-6 5.222 × 10-3 5.424 × 10-3 3.87 0.05236 0.04938 5.69 

004 0 2.656 × 10-6 6.255 × 10-3 7.027 × 10-3 12.4 0.06620 0.06074 8.26 

005 0 -3.212 × 10-7 5.817 × 10-3 5.173 × 10-3 11.1 0.08895 0.04266 52.0 
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From Tables 2.11 and 2.12, there are a few things worth noting. Firstly, for both the WEC and 

the bridge portions of the coupled model, the means of their respective acceleration time series are 

very close to the experimental means. This indicates that the model holds no significant bias 

towards acceleration distributions that are overall higher or lower. Second, the match between the 

standard deviations is very good for the WEC model, having less than 10% error for all of the four 

cases, and less than 3% error for three of the four cases. The standard deviation match between the 

bridge model and experimental bridge data is slightly worse however, with all standard deviations 

being near 10% error, and the maximum being 12.4% error. Finally, it is necessary to comment on 

the errors in the ranges of the trials. Range is a metric that can be dominated by outliers. In the 

case of the bridge model and experimental bridge data, the range error was particularly high for 

Trial 005. However, the large error was not universal among the four trials. This suggests that the 

significant error in Trial 005 was most likely due to random extreme spikes in the experimental 

acceleration data. The range of the WEC experimental and model acceleration data match well, 

with all of the four cases having less than 4% error. Therefore, we consider the coupled model to 

be a good representation of the dynamics of the coupled bridge and WEC system and is thus a 

validated model. 

2.5 Further Analysis and Simplification of the Coupled Model 

There are two primary purposes behind the creation of this model. As noted before, the first 

is to determine the degree of coupling between the WEC and the bridge during the MASK 

experiments. This information is desired to understand how the bridge may affect the dynamics of 

the WEC during testing, as well as to ensure that the WEC and bridge are not in danger of entering 

resonance and oscillating out of control. The second purpose of the model is to be used in future 

controls system work. Both of these applications will be addressed in more detail in this section. 

A.  Modal Analysis to Quantify Degree of Coupling 

In this section, the effect of the coupling of the WEC to the bridge upon the frequency modes 

of the bridge is discussed. Through analysis of Figure 2.28, it can be observed that a new vertical 

mode is introduced into the system. This mode corresponds to the vertical mode of the WEC itself, 

indicating that the WEC and the bridge are effectively coupled. Due to the fact that the natural 

frequency of the vertical bridge mode is close to the oscillation frequency of the WEC, there was 
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a concern that the motion of the WEC would excite the bridge at its natural frequency and cause 

the bridge to vibrate excessively. Before coupling the WEC to the bridge, the vertical bridge mode 

is 1.3390 Hz. After introducing the WEC into the system, the bridge mode increases to 1.3415 Hz; 

an increase of approximately 0.19%. Because this increase is so small, we conclude that based on 

this analysis of the frequency shift, the effect of the WEC on the bridge is present, but minimal. 

      
Figure 2.28.  Vertical modes of uncoupled bridge model (left) and vertical modes of coupled 

WEC/bridge model (right). 

The coupling of the WEC and bridge can be further observed though consideration of the 

Modal Analysis Criteria (MAC) of the system. The MAC provides information about the coupling 

of a given mode to all other modes of the system.  When we compute the MAC by comparing the 

mode shapes of each mode to themselves for a completely uncoupled system, we will find that all 

values along the diagonal in the MAC matrix are 100%, meaning that mode 1 is 100% coupled to 

mode 1, mode 2 is 100% coupled to mode 2, and so on. All off-diagonal terms should be 0, meaning 

that there is no coupling between different modes. In a coupled system such as the bridge and 

WEC, non-zero off-diagonal terms are expected. The MAC can be used to quantify the degree of 

coupling between any number of mode pairs. In the case of this study, we are considering only the 

first 7 modes of the system because these modes lie within the frequency range of interest (0 to 5 

Hz). Descriptions of the first 7 modes of the coupled system are shown in Table 2.13. 
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Table 2.13.  Modes of the coupled system within the range of 0 to 5 Hz 

Mode Frequency (Hz) Direction 

1 0.6128 WEC Vertical 

2 1.0298 1st Lateral 

3 1.3415 1st Vertical 

4 1.6927 1st Torsional 

5 3.0642 2nd Lateral 

6 3.7102 2nd Torsional 

7 4.3006 2nd Vertical 

The MAC matrix of the first 7 modes of the coupled WEC/bridge system is given in Table 

2.14. The off-diagonal terms in the system’s MAC matrix indicate that the most significant 

coupling (6.351% coupling) occurs between modes 1 and 3, the 1st vertical WEC and bridge 

modes respectively. The other two instances of coupling occur between modes 1 and 7 and 3 and 

7, where mode 7 is the 2nd vertical mode of the bridge. However, the level of coupling of both 

these pairs of modes is <1%. While 6.351% coupling is more significant than <1% coupling, it is 

still considered to be a small level of coupling. Therefore, it can be concluded once again that 

while interaction between the bridge and WEC is present, it is relatively insignificant. 

Table 2.14.  MAC of the first 7 modes of the coupled system 

Mode → 

↓ 
1 2 3 4 5 6 7 

1 100% 0 6.351% 0 0 0 0.1841% 

2 0 100% 0 0 0 0 0 

3 6.351% 0 100% 0 0 0 0.01303% 

4 0 0 0 100% 0 0 0 

5 0 0 0 0 100% 0 0 

6 0 0 0 0 0 100% 0 

7 0.1841% 0 0.01303% 0 0 0 100% 

B.  Reduced Order Modelling to Develop a Controls-Oriented Model 

Using the equation of motion of the system (as described in equation 2.7), it is possible to 

reduce the order of the model through modal reduction in order to produce a low-order model that 

is suitable for WEC control system design. Currently, the model has six degrees of freedom per 
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node leading to a total of 145 degrees of freedom (for the specific, nominal model setup with 

bridge model composed of 25 finite beam elements). For the purpose of controls system creation, 

it will be necessary to reduce this relatively large model to a smaller size that still adequately 

captures the system dynamics and bridge/WEC coupling. This is accomplished through a model 

reduction process described as follows: 

Starting with the equation of motion of the coupled system (equation 2.7), the mode shapes of 

the coupled system can be defined as ϕ and are the columns of the mode shape matrix, Φ, where 

𝚽 = [𝜙1  𝜙2   ⋯ 𝜙𝑛]. Then, so-called modal coordinates, η, can be defined in terms of the 

displacement and the mode shape matrix with  {η(t)} = 𝚽T{y(t)}. Likewise, the displacement 

vector can be written as {y(t)} = 𝚽 {η(t)}. Therefore, the vectors of displacement, velocity, and 

acceleration can be re-written in terms of modal coordinates and the vector of mode shapes and 

back-substituted into the original equation of motion of the coupled system as shown in (2.14). 

The equation in (2.14) can then be pre-multiplied by the transpose of the mode shape matrix to 

yield the equation shown in (2.15). 

𝐌𝐂𝚽 {η̈(t)} + 𝐂𝐂𝚽{η̇(t)} + 𝐊𝐂𝚽{η(t)} = {F}       (2.14) 

𝚽T𝐌𝐂𝚽 {η̈(t)} + 𝚽T𝐂𝐂𝚽 {η̇(t)} + 𝚽T𝐊𝐂𝚽 {η(t)}  = 𝚽T{F}        (2.15) 

In order to produce a reduced order model, in the matrix 𝚽 we select only a subset of modes 

of interest. The subset (number) of modes should be selected so that the reduced order model still 

captures the important dynamics of the system in the frequency range of interest. This frequency 

range is selected based the frequency content of the forcing input (e.g., for the cases studies 

detailed in this paper, up to about 5 Hz). This subset of modes and its corresponding mass, 

damping, and stiffness matrices are depicted with the subscript R such that equation (2.15) is 

expressed instead as (2.16), which is the reduced order model.   

𝐌𝐑 {η̈(t)} + 𝐂𝐑 {η̇(t)} + 𝐊𝐑{η(t)}  = {FR}   (2.16) 

The number of degrees of freedom in the reduced order model will equal the number of 

retained modes shapes. For example, if seven modes are retained, the model in (2.16) will have 

seven degrees of freedom compared to 145 degrees of freedom in the full order model with 25 

elements.  Also note, the solution for the modal coordinates from (2.16) can be used to reconstruct 

a full order solution in the physical coordinates of the coupled model using {y(t)} = 𝚽 {η(t)}. 
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2.6     Chapter Summary 

This chapter presents the development and validation of a coupled dynamics model of the 

MASK Basin bridge and Sandia wave energy convertor. The bridge model was developed first 

using a lumped-mass finite element model, wherein the spanwise position-dependent properties of 

the bridge were captured by varying the elemental properties in a parabolic manner across the 

length of the bridge. The WEC buoy was then modelled as a simple 1 DOF spring-mass-damper 

system and coupled to the bridge through mathematical manipulation of the governing equations 

of motion of the system. The primary benefits of this simplified model in comparison to other 

available WEC models is that it runs quickly while still providing an acceptable degree of 

accuracy. When the model was compared to experimental data, it was found that the dynamic 

response of the model is sufficiently representative of the physical structure in terms of the metrics 

that were deemed important and tested within this study. Therefore, we conclude that this simple 

model successfully represents the coupled dynamics of interest of the MASK Basin bridge and 

Sandia WEC.  

The resulting model was then further analyzed to quantify the degree of coupling and to 

develop reduced-order controls-oriented models. First, the model was used to quantify the degree 

of coupling between the WEC and the MASK Basin bridge. This was done first by analyzing how 

the modal frequencies of the system changed after the WEC was coupled to the bridge, and then 

by calculating the MAC of the coupled system and considering the amount of coupling between 

the modes of interest. Both methods proved to be useful measures for quantifying the degree of 

coupling and provided significant evidence that while the presence of the WEC undoubtedly 

influences the dynamic response of the bridge, this effect is very small and can be considered 

negligible.  Additionally, we demonstrated a reduced order modelling method that showed how 

the coupled model can be further reduced in size through modal reduction. The resulting smaller 

but highly accurate model can be used in the future for controls system development. 

Next steps and future work will include expanding upon this validated model and modelling 

framework to include power calculation metrics and fatigue damage modelling for the most at-risk 

components of the WEC’s power take-off. In this way, the model can be used to answer two of the 

most important questions in renewable energy: “How long will the system last?” and “Will the 
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system produce enough electricity in its lifetime to prove a worthwhile investment?” Additionally, 

creating a model that illustrates the trade-off between power production and fatigue damage 

accumulation is useful for aiding WEC developers in deciding on the best location for their system 

based on sea state. In other words, modelling power production and fatigue damage can help 

developers determine what wave conditions yield the most power and result in the least damage 

over time. This topic will be discussed in more detail in the following chapter. 
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CHAPTER 3 

WEC MODEL POWER VERSUS FATIGUE STUDY2 

Sandia National Laboratories is a multi-mission laboratory managed and operated by 

National Technology and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of 

Honeywell International, Inc., for the U.S. Department of Energy's National Nuclear Security 

Administration under contract DE-NA0003525. This chapter describes objective technical results 

and analysis. Any subjective views or opinions that might be expressed in the paper do not 

necessarily represent the views of the U.S. Department of Energy or the United States Government. 

3.1     Introduction 

Over the last 20 years, the field of wave energy has made major advancements, both in the 

realm of mechanical design, power generation, and modelling. Despite these advances, there are 

incredibly few wave energy conversion concepts implemented in the field. This is largely due to 

the fact that prior to the last few decades, the task of creating the necessary infrastructure to transfer 

the electricity generated out at sea to the onshore power grid was extremely costly. However, with 

the advancement of technology, the creation of an offshore power grid is well-underway, which 

brings attention to the huge energy potential of the ocean. To access this vast untapped resource, 

numerous organizations have begun looking into developing wave energy converters (WECs), 

which are devices that convert the mechanical motion of the ocean into electricity. Like wind 

energy, one of the biggest challenges that faces the rising field of wave energy is the difficulty of 

creating a system that is both durable enough to last for upwards of 25 years, but also economical 

enough to produce energy at a rate competitive with oil and natural gas. 

The yet un-solved problem in the creation of a cost-effective WEC lies in the difficulty of 

finding a balance between the two competing driving factors: the desire to maximize both power 

output and system life expectancy. These two goals represent a fundamental dichotomy in the 

 

2 Portions of this chapter are adapted from a previous academic project by the following UTD students: 

Joel Bay*, Mayank Chetan*, Liliana Haus*, David Lloyd+ 
* The University of Texas at Dallas, Department of Mechanical Engineering, Richardson, TX, United States 
+ The University of Texas at Dallas, Department of Bioengineering, Richardson, TX, United States 
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design of a cost-effective and reliable WEC. To produce electricity at a more competitive rate, 

point absorbers must output the maximum power possible per wave cycle. This can be achieved 

by forcing the point absorber to maintain resonance with the incoming waves such that the 

structure’s displacement is maximized each wave cycle [1]. However, while operating in 

resonance, a structure is placed under very large stresses. Perpetual operation at the structure’s 

resonance frequency can drastically reduce the life of the point absorber, thereby contributing 

greatly to the industry’s difficulty in producing energy at a competitive rate. If the optimal balance 

could be found between power output and system fatigue within the realm of WECs, the world 

would be much closer to efficiently and cost-effectively tapping into one of the largest sources of 

renewable energy available to us.  

 In this chapter, the WEC model that was developed and validated in Chapter 2 will be expanded 

upon and applied to this vital issue of balancing power production with fatigue damage. The 

expanded model discussed in this chapter has the potential to provide far-reaching benefits to the 

scientific community: not only will it provide valuable insight into the failure modes of the WEC 

and its dynamic interactions with its mooring, but it will also aid in the development of controls 

systems needed to provide the necessary feedback to force the buoy to maintain resonance with 

the waves. This model is applicable to tests within the MASK Basin test facility and other wave 

tank testing facilities, as well as to tests performed within the ocean itself. To the author's 

knowledge, no mathematical dynamic model exists for use in resonance tuning and fatigue 

analysis, but the development of such a model is vital to the advancement of research in the field 

of wave energy. Through the successful implementation of a mathematical model of WEC 

dynamics, research can be advanced considerably in the field of WEC control systems. Similarly, 

with a thorough understanding of the motion of a wave energy converter, more accurate 

calculations of structural fatigue can be carried out such that the WEC can be re-engineered to 

have a longer life. Ultimately, by helping find the balance between power output and structural 

fatigue, wave energy moves one step closer to becoming a viable, competitive, clean source of 

energy and securing the energy future of the world. 
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3.2     Methodology 

In this chapter, the time-dependent motion a point absorber-style wave energy converter that 

utilizes a simple rack-and-pinion power take-off to generate electricity will be simulated. The 

following simplifications were made in the creation of the model. First, power is assumed to be 

captured with both the up- and down-stroke of the pinion. Second, only the heave motion of the 

WEC is utilized to generate power. The rack is assumed to remain stationary while the pinion 

moves up and down with the buoy, which is driven by the incoming waves. The power output and 

system fatigue life are calculated based on the displacement of the buoy. It is also assumed that 

the buoy moves up and down completely with each incoming wave such that no energy is lost. 

The buoy is assumed to be tethered to the bottom of the ocean at a depth of 50-meters using steel 

mooring cable. The buoy's dimensions (mass, outer diameter, and linear hydrostatic stiffness) are 

based on the 1/17-scale Sandia Wave Energy Converter, which is discussed in the previous chapter 

[1]. Converse to the Sandia Wave Energy Converter, we are assuming our buoy body to be that of 

a simple cylinder which is moored to the bottom of the ocean by a steel cable, as would be typical 

of a point absorber-style WEC. Figure 3.1 shows an activity diagram that represents our model, 

intended inputs, and expected outputs. 

 
Figure 3.1.  Activity diagram of the full WEC simulation. 
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A.  Wave Input Modelling 

The power generation of any wave energy converter is based primarily upon the motion of the 

waves. As such, it is important to place the buoy in a location with optimal  wave conditions. The 

typical wave conditions of a location are better known as its “sea state.” A sea state is defined by 

its significant wave height (H), and wave period (B). For this model, we utilized sea state data 

taken near Île d'Yeu (an island to the west of France) by the Joint North Sea Wave Observation 

Project [2]. The wave frequency data for this location is shown in Figure 3.2. The brighter the 

color of the square, the more likely its corresponding combination of wave period and wave height 

are to occur. In this model, we chose to simulate the motion of our wave energy converter at the 

sixteen sea states shown in the red outline in Figure 3.2. These sea states were chosen due to their 

high likelihood of occurrence. It is important to note that because we are modelling a 1/17th scale 

WEC, we must divide the wave heights by 17. The wave heights shown in Figure 3.2 are full-

scale. 

 
Figure 3.2.  Full-scale statistical wave scatter plot of Île d'Yeu (Source: Adapted from [2]). 

In the case of this model, it is necessary to determine the force that an incoming wave exerts 

on the buoy. We determined that this force is equivalent to the buoyant force on the buoy with 

respect to the displacement of the buoy caused by an incoming wave. This buoyant force is 
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described in equation (3.1). In this equation, ρ is the density of sea water, g is gravity, r is the 

radius of the buoy, and H is the significant wave height. 

𝐹𝐵 = 𝜌𝑔(𝜋𝑟2𝐻)       (3.1) 

Time dependent waves can be conveniently and simply described by a sinusoidal function of 

the form shown in equation (3.2). To determine the force exerted upon the buoy by the incoming 

waves at any given time, we simply used the buoyant force of the buoy as the amplitude of the 

sinusoidal forcing function shown in equation (3.2). This force represents the input to the model. 

𝐹 = 𝐹𝐵sin (2𝜋
1

𝐵
𝑡)      (3.2) 

B.  Wave Energy Converter Modelling 

The buoy of the wave energy converter is modelled as a simple spring-mass-damper (SMD) 

system as shown in Figure 3.3. The buoy is assumed to have a mass (mw) of 1600 kg, a stiffness 

(kw) of 25,000 N/m, and a damping coefficient (cw) of 0 Ns/m [1]. It should be noted that mw 

includes the mass of the buoy as well as its infinite frequency added mass. The stiffness of the 

buoy, kw, can best be understood as the hydrodynamic stiffness of the incoming waves, and the 

buoy’s damping coefficient, cw, is the damping on the buoy due to both non-frequency-dependent 

radiation damping and viscous/friction damping. For this simplified model, we are neglecting the 

rotational inertia of the WEC power generator, and we are also assuming that there is no viscous 

drag, so cw = 0 Ns/m. This effects the buoy by allowing it to have a larger displacement per wave 

input, which will lead to the model presenting an increased prediction of power output and a 

decreased prediction of the fatigue life of the system. 

 
Figure 3.3.  Simple spring-mass-damper system. 
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This system has a governing equation of motion as defined by equation (3.3), which is a 

second-order differential equation. The force (F) in this equation is the same as that described in 

equation (3.2). The input of this equation is force, and the outputs are time-dependent displacement 

( y ), velocity (ẏ), and acceleration ( �̈� ). Gravity is not considered. 

𝐹 = 𝑚𝑤�̈� + 𝑐𝑤�̇� + 𝑘𝑤𝑦          (3.3) 

The equation of motion of the system is described by a second-order differential equation, so 

a differential equation solver is needed to solve for the response due to forced motion. As with the 

more complicated coupled model described in the previous chapter, we elected to utilize the built-

in MATLAB function ODE45. To solve the system, we separate the governing second-order 

equation of motion of the spring-mass-damper system into two first order differential equations. 

These equations are described in equations (3.4), (3.5), (3.6), and (3.7). We then solve these 

equations simultaneously using ODE45 to obtain the time-dependent position and velocity vectors 

of the WEC [3]. 

𝑦1 = 𝑦                                                              (3.4) 

𝒀 =  [
𝑦1

𝑦2
]                                                           (3.5) 

𝑦2 = �̇�                                                             (3.6) 

�̇� =  [
�̇�1

�̇�2
] =  [

𝑦2
1

𝑚𝑤
(𝐹 − 𝑐𝑤𝑦2 − 𝑘𝑤𝑦1)

]                                    (3.7) 

The wave energy converter mooring was modeled using 2D truss finite elements. This means 

that the 50-meter length of mooring was divided into elements. In our case, we elected to use 20 

elements. The fact that the mooring elements are truss elements means that each element is capable 

of motion in only the x- and y-directions. Additionally, each element can only experience tension 

or compression – no bending or torsional stresses. This simplification is acceptable given that we 

are only modeling heave motion and that the cable has minimal bending stiffness. 

Each element of the mooring is defined by its elemental stiffness, ke, and consistent elemental 

mass, me. Elemental stiffness and elemental mass are both defined as a 4x4 matrix for each element 

and are described in equations (3.8) and (3.9) [4]. In these equations, A is the cross-sectional area 

of the element, E is the modulus of elasticity of the element's material (steel), ρ is the density of 

their material, and L is the length of each element. It should be noted that because each element of 
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the mooring has a stiffness (ke) and a mass (me), the mooring elements can also be represented by 

the equation of motion of a spring-mass-damper system. 

𝑘𝑒 =
𝐴𝐸

𝐿
[

1 0 −1 0
0 0 0 0

−1 0 1 0
0 0 0 0

]                                             (3.8) 

 

𝑚𝑒 =
𝜌𝐴𝐿

6
[

2 0 1 0
0 2 0 1
1 0 2 0
0 1 0 2

]                                                  (3.9) 

In order for the motion of each element of the mooring line to have an effect upon the motion 

of all other elements, it is necessary to couple the motion of each element. This is done by creating 

a global stiffness matrix, K, and global mass matrix, M. These matrices are composed of the ke 

and me matrices of each element and describe the stiffness and mass of the entire mooring line, in 

addition to coupling the x- and y-motion of each neighboring element. Finally, because the wave 

energy converter is also attached to the mooring line, the wave energy converter must also be 

incorporated in the global mass and stiffness matrices. This is done by coupling the mooring of 

the top-most node of the mooring line to the node corresponding to the wave energy converter 

(Figure 3.4). After coupling, the equation of motion of the wave energy converter can be described 

by equation (3.10), where F in this equation is the same as that described in equation (3.2). 

𝑚𝑤�̈�𝑤 + 𝑘𝑤(𝑦𝑤 − 𝑦𝑡𝑜𝑝𝑁𝑜𝑑𝑒) = 𝐹                                     (3.10) 

 
Figure 3.4.  Coupled WEC and steel mooring line. 



 
 

55 

Similarly, the equation of motion of the entire system, mooring and buoy, can be described 

by equation (3.11). In this equation, K is the global stiffness matrix, which describes the stiffness 

properties of each element in the system, and M is the global mass matrix, which describes the 

mass properties of each element in the system. F is the same time-dependent force that was 

described in equation (3.2). It should be noted that this equation of motion is also a second-order 

differential equation. As such, it can be solved by the same methodology that was described for 

the equation of motion for the buoy alone in equations (3.4) through (3.7). 

𝐹 = 𝑴�̈� + 𝑲𝑦                                          (3.11) 

C.  Power Take-Off Modelling 

For this simplified model, we are assuming that the WEC utilizes a rack and pinion-type 

mechanism to transfer mechanical power to generator. A pinion is simply a gear, and in this case,  

it was attached to input of the gearbox. The rotation of the pinion is ultimately what drives the 

generator within the WEC to produce electricity. For our simulations, the pinion was assigned two 

different pitch radii. The first set of sixteen simulations was performed with a pitch radius rp of 

0.35m. The second set of sixteen simulations was performed with a pitch radius of 0.1m. The 

reasoning for this will be explained in the section 3.3. The rack corresponding to the pinion is an 

uncoiled gear designed to mesh with the pinion. This rack-and-pinion assembly (along with the 

WEC's generator) is considered the WEC's power take-off, or PTO, and it is through this assembly 

that a WEC would produce electricity. The mechanical power transmitted from the buoy to the 

gear train is calculated according to equation (3.12) below. In this equation τ is torque and ω is 

rotational velocity. Again, it should be noted that the rotational inertia of the generator is neglected. 

𝑃𝑚𝑒𝑐ℎ = 𝜏 ∙ 𝜔                                   (3.12) 

The input to the simulation was a sinusoidal wave of buoyant force acting on the buoy over 

time, as described by equation (3.2). We assumed that all of this force would be transmitted to the 

gearbox system via the rack and pinion. The torque τ on the gearbox was taken to be the product 

of the buoy's time-dependent buoyant force and the pitch radius of the pinion, as in equation (3.13). 

Likewise, the rotational velocity ω of the gear box was calculated by dividing the linear velocity 

of the rack by the pitch radius of the pinion gear, as in equation (3.14). It should be noted that we 
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assumed that the linear velocity of the rack is the same as that of the buoy and acceleration effects 

due to the change in relative motion of the rack and pinion are neglected. 

𝜏 =  𝐹 ∙ 𝑟𝑝                                                               (3.13) 

𝜔 =  
𝑉

𝑟𝑝
                                                                  (3.14) 

D.  Powertrain Fatigue Modelling 

Wave energy converter motion and the power take-off system have both been effectively 

modelled and described. With this, we can look at how the WEC motion effects the performance 

of the system. In this chapter, we will examine how the wave state effects the life of the system. 

We are particularly interested in the contact point between the generator input gear and the 

actuating rack. This is because a large force is transmitted at this location (by design to achieve a 

large power). Fatigue is best analyzed via simulation of this system due to the difficulty in cycle 

counting. This comes from the unsteady state of the ocean. Typically, this is handled through 

implementation of Miner’s rule stated as in equation (3.15) [5]: 

∑
𝑛𝑆𝑖

𝑁𝑖𝑆𝑖
≤ 1                                             (3.15) 

However, our system deals strictly with transient discrepancies in stress location rather than 

stress magnitude, and for this reason a unique method is used. In general, the stress at the contact 

point between gear teeth (Figure 3.5), for fine tooth gears, is defined by the Hertz equation, as 

shown in equation (3.16) [6]. The variables used in this equation are defined in Table 3.1. 

σo = √
W(1 + 

rp1

rp2
)

rp1Fπ(
1−v1

2

E1
 + 

1−v2
2

E2
) sinφ

                                      (3.16) 

Table 3.1.  Variable definitions for the Hertz equation 

Quantity Variable Units 

Meshing Force W N 

Pitch Radius, Rack rp1 m 

Pitch Radius, Pinion rp2 m 

Face Thickness F m 

Poisson Ratio, Rack v1 -- 

Poisson Ratio, Pinion v2 -- 

E-Modulus, Rack E1 Pa 

E-Modulus, Pinion E2 Pa 

Pressure Angle ϕ rads 
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Figure 3.5.  Illustration of gear teeth contact point (Source: [7]). 

This is a localized stress that rolls along the involute pinion as the rack is actuated. This 

quantity is independent of the gear’s angular velocity and is constant with respect to time. As 

mentioned, it is the location that of the stress that is time dependent. For this analysis, the gear is 

discretized into a number of regions equal to the number of teeth (Figure 3.6), and the racks 

position is used to determine the loaded tooth. The number of teeth loadings is tracked, and the 

critical tooth is identified. The exact geometry of the tooth is not important, but this identification 

provides insight on the highest number of cycles one can expect any given tooth to sustain. 

 
Figure 3.6.  Discretized gear (Source: Adapted from [8]). 

Finally, material fatigue data was used, in the form of a S-N curve (Figure 3.7), to calculate 

the expected life of the critical gear tooth. In this plot, the x-axis is the number of cycles until 

failure. The alternating stress is nearly the same as the amplitude, as the mean approaches zero for 

localized deformation transient systems. As such, we assumed fully reversed loading. 
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Figure 3.7.  S-N curve for aluminum 6061 (Source: [9]). 

It is worth noting that a minimum number of datapoints was required to obtain a distribution 

that would accurately identify a critical tooth. For example, typical simulations deriving the rack 

position vector lasted less than half a second, which yielded results with bias for the starting tooth. 

As one can imagine, for such a simulation the rack was not sufficiently actuated such that a proper 

number of teeth were sampled. To rectify this, a minimal time-step (0.1s) and simulation period 

(5min) were established. 

3.3     Results 

We ran the simulations for a time period of 600 seconds (10 minutes) with timesteps of 0.1 

seconds. The sixteen sea states shown in the red box in Figure 3.2 were simulated. The parameters 

of these sea states are more specifically described in Table 3.2. In the following sections, the results 

of these sixteen simulations are presented and discussed in more detail.  

Table 3.2.  Sea state parameters selected for our sixteen simulation sets. 

Sea State Wave Height (m) Wave Period (s) 

1 1/17 6 

2 1/17 7 

3 1/17 8 

4 1/17 9 

5 1.5/17 6 

6 1.5/17 7 

7 1.5/17 8 
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8 1.5/17 9 

9 2/17 6 

10 2/17 7 

11 2/17 8 

12 2/17 9 

13 2.5/17 6 

14 2.5/17 7 

15 2.5/17 8 

16 2.5/17 9 

A.  Wave Input Modelling Results 

As mentioned in the previous sections, the force imparted by the waves on the wave energy 

converter is modeled as a sinusoidal function, dependent upon the wave period and buoy 

buoyancy, which is determined by wave height. This sinusoidally-varying time-dependent force is 

the input to the model. Figure 3.8 shows the force input of four of the sixteen sea states. The four 

selected sea states all have a wave height of 1/17m. The resulting force input sinusoids are slightly 

phase-shifted from one another due to the different wave periods of the four sea states. 

 
Figure 3.8.  Plot of wave force versus time for the 4 sea states with 1/17m waves. 

B.  Wave Energy Converter Modelling Results 

The inputted wave force results in movement of the wave energy converter. This motion is 

calculated and recorded by the finite element model. The displacement motion of the wave energy 

converter is shown in Figure 3.9, and the velocity of the wave energy converter is shown in Figure 

3.10. As expected, the wave energy converter does not exactly follow the motion of the wave. 

Rather, the buoy’s motion is a resultant of the interaction between the components of the entire 
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system: buoy, mooring, and wave input. It is worth noting that the displacement of the WEC is the 

input to the fatigue life calculations, and the velocity of the WEC is the input to the mechanical 

power calculations. 

 
Figure 3.9.  Plot of WEC position versus time for the 4 sea states with 1/17m waves. 

 
Figure 3.10.  Plot of WEC velocity versus time for the 4 sea states with 1/17m waves. 

C.  Power Take-Off Modelling Results 

The velocity results from the wave energy converter simulations were post-processed to 

calculate the mechanical power output of the device over the 600 second (10 minute) simulations. 

Figure 3.11 shows the resulting power output for the wave energy converter. It is important to note 

that the graph shows mechanical power production. The raw mechanical power produced would 

be greater than the electrical power production due to mechanical losses, but the trends shown in 

mechanical power production hold true for electrical power production. In Figure 3.11, the brighter 
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colors indicate greater power production. From this figure, it can be seen that there is a clear 

relationship between power production and the wave height and wave period. The most power is 

produced when the wave height is maximum and the wave period is minimum. Conversely, the 

power production is minimum when the wave height is minimum and the wave period is 

maximum. This trend is logically sound because the WEC does the most work (i.e. travels the 

greatest distance) at the fastest rate when the wave height is maximum and the wave period is 

minimum. It is also worth noting that the mechanical power production is not dependent upon the 

pitch radius of the pinion. Therefore, the power distribution produced during the sixteen 

simulations run with a pitch radius of 0.1m is the same as the power distribution produced during 

the sixteen simulations run with a pitch radius of 0.35m. 

 
Figure 3.11.  WEC power output at all sixteen sea states. 

D.  Powertrain Fatigue Modelling Results 

Similar processing of the displacement outputs of the wave energy converter was performed 

to calculate the fatigue life of wave energy converter power take-off drive train. This simulation 

was performed twice; once with the pinion pitch radius equal to 0.35m (Figure 3.12 left), and once 

with the pinion pitch radius equal to 0.1m (Figure 3.12 right). It should be noted that the two 

figures share the same scale, located on the right-hand side of the figure. 
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Figure 3.12.  WEC PTO drive train fatigue life at all sixteen sea states with a 0.35m pinion pitch 

radius (left) and a 0.1m pinion pitch radius (right). 

Through comparison of these figures, two important conclusions can be drawn. First, while 

the order of the fatigue life cycles is the same between the two simulations, the WEC with the 

larger pinion (left) has much less variation in the fatigue life of the sixteen sea states. Where the 

fatigue life of the WEC with the large pinion varies between 4.15×108 and 5×108 cycles, the fatigue 

life of the WEC with the smaller pinion has over twice the range, varying between 1×108 and 

2.75×108 cycles. From this it can be concluded that the wave state has a much larger effect upon 

the fatigue life of the WEC with the smaller pinion. 

Second, through comparison of the figures, it is clear that the trends in the fatigue life are  

approximately inverted between the two simulations. In other words, the fatigue life of the WEC 

with the larger pinion is greatest for sea states with large wave heights and short wave periods, 

whereas the fatigue life of the WEC with the smaller pinion is the worst at these wave states. By 

the same token, the WEC with the smaller pinion has the highest fatigue life at sea states with 

smaller wave heights and a longer wave period while the WEC with the larger pinion performs the 

worst at these sea states. Logically, the WEC should have the best fatigue life at sea states with 

low amplitude, low frequency waves, just as the WEC with the smaller pinion predicts. This is 

because at such a sea state, the loads on the WEC are lower overall and applied at a slower rate, 

meaning that the WEC experiences fewer, more gentle cycles in the same amount of time. Why 
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then does the fatigue life distribution of the WEC with the larger pinion predict the opposite? This 

question can be answered through closer analysis of how the pinion teeth are loaded.  

The pinion gear is rotated as the rack gear is moved up and down by the linear displacement 

of the WEC due to the motion of the waves. Closer analysis of Figure 3.9 reveals that for 1/17m 

waves, the WEC displaces between ±0.04m. For 2.5/17m waves, the WEC displaces between 

approximately ±0.1m. For the larger pinion with a pitch radius of 0.35m, the circumference of the 

gear would be approximately 2.2m. If the pinion had 100 teeth as it did in our simulation, then 

each tooth would be approximately 0.022m. Therefore, if the WEC is only moving up and down 

by a maximum of 0.04m in either direction at the 1/17m wave height sea state, then only 4 total 

teeth of the pinion are loaded (two in the positive rotation direction, two in the negative rotation 

direction). Furthermore, in the simulation with the 2.5/17m wave heights, the WEC moves up and 

down by a maximum of 0.1m, meaning that at least 6 teeth of the pinion are loaded during the 

simulation. From this, it is clear why the WEC with the larger pinion gear favors high-amplitude 

wave sea states: taller waves mean that more pinion teeth are loaded so the stresses are more evenly 

distributed. Obviously, loading only 4-6 teeth of the pinion gear is unreasonable. Therefore, we 

decided to move forward with the smaller pinion design, in which the loads are more evenly 

distributed among the pinion teeth. 

3.4     Discussion 

For more efficient comparison between sea states, Figure 3.13 shows a statistical frequency 

plot of the sixteen sea states at which we ran our model. This plot corresponds to the red square of 

sea states in Figure 3.2 and the numbered boxes correspond to the sea state labels defined in Table 

3.2. 

From Figure 3.11, it can be seen that the most power is produced at sea state 13, which happens 

to be the sea state that is the least likely to occur of the sixteen sea states simulated according to 

Figure 3.13. Fortunately, Figure 3.12 (right) indicates that the fatigue life at this sea state is the 

poorest of the sixteen sea states, so it is unlikely that this sea state would have been chosen as the 

optimal sea state for the WEC in the first place. By the same token, the best sea state in terms of 

yielding the longest fatigue life is sea state 4 according to Figure 3.12 (right). Unfortunately, this 

is the worst sea state for power production. According to the three figures, the best balance between 



 
 

64 

likely sea state occurrence, longest fatigue life, and highest power output occurs at approximately 

sea state 16. Not only is this sea state reasonably likely to occur, but it also yields the fourth highest 

power output and an acceptable fatigue life. While sea state 16 may yield only the 13th best fatigue 

life, it is worth noting that there is considerably less variation in the fatigue life distribution than 

in the power production distribution. Therefore, the need to choose a sea state that produced a 

passable power distribution weighed heavier than the need to select a sea state that yielded a long 

fatigue life.  

 
Figure 3.13.  Close-up of sea state statistical occurrences. 

While many conclusions could be drawn from figures 3.11, 3.12 (right), and 3.13 individually, 

they are most useful when analyzed together. By considering power output and fatigue life with 

respect to sea state, it could be possible to re-design a wave energy converter to have a longer 

fatigue life based on the most common set of sea states it is likely to experience, as well as 

determine the most effective location to place the wave energy converter for optimal power output 

and minimal fatigue damage. 

Other benefits of this model include the fact that it provides a good first-order steady-state 

estimation of the effect of wave loading on the power take-off drive train of the wave energy 

converter. This is an aspect of wave energy converter design from which the field could benefit 

1 2 3 4 

5 6 7 8 

9 10 11 12 

13 14 15 16 
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greatly. As mentioned in the introduction, one of the biggest challenges of implementing any sort 

of wave energy conversion technology is ensuring that the wave energy converter will last long 

enough in the field to be a justifiable investment in the long run. By creating a model of the fatigue 

life and facilitating the direct comparison of fatigue life versus power output, we have created a 

model that could serve as a steppingstone in the design optimization of more robust and more 

efficient wave energy converter designs. 

Additionally, it should also be mentioned that this model could be used in the implementation 

of a controller intended to help maximize the power output of a wave energy converter. Wave 

energy converters produce the maximum amount of power when they are moving in resonance 

with the incoming waves. This is because being in resonance with the waves causes the wave 

energy converter to displace the maximum amount possible relative to the incoming wave height. 

Many companies and laboratories are currently working on ways to help the wave energy converter 

maintain resonance with the incoming waves. One of these methods involves designing the mass 

of the buoy such that the wave energy converter has a natural resonance frequency at the same 

frequency of the most common sea state. Another method of maintaining resonance requires the 

use of a control system. As we have developed a simple mathematical model of a wave energy 

converter and its mooring, our model could be useful in the design of future control systems. 

Finally, this model could also be used to analyze the performance of a wave energy converter 

under randomized wave loading, as would most likely occur in the ocean. Through the 

implementation of Miner’s Rule, the cumulative fatigue damage could be calculated for a wave 

energy converter with respect to the combination of sea states it could be expected to experience 

over the course of its life. This type of simulation was beyond the scope of this study, but it should 

be considered as future work. 
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CHAPTER 4  

A NEW METHOD FOR WIND TURBINE DIGITAL TWIN MODEL DEVELOPMENT 

This chapter is based upon work partially supported by the National Science Foundation 

under grant number IIP-1362022 (Collaborative Research: I/UCRC for Wind Energy, Science, 

Technology, and Research) and from the WindSTAR I/UCRC Members: Aquanis, Inc., Bachmann 

Electronic Corp., EDP Renewables, Electronic Power Research Institute, GE Renewable Energy, 

Huntsman, Hexion, Leeward Asset Management, LLC, Massachusetts Clean Energy Center, Olin 

Corporation, Pattern Energy, Shell International Exploration & Prod, Inc, Texas Wind Tower Co., 

and TPI Composites Inc. Any opinions, findings, and conclusions or recommendations expressed 

in this material are those of the author(s) and do not necessarily reflect the views of the National 

Science Foundation or the sponsors. 

4.1     Introduction 

A. Wind Energy and Digital Twins 

One of the biggest challenges in the field of wind energy at the current point in time is being 

able to produce energy at a price that is competitive with more conventional sources of electricity 

generation such as coal plants and solar farms [1]. It is not enough for a wind farm to produce 

enough electricity to supplement the grid and eventually pay for itself. Rather, ideally, a wind farm 

must be able to make a profit and prove itself to be a worthwhile investment for wind farm 

operators. There are two primary ways to reduce the levelized cost of electricity (LCOE) of a wind 

farm such energy produced by a wind farm can be offered at competitive price. The first is to 

increase the Annual Energy Production (AEP) captured per wind farm [2]. The second is to 

decrease the overall price of both capital costs in designing, manufacturing, and installing wind 

turbines, and operational costs due to wind turbine maintenance [2].  

The wind energy industry has recently made significant progress in the realm of increasing 

the power captured per wind turbine. This is generally done by increasing the diameter of the 

turbine and optimizing blade aerodynamics to maximize lift and minimize drag. Unfortunately, 

increasing the power captured often conflicts with the second method of decreasing a turbine's 



 
 

68 

LCOE: decreasing the overall cost of the turbine. By using larger blades, more power can be 

captured but, by the same token, the loads on the turbine increase, meaning that more material is 

required to reinforce the blades and tower, thereby increasing the mass as well as the price of the 

turbine [3]. So, how does one find a balance between these two often contradictory goals of LCOE 

reduction? More often than not, aerodynamic and structural optimization are the answer to 

producing a design for the lowest capital costs while still providing sufficient reliability to reduce 

the operations and maintenance costs. In this area, digital twins are quite useful. In order to perform 

an optimization study, a model is necessary. In particular, a highly accurate model such as a digital 

twin would be ideal for use in such a study. 

In this chapter, an aero-structural digital twin will be developed for a 1.5MW wind turbine by 

selecting certain inherent aerodynamic and structural properties such that the model's resulting 

derived aerodynamic and structural properties match as closely as possible to experimentally 

demined properties of a real-life 1.5MW wind turbine. In this chapter, inherent properties refer to 

those that are defined by the manufacturer or turbine designer such as a blade's chord, twist, polars, 

stiffness, or sectional mass distribution. Derived properties, on the other hand, refer to properties 

of the turbine that directly depend on its inherent properties. Examples of derived properties are 

the turbine's power curve or blade deflection. In other words, inherent properties are synonymous 

with the independent variable x and derived properties can be considered the dependent variable 

y(x) in this model development. 

 This type of digital twin is different from traditional digital twins in that not all the 

aerodynamic or structural properties are given. Rather, in this work we develop a new method to 

determine the unknown inherent properties by reverse engineering them though a calibration 

process using data that can be directly and easily measured from a wind real turbine in operation. 

While untraditional, this type of digital twin has the potential to fill a growing niche in the field of 

wind energy, wherein it is desired that a digital twin be quickly and relatively easily created for an 

existing, non-ideal wind turbine. 

B.  Background on Wind Turbine Optimization 

In general, the goal of wind turbine blade optimization is to design the blade's aerodynamic 

properties (chord, twist, and polars) such that the turbine's outputted power is maximized [4]. 
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Another common optimization problem in the realm of wind turbines is minimization of turbine 

mass and/or material cost subject to maintaining enough stiffness and durability to withstand the 

expected aerodynamic and structural loading [4]. Finally, if one wishes to combine the objectives 

of cost minimization and power maximization, the objective function can be simplified as 

minimizing the LCOE subject to some design constraints [5]. Countless studies have been 

performed on all of these optimization problems and just as many different solution methods have 

been proposed.   

In 2009, Juan Méndez and David Greiner optimized the aerodynamics (chord and twist 

distributions) of a low-windspeed wind turbine using genetic algorithms (a form of evolutionary 

algorithm). The objective function of this optimization study was maximization of mean expected 

power. The benefit of using genetic algorithms to solve the blade geometry optimization problem 

is that genetic algorithms are global optimizers. Blade geometry design has a large number of 

degrees of freedom which can lead to local optima. However, by utilizing a global optimizer, one 

can avoid falling into the undesirable local optima. This study found genetic algorithm 

optimization to be a successful and computationally efficient method of wind turbine aerodynamic 

optimization, though when applied to commercial blades that were already optimized, no 

improvements were made. As such, the authors suggest that genetic algorithms may be a useful 

tool in the process of turbine optimization [6]. 

In a 2014 study on the different objectives and constraints for wind turbine optimization, Ning 

et al. explored three wind turbine optimization objectives: maximization of annual energy 

production, minimization of the turbine mass per annual energy production, and minimization of 

the levelized cost of energy [7]. To carry out this study of the different popular methods of turbine 

optimization, Ning et al. tested numerous different optimizers, both open source and commercial, 

and found the gradient-based MATLAB function fmincon, employing the non-default sequential 

quadratic programming (SQP) solution method, to be the most robust for all of the selected 

optimization studies when coupled with a multistart approach [7]. 

In 2015, Navqu et al. successfully aerodynamically optimized a wind turbine for maximum 

power extraction at low windspeeds. This study also utilized the built-in MATLAB optimizer 

function fmincon because of its ease of use and compatibility with their chosen simulation 
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environment. However, some trouble arose with fmincon due to the nonlinearity of the problem 

and the presence of local optima, so the research team applied a multistart approach method to 

reduce the problem to multiple smaller design ranges and then applied a genetic algorithm to find 

the global optima [8]. 

In a 2016 report, Ning et al. asserted that an integrated approach to wind turbine optimization 

(where the different aspects of the turbine such as aerodynamic design and structural design are 

optimized at the same time rather than one after the other) is the future of wind turbine 

optimization. However, integrated optimization of a wind turbine involves a large number of 

design variables, which makes the problem difficult or impossible to solve for non-gradient-based 

optimization algorithms. Through symbolic differentiation, automatic differentiation, and adjoint 

methods, Ning and his team were able to calculate exact gradients for the vast majority of the 

models in the integrated approach study and successfully carried out a gradient-based optimization 

of a large downwind turbine [9]. 

In contrast to the previously mentioned studies, the goal of this study is not to maximize the 

outputted power, or minimize the LCOE or blade mass, but rather to use optimization concepts to 

obtain the closest possible match between the wind turbine aero-elastic model and the actual 

operating wind turbine. Of the previously mentioned methods of solving a wind turbine 

optimization problem, the most promising to the goal of this study is the gradient-based built-in 

MATLAB function fmincon [10]. By default, this optimizer utilizes interior-point optimization to 

solve for the minimum of a given constrained objective function. Interior-point optimization 

involves reaching the optimal value by moving along the direction of steepest descent to minimize 

the objective value by the maximum amount each iteration. This optimization method is especially 

well-suited for large-scale problems with many design variables and constraints [11]. However, 

for this particular design problem, the non-default sequential quadratic programming (SQP) 

optimization algorithm, which minimizes an objective function by solving a series of quadratic 

sub-problems, was determined to be the best solution method. While not particularly well suited 

for large-scale problems, the fmincon SQP algorithm can often be faster or more accurate than the 

default interior-point method [12]. 
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C.  Description of the Candidate Turbine for Digital Twin Modelling 

The work discussed in this chapter was funded by WindSTAR, "an NSF-funded 

Industry/University Cooperative Research Center for Wind Energy Science, Technology and 

Research" [13]. The goal of the project that drove the creation of this chapter was development of 

a FAST (Fatigue, Aerodynamics, Structures, and Turbulence) digital twin of an operating utility-

scale 1.5MW turbine to aid in decision support. During the preliminary stages of the project, two 

utility-scale 1.5MW turbines were considered: the GE 1.5s and the GE 1.5sle. These two turbines 

and their relationship to the 1.5MW WindPACT Reference Turbine, the turbine model used as the 

starting point for the digital twin, will be described in section for context and clarity. 

1) GE 1.5MW Turbine Series 

It is first necessary to introduce the GE 1.5MW turbine series. This series is produced by 

General Electric Corporation (GE) and began in 1996 with the GE 1.5i turbine, an upwind 1.5MW 

turbine with a 65m diameter rotor. In 2002, the rotor diameter was increased to 70.5m with the GE 

1.5s, the first of the series to be produced for commercial use. Soon after, in 2004 the rotor diameter 

was increased yet again to 77m, yielding the GE 1.5sle (Figure 4.1). Finally, in 2005, the GE 1.5xle 

series was introduced with an 82.5m diameter rotor [14]. As of 2018, GE accounted for the largest 

percentage (40%) of all installed turbines in the United States [15], with the GE 1.5 MW series 

being the most commonly utilized turbines in their class worldwide as of 2009 [16].  

 
Figure 4.1.  GE 1.5sle turbine at the National Wind Technology Center (Source: Dennis 

Schroeder, NREL, CC BY-3.0 [17]) 
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From 1997 to 2005, the National Renewable Energy Lab (NREL) and GE produced a 

subcontract report that detailed the development and testing of two wind turbines: the 1.5MW POC 

(Proof of Concepts) with a 70.5m rotor and the 1.5MW EMD (Engineering and Manufacturing 

Development) with a 77m rotor. The POC turbine later went on to mass-production as the GE 1.5s 

and the EMD went on to become the GE 1.5sle [18]. Therefore, because the POC later became the 

GE 1.5s and the EMD became the GE1.5sle, we utilized the POC and EMD power curves provided 

within the NREL subcontract report as the experimental data to which we held our initial model 

(Figures 4.2 and 4.3 respectively). In other words, the power curves provided in these reports were 

what we attempted to match with our model using the optimization methods discussed in later 

sections. Because this report is publicly available, data regarding the POC and EMD turbines will 

not be censored within this chapter. In this chapter, the power curves of the 1.5MW POC and 

1.5MW EMD turbines are considered representative of the GE 1.5s and GE 1.5sle respectively. 

 
Figure 4.2.  Theoretical and experimental power curves of the 1.5MW Proof of Concepts (POC) 

turbine, similar to GE 1.5s (Source: Adapted from [18]) 

 

 
Figure 4.3.  Theoretical and experimental power curves of the 1.5MW Engineering and 

Manufacturing Development (EMD) turbine, similar to GE 1.5sle (Source: Adapted from [18]) 
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2) WindPACT Baseline Turbine 

In 2018, NREL produced a report detailing the creation of the WindPACT Reference Wind 

Turbines series. The purpose of this report was to create a FAST model of a 1.5MW turbine and 

scale it down to 0.75MW and up to 3MW and 5MW in order to investigate the scaling of the loads 

and costs of a turbine in relation to its size [19]. Of most relevance to this project is the WindPACT 

1.5MW turbine model, which has a 70m diameter rotor and a 3.5m diameter hub. Of particular use 

is the fact that the WindPACT 1.5MW model was created to have a very similar configuration to 

the GE 1.5s wind turbine to maintain applicability to industry. 

Due to the lack of information available regarding the aerodynamic and structural properties 

of the GE 1.5s and GE 1.5sle, the selection of a baseline turbine model was necessary. From the 

WindPACT project, NREL produced a series of fully functional, publicly available FAST models. 

These models included all of the information required to run a FAST simulation, including the 

aerodynamic and structural definitions of the turbine blades and rotor configurations for all four 

of the reference turbines. Because of the limited data available regarding the GE 1.5s and GE 1.5sle 

turbines, we utilized the WindPACT Reference Turbine as the "baseline," or "starting point" for 

the calibration procedure. In other words, the dimensions and aerodynamic properties of the 

1.5MW WindPACT Reference Turbine were used to approximate those of the GE 1.5s or GE 

1.5sle. The inherent properties of the baseline turbine are then scaled up and down using the 

calibration procedure described in the following sections to produce a closer match to the target 

wind turbine derived properties. The use of the non-exact baseline turbine fits the goal of the 

project very well, which is to create a FAST model of an existing turbine with minimal information 

on the inherent properties of the turbine by considering its derived properties and their relationship 

to the inherent properties. 

4.2     Methodology 

In this chapter, we will calibrate the digital twin blade aerodynamic and structural properties 

through the use of optimization via minimization. Although it will be described in much more 

detail in the coming sections, a brief overview of the methodology used in this chapter to calibrate 

the digital twin is provided below: 
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1. The process begins with existing wind turbine design tools, such as the generic 1.5MW 

wind turbine model described above, FAST, and AeroDyn. 

2. Data sources such as the POC and EDM power curves are used to calibrate the generic 

baseline model. 

3. The turbine model is calibrated for steady-state and dynamic conditions.  

a.  Aerodynamic properties of the blades such as the chord and twist distributions and 

airfoil lift and drag properties are calibrated using the power curve and thrust 

coefficient (CT) data to capture power production and loading properties of the target 

turbine. 

b.  Distributed blade mass properties are calibrated using available blade total mass and 

center of gravity location data. 

c.  Distributed blade stiffness properties are calibrated using blade natural frequency data.  

4. The control system is tuned according to the calibrated blade aerodynamic and structural 

properties and the desired power curve and CT data. 

 While wind turbines are made up of numerous complex, interconnected systems, it is possible 

to analyze some of these systems independently of one another. For our purposes, the blade 

aerodynamics and blade structural dynamics can be considered independent of one another [20]. 

As such, Section 4.3 of this chapter will consider only the aerodynamic aspects of the blades, and 

Section 4.4 will consider only the structural dynamic aspects. Additionally, as will be discussed in 

Section 4.4, the structural properties of the blade can be subdivided further into the mass properties 

and stiffness properties following the method of Griffith [21]. While interconnected, the mass and 

stiffness properties of the structural model can also be tuned independently. The process by which 

we approach the aero-structural model calibration is pictorially represented in Figure 4.4. The 

various aspects of this figure will be explained in more detail in the coming sections, but it should 

be noted that the bullet points represent the derived properties that will be used to tune the relevant 

inherent properties of each respective sub-system. 
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Figure 4.4.  Pictorial representation of our model calibration process (Source: Inspired by: [20]) 

4.3     The Digital Twin Aerodynamic model 

A.  Blade Element Momentum Theory 

Traditionally, most aerodynamic optimization methods begin with blade element momentum 

(BEM) theory for the initial aerodynamic analysis of the turbine. In the BEM method of analysis, 

the wind turbine blade is divided into "stations," where each station has its own properties that are 

assumed to be constant through the entire length of the station, dr. The station length can be 

assigned any value, but the smaller the station lengths, the more accurate the results of the BEM 

theory model calculations. In the case of this optimization study, dr has been selected such that 

each blade is divided into N = 10 segments of equal length, as in Figure 4.5. 

 

Figure 4.5.  Generic wind turbine blade divided into N = 10 nondimensionalized segments. 

The respective properties of each segment are defined at the segment's horizontal midpoint, 

which is notated by a dot in the figure. 
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Each blade segment has its own chord, twist, axial and tangential induction factors, 

coefficients of lift and drag, angle of attack, and relative wind angle. In this way, a single turbine 

blade is defined by the combination of the aerodynamic properties of its N BEM theory segments. 

In the model utilized for this optimization study, the fixed-point iteration method of optimization 

is used to obtain the values of the axial and tangential induction factors of the turbine. The iteration 

procedure for the BEM theory and embedded fixed-point iteration is as follows [22], [23]: 

1. An initial guess of the aerodynamic properties of the first blade segment is made. The 

equations for the initial guesses of relative wind angle, angle of attack, coefficient of lift, 

and axial induction factor, and are given in equations (4.1, 4.2, 4.3, and 4.5) respectively. In 

these equations, the subscript s is indicative of the blade segment in question. The subscript 

1 indicates that the iteration is the first iteration for the blade segment s. It should be noted 

that σ' is the rotor solidity and it is a constant and is calculated using equation (4.4). 

𝜑𝑠,1  =  
2

3
tan−1 (

1

𝜆𝑠
)                                                   (4.1) 

𝛼𝑠,1  =  𝜑𝑠,1  −  𝜃𝑇,𝑠                                                   (4.2) 

𝐶𝐿𝑠,1
= 2𝜋 sin 𝛼𝑠,1                                                     (4.3)  

𝜎′𝑠 = 
𝐵𝐶𝑠

2𝜋𝑟𝑠
                                                             (4.4)  

𝑎𝑠,1 = [1 +
4sin2 𝜑𝑠,1

𝜎′𝑠 𝐶𝐿𝑠,1  cos𝜑𝑠,1
]
−1

                                              (4.5)  

2. ith iteration: The relative wind angle is recalculated using (4.6) and the previously calculated 

axial induction factor, a1,s. The tangential induction factor and coefficient of drag are 

assumed to be zero (a' = 0,  Cd = 0). The total loss correction factor (due to hub and tip 

losses) is also calculated using (4.9). The total loss correction factor defined in (4.9) is 

calculated based on the tip and hub loss correction factors, defined by equations (4.7) and 

(4.8) respectively. In these two equations, B is the number of blades, R is the rotor radius, 

Rhub is the hub radius, and r is the local radius. Because this is an iterative process, it will be 

repeated until the axial induction factor converges to within a predefined tolerance. The 

subscript i is used to represent the iteration number until convergence for a given blade 

segment s. 
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𝜑𝑠,𝑖 = tan−1 [
1 − 𝑎𝑠,𝑖−1

1+𝑎′𝑠,𝑖−1
(

1

𝜆𝑠,𝑖
)]                                              (4.6) 

𝐹𝑡𝑖𝑝𝑠,𝑖
=

2

𝜋
cos−1 𝑒

  [
𝐵(𝑅−𝑟𝑠)

2𝑟𝑠 sin(𝜑𝑠,𝑖−1)
]

                                          (4.7) 

𝐹ℎ𝑢𝑏𝑠,𝑖
=

2

𝜋
cos−1 𝑒

  [
−𝐵(𝑟𝑠−𝑅ℎ𝑢𝑏)

2𝑟𝑠 sin(𝜑𝑠,𝑖−1)
]

                                         (4.8) 

𝐹𝑠,𝑖 = 𝐹ℎ𝑢𝑏𝑠,𝑖
𝐹𝑡𝑖𝑝𝑠,𝑖

                                                     (4.9) 

3. Within the ith iteration, the new lift and drag coefficients are determined from the polar data 

via interpolation based on the new relative wind angle using (4.10): 

𝛼𝑠,𝑖 = 𝜑𝑠,𝑖 − 𝜃𝑝𝑖
                                                     (4.10) 

4. Continuing the ith iteration, the thrust coefficient is calculated using (4.11) as: 

𝐶𝑇𝑠,𝑖
=

𝜎′𝑠(1−𝑎𝑠,𝑖)
2[𝐶𝐿𝑠,𝑖

cos𝜑𝑠,𝑖+𝐶𝑑𝑠,𝑖
sin𝜑𝑠,𝑖]

sin2 𝜑𝑠,𝑖
                                    (4.11) 

5. Before the next iteration of the program can begin, the new axial induction factor must be 

calculated. To incorporate wake effects, the value of the new axial induction factor for the 

next iteration of the fixed-point iteration depends on the following conditional statement: 

if 𝐶𝑇𝑠,𝑖
> 0.96 

𝑎𝑠,𝑖+1 =
18𝐹𝑠,𝑖 −20−3√𝐶𝑇𝑠,𝑖

(50−36𝐹𝑠,𝑖 )+12𝐹𝑠,𝑖 (3𝐹𝑠,𝑖−4)

36𝐹𝑠,𝑖 −50
                               (4.12) 

otherwise, 

    𝑎𝑠,𝑖+1 = [1 +
4𝐹𝑠,𝑖𝑠𝑖𝑛

2(𝜑𝑠,𝑖)

𝜎′𝑠(𝐶𝐿𝑠,𝑖
𝑐𝑜𝑠𝜑𝑠,𝑖+𝐶𝑑𝑠,𝑖 

𝑠𝑖𝑛𝜑𝑠,𝑖)
]

−1

                                  (4.13) 

6. From (4.14), the new tangential induction factor is calculated: 

 𝑎′𝑠,𝑖+1 = [−1 +
4𝐹 𝑠𝑖𝑛𝜑𝑠,𝑖 𝑐𝑜𝑠𝜑𝑠,𝑖

𝜎′𝑠(𝐶𝐿𝑠,𝑖
𝑠𝑖𝑛𝜑𝑠,𝑖−𝐶𝑑𝑠,𝑖

𝑐𝑜𝑠𝜑𝑠,𝑖)
]

−1

                               (4.14) 

7. If the new axial and tangential induction factors are within a pre-specified tolerance of the 

previous iteration's guess, then the fixed-point iteration method concludes for the given blade 

segment and the process is repeated for the next blade segment until the axial and tangential 

induction factors have been calculated for all blade stations. 
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8. Finally, after the axial and tangential induction factors have been found for all N segments 

of the blade, the coefficient of performance, Cp, is calculated using (4.15). From the 

coefficient of performance, the total power, P, is also calculated using (4.16). 

CP = 
8

λN
∑ Fssin

2(φs)(cosφs − λssinφs)
N
s = 1 (cosφs − λssinφs) [1 −

𝐶𝑑𝑠

𝐶𝐿𝑠

cotφs] λs
2
   (4.15) 

𝑃 =  𝜂
𝐶𝑃𝜌𝐴𝑈3

2
                                                      (4.16) 

B.  Aerodynamic Optimization via Power Curve 

A key challenge and the focus of this research to create a digital twin of an existing wind 

turbine using an incomplete set of data. There are multiple instances in which this strategy could 

be useful to both industry and academia. For example, when a wind farm operator purchases a new 

turbine, they are generally not provided with all the turbine's specifications. Wind turbine airfoil 

shapes and chord and twist distributions are often trade secrets, but these properties are vital to the 

creation of an accurate aerodynamic model. Similarly, when a wind turbine has been in operation 

for many years, its original properties can be degraded by years of fatigue damage, erosion, 

airborne debris buildup, and general wear and tear. So, even if a wind farm operator did have all 

the original aerodynamic properties of the turbine, it is unlikely that these properties would still be 

accurate after years of constant use.  

Despite the many properties that deteriorate over time, a good number of the blades' structural 

and aerodynamic properties can be said to remain essentially constant after installation. For 

example, many of the defining inherent properties of the turbine such as rotor diameter, hub 

diameter, blade mass, and the number of blades remain constant over time. Similarly, the operating 

windspeed, cut-in and cut-out windspeeds, and rated power are defined by the controls system 

rather than by the physical attributes of the turbine itself and can therefore be easily obtained by 

the operator. Some properties, such as the power curve, coefficient of thrust, and the blade mode 

shapes, may not remain constant over time but can be re-measured. 

The power curve of a wind turbine is heavily dependent on the chord, twist, and lift and drag 

polars of the blade sections. Therefore, the power curve can be considered a derived property in 

the calibration problem while the chord, twist, and lift and drag polars of the blade sections are the 

inherent properties that control the power curve. We began this study with the assumption that any 
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major deviation in a turbine's power curve from its ideal is due to deterioration or inaccuracy of 

the blades' chord, twist, and lift and drag polar distributions. Therefore, we hypothesized that the 

power curve of an aging or non-ideal turbine can be used to reverse-engineer the non-ideal chord 

height, twist angle, and aerodynamic polar distributions of the turbine's blades. The process by 

which we did this is described in the following sub-sections. 

1) Method 1 Methodology: Sectional Optimization via Power Curve, Chord, and Twist 

To test our methodology and reduce the complexity of the problem, we began the study with 

the GE Proof of Concepts (POC) 1.5MW turbine, which is based on the GE 1.5s turbine [18]. This 

turbine was the basis for the WindPACT Reference Turbine, so we theorized that the differences 

between the chord, twist, and power curve data should be minimal. Additionally, because the 

WindPACT Reference Turbine and the GE 1.5s have nearly the same size rotor and hub, the need 

to initially scale the chord and twist up or down by large amounts is essentially removed from the 

problem. To begin the process of calibration, a non-ideal power curve from a real wind turbine is 

provided (Figure 4.2). This is considered the experimental data set and is what we are trying to 

match with our model. In Figure 4.2, the regions of the power curve are labeled as Region I, Region 

II, and Region III. Region I starts at a wind speed of 0m/s and ends at the cut-in wind speed of the 

turbine, or the wind speed at which the turbine begins producing power. Region II stretches from 

the cut-in wind speed to the rated wind speed, or the wind speed at which the turbine reaches its 

rated power value. Region III begins at the turbine's rated wind speed and ends at the cut-out wind 

speed of the turbine, or the speed at which the turbine brakes due to extreme wind speeds. 

Values of power and their corresponding wind speed are then extracted from Region II at 100 

different windspeeds ranging from the cut-in windspeed to the rated windspeed (the leftmost and 

rightmost bounds of Region II respectively). Region II was selected because it is the region that is 

most affected by the aerodynamic properties of the turbine. Next, The BEM theory aerodynamic 

model is used to generate a power curve for a wind turbine with the same known properties as the 

POC 1.5MW turbine from which the raw power curve data was extracted. The inputs for this model 

are chord heights and twist angles at each blade segment, which are defined at the midpoint of 

each BEM theory blade segment as in Figure 4.6 and 4.7. 
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Figure 4.6.  Variable chord heights defined at the midpoint of each BEM theory blade segment. 

X1 – X10 are the design variables associated with chord height. 

 
Figure 4.7.  Variable twist angles defined at the midpoint of each BEM theory blade segment. 

X11 – X20 are the design variables associated with twist angle. 

Next, the root-mean-square error (RMSE) between the model power curve and the 

experimental power curve is calculated for all of the 100 sampled points using (4.17). In this 

equation, Pmodel is the model power at the jth windspeed, and Pexp is the experimental power at the 

jth windspeed, where j = 1,2,...n. Because the power was extracted at 100 values of windspeed 

between the cut-in and rated windspeed, n = 100. The RMSE equation is the objective function of 

this optimization problem. 

𝑅𝑀𝑆𝐸 =  √
1

𝑛
∑ (𝑃𝑚𝑜𝑑𝑒𝑙𝑗

− 𝑃𝑒𝑥𝑝𝑗
)
2

𝑛
𝑗=1                                     (4.17) 

Finally, the RMSE is minimized by applying fmincon with the SQP optimization algorithm to 

iteratively vary the chord height and twist angle at each of the 10 blade segments. The optimization 

problem can be formally stated as below, where f(X) is the objective function and each variable X 

is a design variable. 

min
X

f (X) = RMSE     

subject to: X1 ≤ X2  

 X2 ≤ X3  

 X4 ≤ X3 X3 has maximum chord 

 X5 ≤ X4  

 X6 ≤ X5  

 X7 ≤ X6  

 X8 ≤ X7  

 X9 ≤ X8  

 X10 ≤ X9  

 X12 ≤ X11  
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 X13 ≤ X12  

 X14 ≤ X13  

 X15 ≤ X14  

 X16 ≤ X15  

 X17 ≤ X16  

 X18 ≤ X17  

 X19 ≤ X18  

 X20 ≤ X19  

 X1, X2,... X20 ≥ 0 lower bound of all parameters 

 X1, X2,.... X10 ≤ 3 chord upper bound   

 X11, X12, X13 ≤ 30 twist upper bound of start-sections 

 X14, X15, X16, X17 ≤ 15 twist upper bound of mid-sections 

 X18, X19, X20 ≤ 5 twist upper bound of end sections 

The goal of the imposed constraints is to attempt to constrain the optimization algorithm to 

producing chord height and twist angle distribution combinations that follow the trends of a typical 

wind turbine blade. Regarding the chord height distribution, the maximum chord height should 

occur at approximately 25% the length of the blade (corresponding to design variable X3 in this 

optimization study). The BEM segments between the blade root and the point of maximum chord 

should consecutively increase in height until reaching the 25% mark, and all blade segments after 

the 25% mark should consecutively decrease in height until reaching the blade tip. Regarding the 

twist angle distribution, the twist angles should consecutively decrease along the entire length of 

the blade, from the blade root to the blade tip. 

A final note regarding the implementation of the fmincon optimization algorithm is the 

importance of the selection of the starting point (X0) of the optimization iterations. The starting 

point gives the optimization algorithm a place to begin searching for the optimal combination of 

the design variables in the feasible domain of the solution space. In the case of this study, the 

original chord height and twist angle distributions of the target 1.5MW wind turbine blades were 

known. Therefore, because it can be assumed that the altered chord and twist distributions will be 

in the near vicinity of the original distributions, the starting point was originally defined to be the 

values of the original known chord and twist distributions. This decision and its potential 

consequences in cases where the original chord and twist distributions are not known will be 

discussed further in the following section. 
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2) Method 1 Results: Sectional Optimization via Power Curve, Chord, and Twist 

The optimization study was performed on the 1.5MW POC 70.5m wind turbine. The baseline 

aerodynamic properties for the BEM MATLAB model (including the chord and twist 

distributions) were pulled from the 1.5MW WindPACT Reference Turbine [19]. One 

experimentally obtained power curve for the 1.5MW POC 70.5m wind turbine was located and 

used to complete this optimization study (Figure 4.2) [18]. This power curve was measured shortly 

after installation of the turbine. Therefore, it is unlikely that the turbine has experienced any fatigue 

or environmental damage. However, given the complexity in the process of manufacturing wind 

turbine blades, it is possible that the chord height and twist angle distributions of the actual blades 

could differ from the intended chord and twist distributions. As such, it is expected that the ideal, 

non-optimized power curve (obtained from the intended values of chord and twist) and optimized 

power curve (obtained by calibrating the chord and twist values to match the experimental data) 

will be close but not identical. 

Due to the nature of wind turbine blades, multiple combinations of chord and twist 

distributions can yield effectively the same power curve. To understand this, four different test 

cases were performed, as listed below. The results of these test cases are shown in Table 4.1 and 

Figures 4.8 – 4.11. 

1. Starting point at zero for the chord height and twist angle of all BEM segments (Figure 4.8). 

2. Starting point at one-fourth the ideal chord height and twist angle distributions (Figure 4.9). 

3. Starting point at one-half the ideal chord height and twist angle distributions (Figure 4.10). 

4. Starting point at the ideal chord height and twist angle distributions (Figure 4.11). 

 

 
Figure 4.8.  Chord height (top) and twist angle (bottom) distributions for Case 1 (Method 1). 
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Figure 4.9.  Chord height (top) and twist angle (bottom) distributions for Case 2 (Method 1). 

 

 

 
Figure 4.10.  Chord height (top) and twist angle (bottom) distributions for Case 3 (Method 1). 

 

 

 
Figure 4.11.  Chord height (top) and twist angle (bottom) distributions for Case 4 (Method 1). 
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Table 4.1.  Comparison of Test Cases 1 – 4 (Method 1) 

Case RMSE Value (Watts) Iterations 

Non-optimized 4.61909 x 104 --- 

1 3.74305 x 104 25 

2 3.74305 x 104 19 

3 3.74305 x 104 25 

4 3.74305 x 104 21 

From Table 4.1, it can be seen that the resulting minimized RMSE value of each test case are 

identical to six significant figures. This indicates that there is a single "best" power curve that is as 

close to the experimental data as possible subject to the model and algorithm constraints. However, 

Figs. 4.8–4.11 show that there are at least four different possible combinations of chord height and 

twist angle distributions that produce this calibrated power curve. This is due to the fact that 

multiple local optima are involved in this design problem. While the local optima yield essentially 

the same calibrated power curve (as is evident by the identical RMSE values), the optimal values 

of chord and twist vary greatly from one locally optimal solution to the next. To capture the entire 

set of solutions, it would be advantageous to implement a true multistart approach such that the 

optimization code begins at multiple different starting points and records the optimal solution for 

each starting point. The user could then compare the potential chord height and twist angle 

distributions and determine which are the most reasonable given the problem constraints and 

requirements. Additionally, implementing a multistart approach for this design problem would be 

of particular use when the original chord height and twist angle distributions of a wind turbine 

blade are completely unknown. 

For the sake of analysis, the case that produced the most realistic chord height and twist 

distributions is used for comparison to the non-optimized ideal chord and twist distributions that 

were provided by the WindPACT Reference Turbine model [19]. The author determined this case 

to be Case 2. The comparisons between the chord and twist distributions and resulting power 

curves are shown below (Figure 4.12, 4.13 respectively). Two key features should be noted from 

Figure 4.12. First, the optimal chord and twist distributions are both rather irregular (lumpy) in 

comparison to the non-optimized chord and twist distributions. While this could potentially be 

corrected by including more blade segments in the optimization, the increased number of blade 

segments would be unlikely to help with the second noteworthy feature of the figure; the general 
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oddness of the optimal chord distribution. Overall, the optimal chord distribution is taller than the 

non-optimized distribution. However, the oddness of the optimal chord distribution is due to the 

nearly parabolic, convex portion of the distribution from about 3m to 15m. In reality, such a chord 

distribution would not be easily manufacturable and is therefore unrealistic. The odd chord 

distributions shown in Figures 4.8. 4.10, 4.11, and 4.12 that resulted from the sectional 

optimization methodology is a major driving factor behind the switch to uniform scale factor 

optimization, as will be described and applied in the upcoming sections.  

 
Figure 4.12.  Comparison of chord (top) and twist (bottom) distributions for the optimized wind 

turbine design and the non-optimized baseline model values (Method 1). 

 
Figure 4.13.  Comparison of experimental POC power curve [18], optimized power curve, and 

non-optimized baseline model power curve (Method 1). 

It should be noted that the power curves produced by the MATLAB model do not take the 

effects of a control system into account. This is most evident in the discontinuity in the power 

curve between Regions II and III, in the so-called Region II.5. Because of this, the RMSE between 

─── Non-optimized 

─── Optimized 
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the experiment and the model was only calculated for windspeeds between the cut-in windspeed 

and 10 m/s so as to minimize the effect of the model's discontinuous idealized transition region. 

Clearly, the non-optimized power curve and the optimized power curve are very close to one 

another. As mentioned previously, this is likely due to the fact that the experimental data was taken 

very soon after the installation of the wind turbine such that fatigue damage and erosion would not 

have had a chance to significantly affect the blade properties. Therefore, the experimental data 

would be very close to the model data yielded by the idealized WindPACT chord and twist 

distributions.  Despite this, by calibrating the blade chord and twist distributions through 

optimization to reduce the difference between the experimental power curve and the model power 

curve, it was possible to find a new combination of chord height and twist angle distributions that 

resulted in a closer power curve match. From Table 4.1 it can be seen that the RMSE of the 

optimized model is lower than the non-optimized model. 

Clearly, while the power curve matches are good between the model and the experimental 

data, there is room for improvement in terms of the chord and twist distributions. Even the best of 

the optimal distributions was too lumpy and discontinuous to be feasibly manufacturable. Two 

potential solutions to this issue are as follows. The first approach is to optimize based on a Bézier 

curve, which constrains a series of points to a smooth, parametric curve, rather than purely 

inequality constraints as was done in this preliminary study [24]. Optimizing with a Bézier curve 

has the additional benefit of requiring fewer points to define a chord or twist distribution profile 

and therefore requires fewer design variables. Thus, not only would a Bézier curve yield smoother, 

more realistic blade solutions, but it would also decrease computational time as well. The second 

potential solution to this issue would be to optimize the chord and twist distributions via uniform 

scaling of the chord and twist distributions. This method will be described in much more detail in 

the following sections. 

3) Method 2 Methodology: Uniform Scaling Optimization via Power Curve, Chord, and Twist  

In this section, a new method of property scaling, dubbed uniform scaling, was attempted in 

the optimization routine. In this method, the entire distribution of an inherent property is multiplied 

by a constant value, referred to as the scale factor. For a visualization of this being applied to the 

chord and twist distributions, see Figures 4.14 and 4.15. The scale factor is then the design variable 
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of the optimization routine. Once again, the goal of the optimization routine is to produce a 

calibrated property distribution that minimizes the difference between a target derived property of 

the model and the experimental data. In this section, the derived property of interest is the power 

curve, just as it was in the previous section. The primary difference between uniform scaling 

optimization and sectional optimization is as follows: while sectional optimization allows the 

optimization routine to assign any value within a certain range to each section individually, 

uniform scaling optimization requires that each sectional property be adjusted by the same 

multiplicative scale factor.  There are two very distinct benefits of this new method. First, the 

number of design variables is reduced from the number of sections (10, in the case of the previous 

section) to only one scale factor per property distribution. In the case of the sectional optimization 

routine discussed in the previous section, there were 20 design variables: 10 corresponding to each 

section's chord, and another 10 corresponding to each section's twist. With the uniform scaling 

optimization methodology, there are only 2 design variables: one corresponding to the scale factor 

of the chord distribution and one corresponding to the scale factor of the twist distribution. The 

second major benefit of uniform scaling optimization is the guarantee of a realistic/manufacturable 

property distribution. This is because the solution will be based on the original property 

distribution, which was designed to be manufacturable in the first place. 

 
Figure 4.14.  Uniform scaling of the chord distribution.

 
Figure 4.15.  Uniform scaling of the twist distribution. 

 It is now necessary to make note of an important change between the previous section and 

the current section. Following the completion of the study described in the previous section, it was 

decided that the project move forward with the GE 1.5sle turbine as the target turbine (the 

descendant of the1.5MW EMD turbine). Whereas the turbine described in the previous section 

(the 1.5MW POC, the precursor to the GE 1.5s) had a 70.5m rotor, the GE 1.5sle  turbine discussed 
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in this section has a 77m rotor. This difference is important because the 1.5MW WindPACT 

Reference Turbine, the baseline model used in the study, can no longer be used essentially as-is. 

Instead, the aerodynamic and structural properties must be scaled from the 70m rotor of the 

WindPACT to the 77m rotor of the GE 1.5sle. According to Canet et al., there are two primary 

methods of achieving this. The first is to simply geometrically scale the properties of the turbine 

by a scale factor. This method is typically good for the external blade shape but can result in 

unreasonable dimensions in the internal blade geometries if the scale factor is very extreme [25]. 

The second method of scaling is to perform a complete re-design of the rotor structure and 

aerodynamics. This method is most applicable for extreme scaling (from a full-size wind turbine 

to a wind tunnel model or visa-versa) [25]. Given that we only need to scale from a 70m rotor to a 

77m rotor, we elected to move forward with simple geometric scaling. The scale factor between 

the GE 1.5sle turbine and the 1.5MW WindPACT Reference Turbine can be found in equation 

(4.18), where Lmodel is the blade length of the 1.5MW EMD turbine [18] and Lphysical is the blade 

length of the 1.5MW WindPACT turbine model [19]. The scale factor translates to essentially a 

10% increase in the geometric properties between the EMD turbine and the 1.5MW WindPACT 

Reference Turbine. 

𝜂 =
𝐿𝑚𝑜𝑑𝑒𝑙

𝐿𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙
=

37.25

33.25
≈  1.12                                              (4.18) 

Instead of directly applying this scale factor to the baseline wind turbine properties, we elected 

to continue using the baseline 1.5MW WindPACT turbine aerodynamic properties (airfoils, polars, 

chord, and twist) as they were given and constrain the uniform scaling factor (the design variable 

of the optimization problem) to being within a small margin above or below the theoretical scale 

factor described by equation (4.18).  

A final distinction between the study performed in this section and the previous section is the 

implementation of a multistart methodology. As discussed in the previous section, incorporating a 

multistart aspect into the optimization routine has two clear benefits. First, it helps prevent the 

solver from falling into local minima. Second, it provides the user with an array of optimal 

solutions from which to choose the result that most fits their need. For example, in the case of this 

problem, we would like to choose the optimal solution that produces the most reasonable chord 

and twist distributions while at the same time minimizing the difference between the model and 
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experimental power curves. Multistart was incorporated into the optimization routine in the 

following way: 

First, we defined the interval between which the design variables, X1 and X2
, could vary. X1 

is the uniform scale factor by which the baseline blade's chord distribution is multiplied. We 

allowed it to vary between 0.75 and 1.25. These bounds were designed to allow the scale factor a 

small amount of leeway above and below the ideal scale factor defined by equation (4.18). X2 is 

the uniform scale factor by which the baseline blade's twist distribution is multiplied. We allowed 

X2 to vary between 0.5 and 2 because multiplying the original twist distribution of the 1.5MW 

WindPACT Reference Turbine by any value larger than 2 resulted in unreasonable maximum twist 

values. 

We then created a linearly spaced vector with 10 divisions between the respective minimum 

and maximum values of X1 and X2. Every value of X1 was paired with every value of X2 to create 

the initial starting point for a single optimization run. This resulted in a total of 100 trials, with an 

optimal chord and twist distribution corresponding to each trial. We determined that the top 

performing solutions would meet the following criteria: 

1. Result in the smallest RMSE 

2. Require the least change in the twist distribution 

3. Require the least change in the chord distribution 

4. Be biased toward changes in the chord distribution that result in a chord distribution that is 

taller than the original WindPACT chord distribution (as it should be). 

4) Method 2 Results: Uniform Scaling Optimization via Power Curve, Chord, and Twist 

The results of the uniform scaling methodology with multistart implementation are discussed 

in this section. As a reminder, the wind turbine involved in this section is the GE 1.5sle with a 77m 

rotor. The power curve for this turbine is approximated by that of the 1.5MW EMD turbine from 

[18]. Figure 4.16 shows the baseline and optimal chord and twist distributions and Figure 4.17 

shows the experimental power curve compared with the non-optimized model power curve and 

the optimized model power curve. 
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Figure 4.16.  Comparison of chord (top) and twist (bottom) distributions for the optimized GE 

1.5sle wind turbine design and the non-optimized baseline model values (Method 2). 

 
Figure 4.17.  Comparison of experimental EMD power curve, optimized power curve, and non-

optimized baseline model power curve (Method 2). 

The uniform scaling optimization with multistart implementation found the optimal solution 

to be scaling the baseline WindPACT chord and twist distributions down by a factor of 0.8186 and 

0.8572 respectively. This combination resulted in an RMSE of 2.2005 x 104 Watts between the 

model and experimental power curves, which is better than the RMSEs obtained from the sectional 

optimization methodology performed in the previous section (refer to Table 4.1). However, the 

fact that a larger turbine blade should have shorter chord and twist distributions is not a 

straightforward result. According to the scaling laws discussed in Canet et al., a turbine with larger 

blades should have a larger chord [25]. The fact that the optimal chord and twist distributions are 

scaled down from the baseline 1.5MW WindPACT distributions is likely due to the fact that the 

model is over-performing, producing more power in theory than a real turbine of its dimension 

─── Non-optimized 

─── Optimized 
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would.  This issue will be addressed in the following section by manually scaling the chord and 

twist distributions of the turbine blade according to the scaling laws discussed in Canet et at. and 

introducing new design variables to the optimization problem [25]. We determined that the 

benefits of the realistic chord and twist distributions yielded by the uniform scaling optimization 

methodology far-outweighed any benefits of the sectional optimization and therefore we elected 

to move forward with the uniform scaling methodology and find ways to improve the match 

between the model and the experimental power curve data without drastically scaling chord and 

twist. 

5) Method 3 Methodology: Uniform Scaling Optimization via Power Curve and Polars 

The method of improvement that we chose to pursue was inclusion of the lift and drag polars 

in the calibration procedure. We chose this route for two very important reasons. First, as seen in 

the previous section, we found that there is a fixed limit to the extent to which reasonably scaled 

chord and twist distributions can affect the power curve of a turbine. In other words, the optimal 

chord and twist distributions that resulted in the lowest error between the model and experimental 

power curve were too drastically scaled either up or down to be a realistic solution for the problem. 

Second, it is known that polars are very likely to change over time due to erosion and dirt and bug 

buildup [26]. Therefore, it makes sense to examine changes in the airfoil polars within the 

optimization routine to account for actual conditions of the wind turbine, whether the turbine is 

relatively new or aging. 

In this optimization study, we manually scaled the chord distribution of the baseline turbine 

blade according to the scaling laws discussed in Canet et at. by a factor of η (refer to equation 

(4.18)) [25]. Due to the minimal effect that the scaling of the twist distribution has upon the results 

of the power curve, we opted to leave the twist distribution as defined by the 1.5MW WindPACT 

Reference Turbine. The lift and drag polars were optimized via uniform scaling of their baseline 

distributions within the angle of attack (AOA) region of 0º to 30º. Only this region was modified 

by the optimization scaling factor because it is known to be the most likely to be damaged in a 

meaningful way over time [26]. The lift polars were allowed to be scaled within the range of 0.85 

to 1.25, while the drag polars were given a smaller range, from 0.9 to 1.10. 
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It is also worth noting that we shifted the optimization routine from the pure BEM code 

described in Part A of Section 4.3 to the more comprehensive AeroDyn, an aerodynamic modelling 

code developed by NREL that utilizes the generalized dynamic-wake theory in addition to blade 

element momentum theory [27]. The primary reason for the switch to AeroDyn was the program's 

increased stability and ability to handle more complex aerodynamic conditions. While AeroDyn 

can be used within the overall FAST architecture, we only utilized AeroDyn for the calibration 

process. The primary change from working with the in-house BEM code and AeroDyn was the 

method by which the design variables were scaled. Instead of iteratively scaling the design 

variables within the code as was done in the BEM code, when using AeroDyn, the scaled variables 

had to be written into the aerodynamic files that are used as the input to AeroDyn for each iteration 

of the optimization loop. The optimization routine was still run in MATLAB using fmincon.  

6) Method 3 Results: Uniform Scaling Optimization via Power Curve and Polars 

The results of this optimization study found the optimal lift polar scaling factor to be 0.85, 

and the optimal drag polar scaling factor to be 1.10. The RMSE between the experimental and 

model power curve was 2.3449 x 104 Watts. There are two important things to notice regarding 

these results. First, both of the scale factors are at the bounds of their allowed ranges. This indicates 

that while the problem has been optimized within the design space, it has not been optimized fully. 

Second, the RMSE yielded by this optimization is higher than the RMSE found in the previous 

section. However, given that the two RMSEs are so close and recognizing that this solution utilizes 

much more reasonable chord and twist distributions, we conclude that while imperfect, this 

solution is preferable to the previous method.  

The comparison of the experimental, optimized, and baseline non-optimized power curves for 

this section are is shown in Figure 4.18. In this figure, only the optimized region of the model is 

plotted. Again, the y-axis of the plot of the power curve has been hidden to protect the GE data. 

The optimized scaled lift and drag polar distributions are shown in Fig 4.19. It is important to 

reiterate that the wind turbine model began with the baseline 1.5MW WindPACT Reference 

Turbine airfoil definitions. The WindPACT Reference Turbine has three distinct airfoils aside 

from the circular airfoil of the root. Each of these three airfoils are defined for 1/3 of the blade, 

excepting of the section of the blade that includes the root. For example, since this wind turbine 
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model has 10 sections, the first airfoil is defined for sections 2 through 4, the second is defined for 

sections 5 through 7, and the third airfoil is defined for sections 8 through 10 (the circular airfoil 

is defined for section 1, but this airfoil is not scaled in the optimization). Herein lies the logic 

behind the plot naming convention found in Figure 4.19. 

 
Figure 4.18.  Comparison of experimental EMD power curve, optimized power curve, and non-

optimized baseline model power curve (Method 3). 

 

 
Figure 4.19.  Lift (top) and drag (bottom) polar distributions for the optimized GE 1.5sle wind 

turbine design and the non-optimized baseline model values (Method 3). 

 

─── Non-optimized 

─── Optimized 
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C.  Aerodynamic Optimization via Power Curve and CT 

Following the completion of the previous optimization study, we determined that the 

optimization needed to be constrained further because there were too many different optimized 

parameter combinations that produced near-identical power curves with similar values of 

minimized RMSE. To do this, we introduced the coefficient of thrust (CT) as another derived 

property to be matched between the model and experimental data. We incorporated this data into 

the optimization routine in the same way that the power curve is used: the error between the 

model's CT vs windspeed distribution and the experimental CT vs. windspeed distribution is 

calculated and minimized via uniform scaling of the design variables. 

1) Method 4: Aerodynamic Optimization via Power Curve and Thrust Data Methodology 

As in Part B of this section, the design variables in question are the chord and twist 

distributions, and the sectional lift and drag polars within the AOA range of 0º to 30º. Due to the 

functionality of fmincon, only one equation can be minimized, meaning that it would not be 

possible to minimize the power curve RMSE and CT RMSE separately at the same time. Therefore, 

a different objective function than the one described in equation (4.17) must be defined for this 

optimization problem. The new objective function that considers the cumulative error in both the 

power curve and the CT distribution is defined in equation (4.19). In this equation, n is the number 

of windspeeds at which the model is evaluated. 

𝑓(𝑋)  = ∑ |
𝑃𝑚𝑜𝑑𝑒𝑙𝑗

−𝑃𝑒𝑥𝑝𝑗

𝑃𝑒𝑥𝑝𝑗

|𝑛
𝑗=1 + ∑ |

𝐶𝑇𝑚𝑜𝑑𝑒𝑙𝑗
−𝐶𝑇𝑒𝑥𝑝𝑗

𝐶𝑇𝑒𝑥𝑝𝑗

|𝑛
𝑗=1                           (4.19) 

The shift from RMS error to observational error should be explained. In the model, power is 

recorded in Watts. Because the turbine produces power on the magnitude of kilowatts (1.5MW to 

be precise), the RMSE between the model and experimental power curves was typically in the 

thousands, as can be seen from the previous sections. However, coefficient of thrust is a unitless 

quantity that typically varies between approximately 0 and 1 for a wind turbine of this scale. As 

such, the magnitude of the CT RMSE would be much smaller than the power curve RMSE, so the 

optimization routine would favor minimizing the difference in the power curve. Using 

observational error ensures that the error between the power curves and the CT distributions are 

normalized and weighted equally. By incorporating this new objective function into the 
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optimization routine, our model is attempting to match two sets of experimental data: the 

windspeed-dependent power curve and thrust coefficient, both of which are considered derived 

properties. By including a secondary derived aerodynamic property to the optimization routine, 

we removed some of the uncertainty from the model by reducing the number of potential solutions 

that would produce the same power curve.  

While AeroDyn calculates the thrust coefficient internally, it is important to understand the 

form of its equation. The equation for the coefficient of thrust can be found in equation (4.20) [25]. 

In the equation, T is the thrust force on the rotor, ρ is the density of the air, A is the rotor disk area, 

and V is the incoming windspeed. This equation clearly illustrates one of the main reasons why 

we shifted from the in-house BEM code to AeroDyn. The presence of velocity in the denominator 

of the equation meant that when calculating the coefficient of thrust using the BEM code, the 

results would grow to infinity for low windspeeds. This issue is well-known and accounted for in 

AeroDyn, a much more stable aerodynamic solver. 

𝐶𝑇 =
𝑇

0.5∙𝜌∙𝐴∙𝑉2                                                            (4.20) 

2) Method 4 Methodology: Aerodynamic Optimization via Power Curve and Thrust Data 

A normalized plot of experimentally obtained coefficient of thrust versus windspeed data for 

a 1.5MW wind turbine is shown in Figure 4.20. In this figure, the normalized experimental CT vs 

windspeed curve is compared against that of a baseline 1.5MW turbine model with its chord scaled 

up by a factor of η to approximate a 77m rotor, as defined in equation (4.18). This simple method 

of scaling up the chord allowed us to appreciate how the baseline model controller performed when 

assigned similar aerodynamic dimensions to the GE 1.5sle3.  

From Figure 4.20, three key observations are in order. First, the match in Region III is very 

close between the non-optimized model and experimental data. Second, for the majority of Region 

II, the non-optimized model has a considerably lower CT than the experimental data. Finally, the 

experimental data was clearly taken from a turbine in the field with a control system actively 

smoothing out the transition regions between Regions I and II and Regions II and III (as a control 

 

3Note: the dimensions have not been optimized as in the previous sections. This was simply a scaling exercise to understand what 

we are working with in terms of the CT and the baseline controller. 
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system should). This is clear from the lack of sharp discontinuities in the curve like those seen in 

the non-optimized model CT distribution. Because we are optimizing within AeroDyn, it is not 

possible to obtain such smooth transition regions as AeroDyn does not consider the effects of a 

controller. Additionally, Regions I and III are also primarily dictated by the controller rather than 

the aerodynamics of the blades. Therefore, for this portion of the optimization study, we elected 

to only optimize with respect to the portions of the experimental data that appear to be independent 

of the control system. This region occurs between 6m/s and 8m/s, where the CT is approximately 

constant, as would be expected of an ideal turbine operating within Region II. 

 
Figure 4.20.  Normalized experimental thrust coefficient versus windspeed compared with that of 

the non-optimized scaled baseline model turbine. 

As with the previous study, the lift polars were allowed to be uniformly scaled within the 

range of 0.85 to 1.25, while the drag polars were given a smaller range, from 0.9 to 1.10. The chord 

and twist were set to their baseline distributions (i.e. the chord and twist corresponding to the 

blades of a smaller, 70m rotor), and were allowed to be uniformly scaled by factors of 0.75 to 1.25 

for the chord and 0.5 to 1.25 for the twist. These bounds ensured that the resulting distributions 

would be realistic relative to the increased proportions of the GE 1.5sle with the larger 77m 

diameter rotor. 

9) Method 4 Results: Aerodynamic Optimization via Power Curve and Thrust Data 

A similar optimization routine was run for this section as the end of the previous section. This 

time, the new objective function defined in equation (4.19) was used in the optimization routine, 

and the chord and twist were also permitted to uniformly scale. In other words, the chord and twist 
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distributions and the lift and drag polars between AOA 0º to 30º were uniformly scaled up and 

down until objective function defined in (4.19) was minimized. The resulting minimized error was 

5.696%4. The optimal scaling factors were 1.2209 for the lift polars, 1.100 for the drag polars, 

1.1791 for the baseline chord, and 0.6 for the baseline twist. The optimized power curve and 

normalized CT versus windspeed curve are shown in Figures 4.21 and 4.22 respectively. The 

experimental and non-optimized distributions are also shown in these figures. The scaled chord 

and twist distributions are shown in Figure 23, and the scaled polars are shown in Figure 24. 

 
Figure 4.21.  Comparison of experimental EMD power curve, optimized power curve, and non-

optimized baseline model power curve (Method 4).  

  
 
 

Figure 4.22.  Comparison of normalized experimental thrust coefficient curve, optimized Region 

II thrust coefficient, and non-optimized baseline model Region II thrust coefficient (Method 4). 

 

4 For reference, the optimal distribution found in the previous section (Part 5B of Section 4.3, in which only the polars were 

optimized with respect to the RMS error in the power curve alone) resulted in an observational error (according to equation 

4.19) of 24.59%. 
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Figure 4.23.  Comparison of chord (top) and twist (bottom) distributions for the optimized GE 

1.5sle wind turbine design and the non-optimized baseline model values (Method 4). 

From Figure 4.22, it is clear that there is a marked improvement in the coefficient of thrust in 

Region II between the non-optimized baseline 1.5MW turbine model blade and the calibrated 

blade. This fact illustrates that the methodology applied in this section is sound. A key point is that 

this new method produces an aerodynamic digital twin that captures both the rotor power and 

thrust loading characteristics. Therefore, we expect the model to accurately predict how loads are 

transferred to the turbine in terms of both torque and thrust loading. Despite the promising results 

shown here in which both power and thrust characteristics are captured well the Region II, the 

author believes that it would be interesting in future work to perform the optimization routine 

within FAST with a controller in place. This would allow for optimization of the CT curve at all 

windspeeds rather than just a small range of windspeeds within Region II. However, complexities 

could arise when attempting optimization of this sort because a controller is typically designed for 

a single turbine with set aerodynamic properties. By changing the aerodynamic properties as would 

be done within an optimization loop, the controller would no longer be tuned for the resulting 

turbine that is analyzed within each iteration of the optimization routine. 

Also worth noting is the shift in the power curve shown in Figure 4.21. More correctly, the 

lack of shift between the non-optimal model to the optimal model should be noted. However, the 

non-optimized power curve was much closer to the experimental power curve at the start of the 

optimization with respect to how far away the non-optimal CT was from the experimental CT in 

Region II at the start of the optimization. Therefore, upwards shifting of the CT in Region II took 

precedence. 

─── Non-optimized 

─── Optimized 
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Figure 4.24.  Lift (top) and drag (bottom) polar distributions for the optimized GE 1.5sle wind 

turbine design and the non-optimized baseline model values (Method 4). 

Finally, the scaling of the chord, twist, and polars should be discussed. As a reminder, the 

aerodynamic properties all began at the baseline values of a 1.5MW turbine with a 70m rotor. 

Hence, the upwards scaling of the chord by a factor of 1.1791 is very good because it is near the 

ideal scale factor of η = 1.12, as found in equation (4.18). The twist was scaled by a factor of 0.6, 

indicating that it was scaled down by about 40%. However, regardless of this seemingly large 

downscale, the resulting twist distribution is still within a reasonable domain. Lastly, while the lift 

polar scaling factor did not lie on the edge of the allowed range of the scale factor, that of the drag 

polars did. This indicates that if more leeway were allowed to the range of the drag polars scale 

factor, the objective function could potentially be reduced further. However, for the sake of this 

problem, we dub this solution as the optimal solution for the design space. 

In the future, we believe that scaling the wind turbine lift and drag polars via the methodology 

described in Robertson et al. would be interesting [28]. In this methodology, not only are the lift 

and drag polars scaled up and down, but they are also shifted with respect to the angle of attack as 

well, meaning that the lift coefficient previously defined at the 5º AOA could be shifted  forward 

to become the lift polar of the 6º AOA. This, along with optimizing within FAST with a controller, 

would likely further better the calibration of the aerodynamic properties discussed in this section. 

─── Non-optimized 

─── Optimized 
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In this section, many methods were explored in an effort to find the optimal collection of 

aerodynamic properties to best represent the aerodynamic performance of a GE 1.5sle wind turbine 

blade. Having reached an acceptable solution, we will now move on to the other, equally important 

aspect of wind turbine blade modelling: the structural properties.  

4.4     The Digital Twin Structural model 

A wind turbine rotor can be wholly defined in a large-scale transient simulation by its blades' 

aerodynamic and structural properties. As discussed in the previous section, the aerodynamic 

properties of a turbine blade account for important derived system properties such as how much 

lift is produced along the length of the blade, the turbine's power production, and the thrust loads 

on the turbine rotor. Equally important are a blade's structural properties, which determine vital 

derived blade properties such as how much the blade deflects under wind loading, whether or not 

the blade experiences considerable flutter within the rated windspeed range of the turbine, and the 

blade's capacity to withstand repeated wind and gravity loadings over time. Knowledge of all of 

these aspects of a turbine and its blades are critical to both the turbine's short-term and long-term 

survivability and profitability. As such, the value and importance of an accurate structural model 

should be clear.  

In this section, the methodology behind the definition and tuning of the structural aspects of 

the blades of the GE 1.5sle digital twin is detailed and discussed. First, the starting point for the 

properties of the model is defined, followed soon thereafter by the process by which these 

properties are adjusted to provide a better baseline representation the GE 1.5sle. Next, the creation 

of a simple finite element blade model is outlined. Finally, a methodology is presented and 

demonstrated to tune the structural properties of the turbine blade model. In this approach, the 

elastic and dynamic blade properties are considered and optimized separately with respect to the 

blade's mass properties and stiffness properties respectively. 

A.  Scaling Theory 

The structural properties of any structure are determined completely by the structure's 

geometric and material composition. For FAST, the aeroelastic wind turbine simulation software 

for which we are creating this model, these properties are defined sectionally in terms of their 
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aggregate, cross-sectional beam properties such as the blade's sectional mass density, and its 

sectional flapwise, edgewise, spanwise, and torsional stiffnesses. 

 As in the previous section, the goal of this section is the creation of a digital twin of the GE 

1.5sle turbine; however, we are now focused the structural model. Again, the 1.5MW WindPACT 

Reference Turbine was used as the starting point for the structural properties of the turbine blade 

[19]. This means that structural properties of a turbine blade designed for a 70m rotor were used 

as the starting point for those of a turbine blade designed for a 77m rotor. Therefore, it was 

necessary to upscale the structural properties of the 1.5MW WindPACT turbine model to serve as 

a better baseline for the GE 1.5sle. Just as the blade chord can be geometrically scaled up by a 

factor of η (defined in equation 4.18), so too can the other geometrically based properties of the 

blade. As all the previously mentioned structural properties are geometrically based, they all must 

be scaled. The scaling laws for these properties can be found in equations 4.21 through 4.25  [29], 

[25]. In these equations, ρA is the mass density, EzIy is the flapwise stiffness, EyIz is the edgewise 

stiffness, ExA is the spanwise stiffness, GJ is the torsional stiffness, and η is as defined in equation 

(4.18). For clarity, the blade and axis orientation with respect to these equations are shown in 

Figure 4.25. 

(ρA)new = ((ρA)old)η
1.2                                              (4.21) 

(EzIy)new = ((EzIy)old)η
4                                             (4.22) 

 (EyIz)new = ((EyIz)old)η
4                                             (4.23) 

 (ExA)new = ((ExA)old)η
2                                              (4.24) 

 (GJ)new = ((GJ)old)η
4                                                 (4.25) 

 
Figure 4.25.  Blade orientation and axis. 

B.  Model Creation 

As in the creation of the aerodynamic model, it was necessary to create a structural model of 

the wind turbine blade. This model is then used to test the structural property tuning methodologies 

that are discussed in the coming sections. For simplicity and smoother incorporation with the 
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MATLAB optimization toolbox used in the previous section, we elected to create a 3D finite 

element model of the turbine blade within MATLAB.  The finite element model was coded using 

the elemental mass and stiffness equations for a three-dimensional frame element provided within 

Craig and Kurdilla, 2006 [30]. The elemental properties needed to define a single frame element 

are as follows: density, cross-sectional area, elemental length, elastic modulus in x, y, and z, shear 

modulus, area moment of inertia in y and z, area polar moment of inertia, and torsion constant5. In 

this model, a frame element was used to represent a blade section. Therefore, the properties needed 

to define the element as listed above were derived from the scaled 1.5MW WindPACT Reference 

Turbine structural properties.  

 A single node of a frame element has a total of six degrees of freedom: translation in the x, 

y, and z directions, and rotation about the x, y, and z axis. This being the case, every frame element 

has 12 degrees of freedom (Figure 4.26). The total number of nodes in a system is equal to 1+ the 

number of elements. In the case of this blade finite element model, the number of elements is equal 

to the number of blade sections. The total number of degrees of freedom in a system is equal to 6 

times the number of system nodes. A mode shape can be extracted for each one of these degrees 

of freedom. 

 
Figure 4.26.  Illustration of three-dimensional frame element and its 12 degrees of freedom. 

The global mass (M) and stiffness (K) matrices are assembled from the elemental mass (me) 

and elemental stiffness (ke) matrices defined in Craig and Kurdilla, 2006 [30]. The simplest way 

to describe the assembly of the global matrices is pictorially. In Figure 4.27, the global mass matrix 

for a 4-element system is shown. Each bolded light-blue box represents the 12x12 elemental mass 

matrix of a single element. The dark-blue shaded boxes represent the degrees of freedom of a 

 

5 Note that the coordinate system used in the finite element model is consistent with that defined in Fig. 4.25. 
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shared node between two elements. At these locations, the overlapping 6x6 portion of the 

elemental mass matrices of two elements are summed. The remaining white spaces are filled with 

zeros. The global stiffness matrix is assembled in the same way using the elemental stiffness 

matrices.  

 
Figure 4.27.  Visualization of the assembly of the global mass and stiffness matrices. 

Typically, when affixed to the rotor hub, a wind turbine blade is modelled as a cantilevered 

beam. The cantilever boundary condition implies that the blade cannot displace or rotate at the 

cantilevered (or "fixed") end. In the case of our blade model, we elected to cantilever the blade at 

the left end (x = 0). The right end of the blade (x = L) is unconstrained. To enforce the cantilevered 

boundary conditions within the finite element model, the translational and rotational degrees of 

freedom of the first node must be forced to zero. This is done by deleting the first 6 rows and 

columns of the global mass and global stiffness matrices (the first 6 rows and columns correspond 

to the 3 translational and 3 rotational degrees of freedom of the node located at x = 0). With this 

final adjustment, the finite element blade model is complete and ready for use. 

C.  Mass Property Optimization via Center of Gravity and Total Mass 

As mentioned previously, the mass properties and stiffness properties are tuned separately in 

the structural model [21]. This is an important aspect of this model because separating the two 

M =  
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optimization procedures greatly simplifies the process. In this section of the chapter, the process 

of calibrating the mass properties of the blade via minimization optimization is described.  

For wind turbine blades, the mass of the blade is generally a commonly known or easily 

estimated piece of information. The same can largely be said of the blade's center of gravity (CG) 

location, although this is more often true for blades used for experimental and research purposes 

than those used on commercial turbines. As such, we elected to calibrate the mass properties of 

our modelled turbine blade by minimizing the difference between the mass and CG of the model 

and known mass and CG of a target turbine blade. The objective function for this minimization 

problem is described mathematically in equation (4.26). In this equation, M is the total mass of the 

blade, calculated by summing the individual elemental masses of the blade, and CG is the center 

of gravity location of the blade.  

f(X)  =  |
Mmodel−Mexp

Mexp
| + |

CGmodel−CGexp

CGexp
|                                       (4.26) 

Of the elemental properties listed in Part B of this section, the elemental cross-sectional area 

and elemental density are the only properties that affect the blade mass and center of gravity 

location. Therefore, these will be the inherent properties that will be calibrated to obtain a match 

between the mass properties of the model blade and a target turbine blade. We approach the 

calibration of these variables in two different ways, described in the following sub-sections. 

1) Method 1: Uniform Scaling Optimization 

The first method we attempted is the tried-and-true uniform scaling optimization. By this 

method, the cross-sectional area of each element is scaled by a single uniform factor. In this way, 

the same general trend in the cross-sectional area is maintained while still allowing for calibration 

of the parameter. The density of each element was treated in the same way. From this, we had two 

design variables in this optimization problem, X1 to represent the scale factor of the blade's cross-

sectional area distribution, and X2 to represent the scale factor of the blade's density distribution. 

X1 and X2 were both constrained such that neither the distribution of cross-sectional areas nor the 

density distribution could be scaled by more than 5x their original value. The constraint that the 

design variables had to remain positive was also enforced. Running this optimization resulted in a 

scale factor of 1.044 for both the density and cross-sectional area distributions. The effect on the 
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model mass and center of gravity, as well as how near the calibrated model is to the target values, 

is shown in Table 4.2. In this table, the baseline values are those which the modeled turbine blade 

had before being optimized. The target values are those which we are trying to match. It should be 

noted that neither the target CG nor the target mass correspond to the GE 1.5sle blade as trial 

values were selected to illustrate the methodology while protecting information. 

Table 4.2.  Results of the uniform scaling mass property optimization (Method 1). 

 Baseline Values Target Values Uniformly Optimized Values Error (%) 

Mass (kg) 3,670.1 4,000 4,000 1.82 × 10-7 

CG (-) 0.3206 0.35 0.3206 8.40 

From these results, two important conclusions should be drawn. First, the calibrated match 

between the model mass and target mass is nearly exact. While this is promising, the second 

conclusion reveals the flaw in this methodology: the center of gravity location does not change at 

all before and after calibration. This is due to the fact that uniformly scaling the cross-sectional 

area and density distributions does not allow for shifting of the sectional masses. No matter by 

what factor the distributions are normalized, each blade section remains the same mass 

proportionally to the other sections. Therefore, it is impossible to optimize the center of gravity 

location via uniform scaling optimization. For this reason, we attempted Method 2, described in 

the following sub-section.  

2) Method 2: Sectional Optimization 

This time, we calibrated the cross-sectional area and density of each section individually, 

hence, sectional optimization. Rather than multiplying the baseline value of each section by 

independent scaling values, we elected instead to simply optimize the value of the cross-sectional 

area and density of each blade section. In this way, there were twice the number of design variables 

as blade sections. Every sectional value of cross-sectional area and density were constrained to 

produce a sectional mass density of at least 4 kg/m and to remain below 120% of their original 

baseline values [20]. The same objective function was used in this optimization method. The 

results of Method 2 are shown in Figure 4.28 and Table 4.3. Figure 4.28 provides a comparison 

between the non-optimized and optimized mass density distributions.  



 
 

106 

 
Figure 4.28.  Comparison between non-optimized and optimized mass density distributions. 

Table 4.3.  Results of the sectional mass property optimization (Method 2). 

 Baseline Values Target Values Sectionally Optimized Values Error (%) 

Mass (kg) 3,670.1 4,000 4,000 3.95 × 10-7 

CG (-) 0.3206 0.35 0.3458 1.21 

From Table 4.3, it is clear that the sectional optimization methodology performed better than 

the uniform scaling optimization. The error in the calibrated mass is essentially zero in this 

methodology, just as it was in the previous method. Additionally, the application of sectional 

optimization allowed for the center of gravity location to be calibrated as well, resulting in an error 

of just over 1% between the target value and the calibrated value. Having completed the calibration 

methodology for the mass properties of the blade, we now move on to the calibration of the 

stiffness properties. 

D.  Stiffness Property Optimization via Natural Frequencies 

After completing the mass property calibration (Step 1), the global mass and stiffness matrices 

of the turbine blade are updated to include the sectionally calibrated distributions of density and 

cross-sectional area. Using these, we could begin the process of calibrating the stiffness properties 

of the blade (Step 2), in particular, the flapwise, edgewise, spanwise, and torsional stiffness 

distributions. To do this, we opted to use the natural frequencies of a target blade as the 

optimization goals of this study. To do this, we formed the new objective function shown in 

equation (4.27), in which the sum of the errors between n the natural frequencies of the model and 

the target blade is minimized. In this equation, n is the number of frequencies used in the 

calibration and fj is the natural frequency of the jth mode. While this optimization methodology can 

be performed with as many frequencies as the user desires (up to the number of degrees of freedom 
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in the blade model), we chose to consider the natural frequencies of only the first three blade 

modes: 1st flapwise, 1st edgewise, and 2nd flapwise. It should be noted that including more natural 

frequencies in the optimization routine would help remove uncertainty from the model. 

𝑓(𝑋)  = ∑ |
𝑓𝑚𝑜𝑑𝑒𝑙𝑗

−𝑓𝑒𝑥𝑝𝑗

𝑓𝑒𝑥𝑝𝑗

|𝑛
𝑗=1                                              (4.27) 

To calculate the natural frequencies of the model, it is necessary to determine the eigenvalues 

and eigenvectors of the blade. These can be found by solving the eigenvalue problem in equation 

(4.28), where K is the updated global stiffness matrix, M is the updated global mass matrix, λr is 

the rth eigenvalue, and ϕr is the rth eigenmode vector. All values of λ that satisfy the equation can 

be found by solving equation (4.29), the characteristic polynomial of the system. The eigenvector 

corresponding to this eigenvalue can then be found through backwards substitution of the value of 

λr into equation (4.28) and solving for the vector ϕr that satisfies the equation. 

[𝐊 − λ𝑟𝐌]ϕ𝑟 = 0                                                   (4.28) 

|𝐊 − λ𝑟𝐌| = 0                                                     (4.29) 

The eigenvectors that are found through this process can be normalized to become the mode 

shapes of the system. To find the corresponding natural frequencies of the system in units of Hertz, 

equation (4.30) must be solved, where fr is the rth natural frequency of the system. It was these 

values of frequency that we utilized within the optimization routine. 

𝑓𝑟  =  
1

2𝜋
√𝜆𝑟                                                       (4.30) 

To calibrate the natural frequencies, the blade’s sectional shear moduli (G) and three 

directionally dependent values of elastic moduli (Ex, Ey, and Ez) were uniformly scaled in the same 

way as was described in Method 1 of Part C of this section. From this, we had four design variables 

in this optimization problem, X1, X2, X3, and X4 to represent the scale factor of the blade's 

spanwise, edgewise, flapwise, and shear modulus distributions respectively. All four design 

variables were constrained such that their distributions could not be scaled by more than 5x their 

original values. The constraint that the design variables be greater than zero was also enforced. 

Running this optimization resulted in a scale factor of 2.391 for the spanwise elastic modulus, 

0.705 for both the edgewise elastic modulus, 0.711 for the flapwise elastic modulus, and 2.364 for 
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the shear modulus. The results of the stiffness optimization are shown in Table 4.4 and Figure 

4.29. It is important to note that the target frequency values displayed in Table 4.4 are not those of 

the GE 1.5sle. Rather, these frequency values were obtained by running a stationary simulation 

using the NREL software BModes on a blade with similar geometric properties to the GE 1.5sle. 

These frequencies were used for demonstration of the methodology described within this chapter. 

Table 4.4.  Results of the uniform scaling stiffness property optimization. 

 Baseline Values Target Values Uniformly Optimized Values Error (%) 

f
n1

 (Hz) 1.4394 1.121 1.121 7.59 × 10-4 

f
n2

 (Hz) 2.1894 1.696 1.696 2.13 × 10-7 

f
n3

 (Hz) 4.2845 3.258 3.338 2.445 

 

 
Figure 4.29.  Non-optimized and optimized blade property distributions. 

Based on the errors between the model blade and the target blade shown in Table 4.4, we 

conclude that uniform scaling works well for the blade stiffness properties. A further benefit of 

using this method is that it retains the relative existing trends in the blade stiffness properties. 

Hence, we felt no need to apply sectional optimization to the stiffness calibration routine. Finally, 

Figure 4.29 provides the final calibrated blade structural property distributions following the 

completion of both the mass property optimization and the stiffness property distributions.  
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4.5     Chapter Summary  

From this optimization study, it was made clear that wind turbines are complex structures with 

many interconnected subsystems working together to yield the highest power output possible while 

at the same time reduce the loads on the turbine to a minimum. In this chapter, we looked at 

developing the rotor aero-elastic model involving two important aspects of these many 

subsystems: the aerodynamics and structural dynamics of the blades. Through calibration of the 

aerodynamic properties of the blades, it was found that calibrating the chord and twist distributions 

alongside the lift and drag polars yields the best results when attempting to minimize the error 

between the power curve and thrust coefficient distribution of a turbine model and experimental 

data. During the exploration of the structural aspects of the blades, we determined that while 

uniform scaling of the property distributions was the best solution in the aerodynamic model, this 

was not necessarily the case in the structural model. While we do not have enough GE data to 

produce a completely calibrated and validated model of the GE 1.5sle turbine at this point in time, 

we have explored and proven many different turbine calibration methodologies rooted in the use 

of minimization optimization. 
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CHAPTER 5  

DIGITAL TWIN AND INTEGRATED FAST MODEL WITH USE CASES6 

This chapter is based upon work partially supported by the National Science Foundation 

under grant number IIP-1362022 (Collaborative Research: I/UCRC for Wind Energy, Science, 

Technology, and Research) and from the WindSTAR I/UCRC Members: Aquanis, Inc., Bachmann 

Electronic Corp., EDP Renewables, Electronic Power Research Institute, GE Renewable Energy, 

Huntsman, Hexion, Leeward Asset Management, LLC, Massachusetts Clean Energy Center, Olin 

Corporation, Pattern Energy, Shell International Exploration & Prod, Inc, Texas Wind Tower Co., 

and TPI Composites Inc. Any opinions, findings, and conclusions or recommendations expressed 

in this material are those of the author(s) and do not necessarily reflect the views of the National 

Science Foundation or the sponsors. 

5.1     Introduction 

A)  Wind Turbine End-of-Life Options 

The field of wind energy is soon to be facing a problem unlike any it has faced before. Within 

the next 10 to 20 years, thousands upon thousands of utility-scale wind turbines (turbines that are 

rated  ≥ 100kW [1]) are due to reach the end of their design lives. As illustrated by Figure 5.1, a 

large number of turbines were installed in the early 2000s in the United States [2]. Given that the 

typical wind turbine has a design life of 20 to 25 years, in the U.S. alone, anywhere from 3,000 to 

20,000 turbines are due to reach the end of their respective rated lives by 2030 [2], [3].  

This represents a significant problem for wind farm operators due to multiple reasons that will 

become clear shortly. As of right now, there are essentially three options available for turbines 

nearing the end of their design life; they can be decommissioned, repowered, or go through the 

process of lifetime extension [4]. Decommissioning involves the complete removal of a wind 

turbine and can include refurbishment and re-use of components, recycling of materials, or simply 

 

6 This chapter contains work that was performed in collaboration with Mr. Chang Liu under Dr. Todd Griffith and Dr. Mario 

Rotea at The University of Texas at Dallas. The project will be included in a technical report for WindSTAR project C2-19 

under the title “Decision Support Using FAST Aero-elastic Models of Operating Wind Turbines" in August 2020. 
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landfill [5]. However, wind turbines represent an enormous capital investment on the part of wind 

turbine operators, so it can safely be assumed that immediate decommissioning, an often long and 

costly process, would not be preferable in most situations. 

 
Figure 5.1.  Histogram of utility-scale turbines (rated at ≥ 100kW) installed in the U.S. by year. 

The next available option for aging wind turbines is lifetime extension, a process so new that 

to the author's knowledge, only one international standard has been published on the topic [6]. 

According to this standard, extending the life of a turbine must involve both visual inspection of 

the turbine's components and analysis of the turbine's potential remaining useful life to ensure the 

safe continuation of operation [6]. It is useful to reassess a turbine's potential remaining useful life 

after it has been installed because the conditions under which the turbine operates on the site are 

quite possibly very different from those for which it was designed. For example, a wind turbine 

could be operating at lower wind speeds or be active less frequently than the specifications to 

which it was designed [7]. As such, the rated life of the turbine would differ from its actual 

potential life. 

To estimate the remaining useful life of a turbine, typically a fatigue life study is performed, 

in which recorded loads on the turbine are analyzed and used to estimate the remaining useful life. 

To ensure the safety of the continued operation of the turbine, a life extension study must be 

performed on all load-bearing components of the turbine. These studies can be performed in either 

of two ways. The first way involves the collection of structural health monitoring-style (SHM-

style) data on all components in question [8]. This data can then be analyzed to estimate the 

remaining useful life of each component individually. However, it is quite unlikely that a wind 

2000    2001    2002   2003   2004    2005   2006    2007   2008   2009    2010    2011   2012    2013   2014   2015    2016    2017   2018   2019    2020 
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turbine operator would have so many SHM sensors on their turbines. This leads to the second 

method of performing the fatigue life study: modelling.   

In general, the best fatigue life studies are those with considerable data on both the turbine's 

environmental conditions and operating conditions. Environmental conditions involve wind farm-

specific data such as average windspeed and direction, turbulence intensity, air density. Turbine 

operating conditions are typically turbine-specific and consider how often the turbine was active 

and producing power versus in the locked position [4]. In the absence of load data, conservative 

estimates are made. This load data could then be used as the input to a turbine model, such as a 

FAST model, to calculate the turbine loading over time. The component loads data could then be 

extrapolated and used in a fatigue study to determine the remaining useful life of each load-bearing 

component.  

It is required that the turbine model used in the study be very good model, in which safety 

factors are used and uncertainty is acknowledged, and there is justifiable confidence in the 

aeroelastic and structural computations of the simulation [4]. Due to the turbine-specific nature of 

these life extension studies, it is common that the turbine model be a generic model that has been 

calibrated to the real structure and on-site conditions. Clearly, the presence of an easily-calibratable 

digital twin based on turbine-specific SCADA data, such as the model developed in the previous 

chapter, would be invaluable to wind turbine operators hoping to perform life extension of their 

turbines. 

The final option available to aging turbines is repowering. In this method, old turbines are 

either updated with newer, more efficient wind turbine technology, or they are decommissioned 

and replaced completely, setting up the new turbines in the foundations of the old ones [4]. In 

either case, life extension studies are still required. In the case of the whole-turbine replacement, 

a life extension study must be performed on the foundation. In the case of a partial-turbine 

replacement, a life extension study must be performed on all load-bearing components that are not 

being replaced. So, while the efficiency of the wind farm will undoubtedly increase after 

repowering, the process still represents a significant investment on the part of wind turbine 

operators. As such, turbine operators would want to ensure that the proposed changes to the 

turbines would make enough difference in the productivity of the turbine to justify the investment 
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in the life extension study and the purchase and installation of the new parts. Again, the presence 

of an accurate model, calibrated wind turbine model would be invaluable in this respect. 

B)  Selected Use Cases 

In this chapter, the opensource NREL wind turbine simulation tool OpenFAST is used to 

simulate the coupled dynamic response of a version of the turbine model discussed in the previous 

chapter [9]. The model used in this section is a scaled model of the generic 1.5MW turbine model 

with a 70m rotor (described in more detail in Chapter 4). The model was scaled up from the starting 

70m rotor to a 77m rotor according to the scaling laws discussed in [10] to better represent a turbine 

of similar proportions to the GE 1.5sle. 

This scaled model is used to run a theoretical fatigue-life study. First, a controller is designed 

and tuned to the aerodynamic and structural properties of the aero-structural model. Next, two 

FAST simulations are run using this model. The first simulation is a simple wind ramp case, in 

which the turbine experiences a smooth sweep of wind speeds beginning at the cut-in wind speed 

and ending at the cut-out wind speed (Figure 5.2). Next, a turbulent simulation is performed, with 

a mean wind speed greater than the turbine's rated windspeed (Figure 5.3). The data from the 

turbulent simulation is then analyzed using MLife, a post-processing tool designed by NREL to 

perform fatigue-life predictions [11].  

Following this fatigue study, the turbine model is de-rated. De-rating is a process that involves 

modifying the turbine's control system to cause the turbine to produce less power at the turbine's 

rated wind speed. The purpose of derating is to reduce the loads on a turbine, thereby theoretically 

extending the life of the turbine. Our selected method of de-rating will be described in the coming 

sections. The same simulations that were run on the rated model are also run on the de-rated model, 

and the data is also analyzed in MLife. The time-series and fatigue results are compared between 

the rated and de-rated model and conclusions are drawn regarding the results of de-rating on 

various vital turbine components.  
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Figure 5.2.  Ramp wind input used in rated and de-rated studies. 

 
Figure 5.3.  Example turbulent wind input used in rated and de-rated studies. 

5.2     Controller Design and Tuning 

Two versions of the de-rating study were performed. The first was performed using the default 

controller option of the generic 1.5MW turbine model, which uses a simple variable-speed 

controller. The second was performed using a Simulink variable-speed controller that was tuned 

to the scaled properties of the turbine according to the process described in [12]. The Simulink 

controller was developed in collaboration with Mr. Chang Liu in reference [13]. There are two 

main components to the variable-speed Simulink controller: the generator-torque controller and 

the rotor-collective blade-pitch controller [12], [13]. The Simulink generator-torque controller 

works by controlling generator torque to achieve the optimal tip-speed ratio (TSR) at wind speeds 

below rated and maintain generator power at wind speeds above rated [12], [13]. Rotor TSR is 

defined as the ratio between the speed of the rotor tip and the wind speed, as shown in equation 

(5.1), where ω is the angular velocity of the rotor, r is the rotor radius, and V is the incoming wind 

speed [14].  The optimal TSR is the TSR at which the rotor achieves the maximum coefficient of 

power (CP). This can be determined by generating and considering the model's contour plot of CP 

with respect to TSR and blade pitch (Figure 5.4). From this plot, the maximum value of CP (CPmax) 

was found to be 0.483, the corresponding optimal TSR (TSRopt) and Region II blade pitch angle 

(θopt) were found to be 7.424 and 2.7º respectively. 
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𝑇𝑆𝑅 =  
𝜔𝑟

𝑉
                                                            (5.1) 

 
Figure 5.4.  Contour plot of blade pitch, TSR, and CP for the scaled 77m turbine model. 

The generator-torque controller commands torque according to a pre-defined torque lookup 

table (Figure 5.5) which is divided into control regions. Control regions are defined as Regions I, 

I.5, II, II.5, and III and are characterized according to the generator RPMs allowed within the 

region. In Region I, no generator torque is commanded because power is not yet being generated. 

Region I.5 is the linear transition region between Region I and Region II. In Region II, torque is 

commanded according to equation (5.2), where ωgen is the current generator speed, τgen is the 

commanded generator torque, and K is the Region II generator torque constant defined by equation 

(5.3). In this equation, ρ is the incoming air density, R is the rotor radius, and Ngear is the gear ratio. 

Region II.5 is the linear transition region between Region II and Region III. In Region III the 

generator-torque controller is used to maintain the rated generator power by commanding the 

appropriate torque according to the equation defined in (5.4). In this equation, P0 is mechanical 

power as defined by equation (5.5), in which Prated is the rated generator power and Geneff is the 

generator efficiency. 

The second component to the Simulink variable-speed controller is the rotor-collective blade-

pitch controller. This controller uses proportional integral (PI) control with gain scheduling to 

regulate the speed of the generator in Region III by pitching the turbine blades to maintain the 

θopt 

TSRopt 
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rated rotor speed throughout all of Region III until reaching the cut-out speed. [12], [13]. The 

controller calculates the commanded blade pitch angle based on the speed error between the rated 

generator speed (ωrated) and its current speed (ωcurrent), defined in equation (5.6) [12], [13]. 

 
Figure 5.5.  Torque controller lookup table with labelled control regions for the Simulink 

variable-speed controller.  

Kωgen
2 = τgen                                                           (5.2) 

K =
CPmax ∙ρ∙π∙R5

2∙TSRopt
3 ∙Ngear

3                                                          (5.3) 

P0

ωgen
=  τgen                                                             (5.4) 

P0 =
Prated

Geneff
                                                              (5.5) 

𝜔𝑟𝑎𝑡𝑒𝑑 − 𝜔𝑐𝑢𝑟𝑟𝑒𝑛𝑡 = speed error                                          (5.6) 

The primary differences between the baseline generic 1.5MW controller and the Simulink 

controller are as follows. First, the generic controller was tuned for a 70m turbine whereas the 

Simulink controller was tuned for a 77m turbine. Second, the baseline generic controller did not 

appear to utilize the linear transition regions (Regions I.5 and II.5) that were incorporated in the 

Simulink controller [13]. After running the OpenFAST model of the scaled 77m turbine model 

with the tuned controller, both the power curve (Figure 5.6) and the distribution of coefficient of 

thrust versus windspeed (Figure 5.7) improved from those of the un-tuned generic controller 

relative to the target experimental data. Note that the experimental power curve data was measured 

from a 77m turbine called the 1.5MW Engineering and Manufacturing Development (EMD) 

I II I.5 II.5 III 



 

120 

turbine [15]. This turbine was the precursor to the GE 1.5sle so it was used for demonstration 

purposes in this chapter. Also note that the coefficient of thrust data has been normalized. 

 
Figure 5.6.  Experimental power curve versus windspeed compared with that of the un-tuned and 

tuned scaled baseline turbine controllers [15]. 

 
Figure 5.7.  Normalized experimental thrust coefficient versus windspeed compared with that of 

the un-tuned and tuned scaled baseline turbine controllers. 

5.3     De-Rating Study 

A)  De-Rating Methodology 

In this section, the Simulink controller discussed in the previous section is de-rated in 

collaboration with Mr. Chang Liu [13]. De-rating is a process that involves modifying the turbine's 

control system to cause the turbine to produce less power at the turbine's rated wind speed. The 

purpose of de-rating is to reduce the loads on a turbine, thereby theoretically extending the life of 

the turbine. Turbine de-rating can be achieved in either of two ways: reducing the rated rotor speed 

or reducing the rated generator torque [16]. In this chapter, we are focusing on de-rating the turbine 
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by reducing the rated generator torque while maintaining the rated rotor speed. A common method 

of achieving this is to operate the turbine with its blades pitched to a higher angle of attack [16]. 

Another method involves modifying the torque lookup table by reducing the Region II generator 

torque constant defined by equation (5.3). Both of these methodologies serve to reduce the thrust 

and torque loads on the rotor, thereby leading to the turbine producing less power and experiencing 

reduced loading on its components. 

We elected to utilize the second method of turbine de-rating, wherein the torque lookup table, 

and by extension the generator-torque controller, was modified [13]. The goal of this study was to 

de-rate the turbine from a 1.5MW turbine to a 1.2MW turbine – a reduction of 20%. As such, the 

Region II generator torque constant, K, used in the Simulink model was also reduced by 20%, as 

was the rated power in Region III, resulting in the new torque lookup table shown in Figure 5.8 

[13]. The power curves of the rated and de-rated turbines are shown in Figure 5.9. 

  
Figure 5.8.  Rated and de-rated torque controller lookup table with labelled control regions for 

the Simulink variable-speed controller.  

 
Figure 5.9.  Rated and de-rated turbine power curves due to ramp wind loading from cut-in to 

cut-out wind speeds. 

I II I.5 II.5 III 
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B)  De-Rating Results 

As mentioned in Section 5.1 Part B, the rated and de-rated turbines were both simulated under 

a ramp wind loading case and a turbulent wind loading case. The ramp wind loading case began 

at 3m/s and linearly rose until reaching 25m/s over the course of 2000 seconds (Figure 5.1). The 

turbulent wind loading case was centered around 17m/s and ran for 700 seconds (Figure 5.2). The 

first 100 seconds of both of these simulations were neglected to ensure that the ramp-up phase of 

the turbine simulation from rest had converged and would not affect the results. 

The transient response of the turbine's yaw bearing, low-speed shaft (LSS), blade root, and 

tower base were analyzed for both the ramp loading case and the turbulent loading case. We opted 

to analyze these components because they are particularly relevant within a fatigue study as they 

are heavily dynamically loaded. To understand the results that follow, it is first necessary to define 

the axis of the various frames of reference on the turbine. The coordinate systems corresponding 

to the tower base, blade, yaw bearing, and low-speed shaft are illustrated in Figure 5.10. For further 

clarity, it should also be noted that rotation about a coordinate system's x-axis is referred to as roll 

motion, rotation about the y-axis as pitch motion, and rotation about the z-axis as yaw motion.  

                                              
Figure 5.10.  Axis of the relevant turbine components. Coordinate systems are numbered 

according to: 1) tower base, 2) blade, 3) yaw bearing, 4) low-speed shaft. 

1) 

2) 

3) 

4) 
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The rated and de-rated turbine component dynamic responses due to the ramp wind loading 

are shown in Figures 5.11 through 5.16. Figures 5.11 and 5.12 show the yaw bearing response, 

Figure 5.13 shows the tower base response, Figure 5.14 shows the blade root response, and Figure 

5.15 and 5.16 show the low-speed shaft response. 

  
Figure 5.11.  Yaw bearing roll moment (left), pitch moment (center), and yaw moment (right). 

              
Figure 5.12.  Yaw bearing fore-aft deflection (right) and side-to-side deflection (left). 

  
Figure 5.13.  Tower base roll moment (left), pitching (center), and yaw moment (left). 

  
Figure 5.14.  Blade root torque (right), edgewise moment (center), and flapwise moment (right). 
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Figure 5.15.  Non-rotating low-speed shaft bending moment about the y-axis (left) and z-axis 

(right). 

   
Figure 5.16.  Non-rotating low-speed shaft tip bending moment about the y-axis (left) and z-axis 

(center), and low-speed shaft torque (right). 

From the above figures, it can be seen that for nearly all components, the dynamic response 

of the de-rated turbine is of a lower magnitude than the dynamic response of the rated turbine, 

confirming that the de-rated turbine components experience loads of reduced magnitudes at 

approximately the same frequency as the rated turbine. Of the components that do not experience 

a reduction in loading are the yaw bearing pitching moment and yaw moment, the tower base yaw 

moment, and the low-speed shaft bending moments about its center and its tip. These results are 

more clearly illustrated in Table 5.1, 5,2 and 5.3. These tables contain the results of the analysis 

of the turbulent wind loading simulations of the rated and de-rated turbines. The mean (Table 5.1), 

standard deviation (Table 5.2), and peak amplitude (Table 5.3) are calculated for the dynamic 

response of each component dynamic response for both the rated and de-rated turbines. The 

percentage change in each statistical quantity between the rated and de-rated turbines is also 

displayed in these tables for ease of comparison.  

 



 

125 

Table 5.1.  Mean of each component's response to the turbulent wind input for the rated and 

de-rated turbines. 

Parameter Rated Mean De-rated Mean Change (%) 

Yaw bearing roll moment (kN-m) 845.47 677.15 ↓ 19.9084 

Yaw bearing pitch moment (kN-m) 531.47 547.24 ↑ 2.9682 

Yaw bearing yaw moment (kN-m) 280.20 289.17 ↑ 3.2022 

Yaw bearing fore-aft deflection (m) 0.13440 0.10727 ↓ 20.1910 

Yaw bearing side-to-side deflection (m) 0.035213 0.030162 ↓ 14.3428 

Tower base roll moment (kN-m) 1317.5 1257.2 ↓ 4.5832 

Tower base pitch moment (kN-m) 8510.8 6902.9 ↓ 18.8917 

Tower base yaw moment (kN-m) 280.20 289.17 ↑ 3.2021 

Blade root torque (kN-m) 5.9803 5.3779 ↓ 10.0733 

Blade root edgewise moment (kN-m) 399.52 397.88 ↓ 0.4113 

Blade root flapwise moment (kN-m) 735.16 585.56 ↓ 20.3499 

LSS bending, y-axis (kN-m) 336.27 345.18 ↑ 2.6502 

LSS bending, z-axis (kN-m) 271.65 281.31 ↑ 3.5564 

LSS bending at shaft tip, y-axis (kN-m) 437.16 451.69 ↑ 3.3250 

LSS bending at shaft tip, z-axis (kN-m) 270.84 280.41 ↑ 3.5344 

LSS Torque (kN-m) 839.28 671.35 ↓ 20.0087 

Table 5.2.  Standard deviation of each component's response to the turbulent wind input for the 

rated and de-rated turbines. 

Parameter Rated Mean De-rated Mean Change (%) 

Yaw bearing roll moment (kN-m) 64.017 58.327 ↓ 8.8884 

Yaw bearing pitch moment (kN-m) 412.44 422.78 ↑ 2.5066 

Yaw bearing yaw moment (kN-m) 346.55 357.83 ↑ 3.2540 

Yaw bearing fore-aft deflection (m) 0.034986 0.032915 ↓ 5.9189 

Yaw bearing side-to-side deflection (m) 0.013801 0.016353 ↑ 18.4917 

Tower base roll moment (kN-m) 847.04 1004.0 ↑ 18.5358 

Tower base pitch moment (kN-m) 2107.1 1993.6 ↓ 5.3859 

Tower base yaw moment (kN-m) 346.55 357.83 ↑ 3.2538 
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Blade root torque (kN-m) 2.1063 1.8858 ↓ 10.4699 

Blade root edgewise moment (kN-m) 446.02 444.83 ↓ 0.2665 

Blade root flapwise moment (kN-m) 400.15 400.24 ↑ 0.0215 

LSS bending, y-axis (kN-m) 420.75 430.56 ↑ 2.3323 

LSS bending, z-axis (kN-m) 343.88 354.40 ↑ 3.0593 

LSS bending at shaft tip, y-axis (kN-m) 421.57 431.15 ↑ 2.2729 

LSS bending at shaft tip, z-axis (kN-m) 342.51 352.71 ↑ 2.9787 

LSS Torque (kN-m) 55.190 46.511 ↓ 15.7250 

Table 5.3.  Peak amplitude of each component's response to the turbulent wind input for the rated 

and de-rated turbines. 

Parameter Rated Mean De-rated Mean Change (%) 

Yaw bearing roll moment (kN-m) 1055 850.30 ↓ 19.4028 

Yaw bearing pitch moment (kN-m) 2009 2195 ↑ 9.2583 

Yaw bearing yaw moment (kN-m) 1404 1471 ↑ 4.7721 

Yaw bearing fore-aft deflection (m) 0.24970 0.20820 ↓ 16.6199 

Yaw bearing side-to-side deflection (m) 0.081050 0.078290 ↓ 3.4053 

Tower base roll moment (kN-m) 4341 4225 ↓ 2.6722 

Tower base pitch moment (kN-m) 15370 13220 ↓ 13.9883 

Tower base yaw moment (kN-m) 1404 1471 ↑ 4.7721 

Blade root torque (kN-m) 13.300 12.420 ↓ 6.6165 

Blade root edgewise moment (kN-m) 850.60 859.50 ↑ 1.0463 

Blade root flapwise moment (kN-m) 2106 1708 ↓ 18.8984 

LSS bending, y-axis (kN-m) 1505 1618 ↑ 7.5083 

LSS bending, z-axis (kN-m) 1350 1413 ↑ 4.6667 

LSS bending at shaft tip, y-axis (kN-m) 1793 1847 ↑ 3.0117 

LSS bending at shaft tip, z-axis (kN-m) 1354 1409 ↑ 4.0620 

LSS Torque (kN-m) 989 804 ↓ 18.7058 

We postulate that the method of de-rating for this initial implementation may have been a 

factor in why the loads on some of the components increased. Of the components that experienced 

an increase in loading, each one experienced increased yaw and pitch moments. Additionally, the 
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low-speed shaft, yaw bearing, and tower base (the components which experienced increased 

loadings) share the same relative axis, meaning that the moments and deflections of these 

components are all in-line. Therefore, the fact that they all experienced increased yaw and pitching 

moments indicates that the de-rated turbine is vibrating forward and back and twisting about its 

base more strongly than in the rated case. This indicates that the method of de-rating may have led 

to some instability in the overall dynamic response of the turbine; however, the results clearly 

demonstrate the broad load reduction benefits of de-rating across the turbine major components in 

terms of mean, peak, and standard deviation (alternation) load reductions. 

5.4     Fatigue Study 

A)  Fatigue Study Methodology 

In this section, a fatigue study is performed on blades of the rated and de-rated turbines and 

the results are compared. To perform a fatigue study, it is necessary to run numerous turbulent 

load simulations across the spectrum of wind speeds between cut-in and cut-out. In this fatigue 

study, 120 turbulent simulations were performed. Odd-numbered wind speeds between 3m/s and 

25m/s were simulated, yielding a total of 12 wind speeds. Ten turbulent wind input files were 

generated for each of these 12 wind speeds, leading to the total of 120 simulations. The FAST 

outputs from this simulation were analyzed using MLife, an NREL post-processing tool designed 

to perform fatigue-life predictions [11].  

The results of the fatigue study are presented in terms of damage equivalent loading. A 

damage equivalent load (DEL) is defined as a constant amplitude loading that occurs at a fixed 

amplitude and frequency to produce the same amount of damage as the random turbulent loading 

[11] (Figure 5.17). Because the DEL is expressed as a scalar quantity, it is quite straightforward to 

compare it between the rated and de-rated turbines. Additionally, a higher DEL can be attributed 

to a shorter fatigue life and visa-versa, allowing for conclusions to be drawn regarding the effect 

of de-rating on fatigue life. 

The blade span of both turbines was analyzed at the blade root and nine span locations, as 

shown in Figure 5.18. The DEL for each of these locations was calculated in the edgewise and 

flapwise directions. To calculate the DEL, it was necessary to calculate the ultimate moments of 

the blade at each of the ten locations. This was done by considering the blade geometry and 
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material. While most of the geometric properties of the blade are known, the material composition 

is not so the blade was assumed to be composed primarily of fiberglass, which was common for 

utility-scale turbines designed in the early 2000s such as the GE 1.5sle. The edgewise ultimate 

moment was calculated according to equation (5.7) and the flapwise ultimate moment was 

calculated according to equation (5.8). In these equations, ε is the allowable strain of fiberglass, 

EIedge and EIflap are the edgewise and flapwise stiffnesses respectively, Ch is the chord height at a 

given span location, xoffset is the distance from the leading edge to pitch axis of the blade, and t/c 

is the ratio of the maximum airfoil thickness to the chord at a given blade span location. 

      
Figure 5.17.  Example of blade root flapwise moment under turbulent loading (left) and the 

damage equivilant loading (right) on the bade root in the flapwise direction. 

Mxult
=

ε ∙ EIedge

Ch (1 − xoffset)
                                                       (5.7) 

Myult
=

ε ∙ EIflap
1

2
 Ch (t c⁄ )

                                                          (5.8) 

 
Figure 5.18.  Blade span locations at which the damage equivalent loading is calculated. 

B)  Fatigue Study Results 

Tables 5.4 and 5.5 contain the flapwise and edgewise results of the fatigue study on the rated 

and de-rated turbines. The quantities displayed in the tables are the short-term zero mean aggregate 

flapwise and edgewise DELs at the blade root and each of the nine blade span locations, wherein 

Blade Root Flapwise Moment Equivalent Blade Root Flapwise 
Moment 
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the aggregate DEL indicates that the reported DEL is found with respect to all 120 turbulent 

simulations [11]. The percentage change in the DEL at each blade span location between the rated 

and de-rated turbine is also displayed in the tables for ease of comparison. From these tables, it is 

clear that overall, the damage equivalent loading of the de-rated turbine was lower than that of the 

rated turbine. The flapwise DELs decreased by about 4% on average. However, the effect of de-

rating on the edgewise properties of the turbine were much less extreme. In fact, de-rating had a 

very minimal effect on the edgewise DELs, with the average change being about +0.2% , about 

20x smaller than the average change in the flapwise DELs of −4%. From this, we conclude that 

the net result is an overall decrease in the DEL of the blade between the rated and de-rated blade. 

Clearly, the loads on the blade were reduced most significantly in the flapwise direction. As 

such, it can be deduced that the thrust loading on the rotor was decreased due to the de-rating, 

leading to the reduction in loads on the blades in the flapwise direction. This result can be further 

expanded to the deduction that the loading on other heavily thrust-loaded components such as the 

turbine base and the yaw bearing would decrease as well due to de-rating. 

Table 5.4.  Flapwise short-term zero mean aggregate damage equivalent load. 

Flapwise Root Span1 Span2 Span3 Span4 Span5 Span6 Span7 Span8 Span9 

Rated (kN-m) 1971.27 1752.67 1416.58 1109.95 838.85 607.71 410.49 248.13 121.36 37.10 

De-rated (kN-m) 1915.38 1690.40 1362.03 1066.20 806.50 583.90 393.77 237.41 115.78 35.39 

Change (%) ↓ 2.835 ↓ 3.553 ↓ 3.851 ↓ 3.942 ↓ 3.857 ↓ 3.919 ↓ 4.073 ↓ 4.323 ↓ 4.607 ↓ 4.618 

Table 5.5.  Edgewise short-term zero mean aggregate damage equivalent load. 

Flapwise Root Span1 Span2 Span3 Span4 Span5 Span6 Span7 Span8 Span9 

Rated (kN-m) 1239.12 1027.60 782.492 566.56 384.42 242.83 144.32 75.30 31.51 8.09 

De-rated (kN-m) 1238.26 1031.69 786.30 569.48 386.41 243.90 144.66 75.30 31.47 8.07 

Change (%) ↓ 0.069 ↑ 0.398 ↑ 0.487 ↑ 0.514 ↑ 0.515 ↑ 0.440 ↑ 0.231 ↓ 0.003 ↓ 0.148 ↓ 0.248 

5.5     Discussion 

In this chapter, the performance of the Simulink controller designed in [13] and tuned for a 

version of the 1.5MW wind turbine model was shown. Next, the turbine was de-rated through 

modification of the Region II torque constant. The results of the de-rating study indicated clear 

trends in load reduction in the majority of the turbine components of interest due to the de-rating. 
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Finally, a fatigue study was performed on the blades of the rated and de-rated turbine. In this study, 

the damage equivalent loading was calculated at each of ten blade sections and compared between 

the rated and de-rated turbines. While the edgewise loads on the blade were minimally affected by 

the re-dating, there was a definite decrease in the fatigue loading on the blade in the flapwise 

direction. We believe that interesting future work would be to extend the fatigue study to additional 

heavily loaded turbine components and to examine other methods of turbine de-rating. 

From this study, the benefits of turbine de-rating are made very clear. However, the benefits 

of turbine de-rating have a far broader reach than simply load reduction. De-rating can be applied 

to numerous scenarios in which a reduction in loads would be highly advantageous to wind turbine 

operators, particularly in the realm of decreasing the levelized cost of energy (LCOE) of their 

turbines. Consider the LCOE equation as shown in equation (5.9). In this equation, CapEx are the 

capital expenditures required to design, manufacture, and install a wind turbine, FCR is the fixed 

charge rate on the capital expenditure costs, OpEx is operating expenditures such as general turbine 

maintenance, repair, and renovation, and AEP is the turbine's annual energy production [17]. 

𝐿𝐶𝑂𝐸 =  
(𝐶𝑎𝑝𝐸𝑥 × 𝐹𝐶𝑅) + 𝑂𝑝𝐸𝑥

𝐴𝐸𝑃
                                               (5.9) 

Turbine de-rating can be applied to the goal of LCOE reduction in many different ways. For 

instance, de-rating a turbine via rotor speed reduction would allow a wind farm operator to operate 

their turbine in extremely turbulent winds with minimal risk of damage [16]. Typically, extremely 

turbulent wind conditions would require that a turbine be locked to reduce the risk of damage. 

Similarly, an aging wind turbine could be run in a de-rated configuration while a part is on order 

to refurbish the turbine, or when the turbine is nearing the end of its rated life, both examples being 

typical conditions under which a turbine would be shut down. In other words, allowing a turbine 

to continue operating during an occasion when it would typically not be producing power serves 

to increase the annual energy production (AEP) of the wind turbine.  Essentially, de-rating 

provides wind turbine operators with a safe and profitable alternative to simply turning off their 

turbines when conditions are not optimal. 

Additionally, de-rating can also be used as a method of operating expenditure reduction. As 

discussed in the body of this chapter, turbine de-rating leads to loads reduction on the dynamically 

loaded components of the turbine. By reducing loads, damage accumulates more slowly, thereby 
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reducing the frequency of breakdowns, shutdowns, and repairs. Clearly, not only can de-rating 

increase the annual energy production of a turbine, but it can also play a part in decreasing 

operation expenses as well, leading to a definite and very valuable decrease in LCOE. 
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CHAPTER 6  

CONCLUDING REMARKS 

Within this thesis, new methods for developing digital twin models based on dynamic 

modelling and multiple uses of the resulting models are derived, detailed, and discussed for both 

wave and wind energy systems.. In Chapter 2, individual mathematical dynamic models of the 

Sandia wave energy converter and the US Navy's Carderock MASK Basin bridge were created 

and tuned according to existing data on the structures. First, the bridge model was developed using 

a lumped-mass finite element model, wherein the spanwise properties of the bridge were calibrated 

by varying the elemental properties in a parabolic manner across the length of the bridge. The 

WEC buoy was then modelled as a simple single degree of freedom spring-mass-damper system 

and coupled to the bridge through mathematical manipulation of the governing equations of motion 

of the system. The resulting coupled model was validated against data from the experimental trials 

performed at the MASK Basin wave tank facility. This chapter provided a novel methodology for 

the creation of a simple but accurate coupled model of a complex wave energy system. The primary 

benefits of this simplified model in comparison to other available WEC models is that it runs 

quickly while still providing an acceptable degree of accuracy. Modal analysis of the system 

provided significant evidence that while the presence of the WEC undoubtedly influences the 

dynamic response of the bridge, its effect is very small and can be considered negligible. 

Additionally, we also demonstrated a reduced order modelling method that showed how the 

coupled model can be further reduced in size through modal reduction. The resulting  model was 

much smaller but still retained the same degree of accuracy. Such a methodology would be very 

beneficial when developing models to be used in controls system development. 

In Chapter 3, the coupled WEC model was modified to be reflective of a WEC point absorber 

as it would be used in the field, coupled instead to a steel mooring cable attached to the bottom of 

the ocean. This model was then used to explore the give-and-take relationship between fatigue life 

and power production, wherein the most beneficial conditions for power production lead to the 

greatest fatigue accumulation in the device. This issue is of great importance in the field of wave 

energy as the feasibility of WECs lies in their ability to produce power at a sufficiently low LCOE 
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to prove prosperous for wave farm operators. By considering power output and fatigue life with 

respect to sea state, it could be possible to design a wave energy converter to have a longer fatigue 

life based on the most common set of sea states it is likely to experience, as well as determine the 

most effective location to place the wave energy converter for optimal power output and minimal 

fatigue damage, both of which would drastically benefit a WEC's LCOE.   

Chapter 4 discussed the development of a novel technique for creating a digital twin of an 

existing wind turbine with limited available data. In this technique, data measured from an 

operating wind turbine was used to calibrate the properties of a baseline turbine model to better 

represent the dynamic behavior of the target wind turbine. We focused on two of the many 

important aspects of an accurate wind turbine model: blade aerodynamics and blade structural 

dynamics. The aerodynamic properties of the blades were tuned by considering the target turbine's 

power curve and thrust coefficient distribution. Through calibration of the aerodynamic properties 

of the blades, it was found that tuning the blade chord and twist distributions alongside its lift and 

drag polars yielded the best results when attempting to minimize the error between the power curve 

and thrust coefficient of a turbine model and experimental data. A key point in the aerodynamic 

method is that it produces an aerodynamic digital twin that captures both the rotor power and thrust 

loading characteristics. Therefore, we expect the model to accurately predict how loads are 

transferred to the turbine in terms of both torque and thrust loading. Regarding the structural 

aspects of the blades, it was determined that the structural properties of the blade can be calibrated 

independent from the blade aerodynamic properties. Additionally, within the structural properties, 

the blade mass and stiffness distributions can be tuned independent from each other as well. The 

blade stiffness distributions were tuned via minimization of the error between the natural 

frequencies of the turbine model and target turbine, and the blade mass distribution was tuned by 

minimizing the error in the total mass and center of gravity location between the model and target 

turbines. A primary benefit of this methodology is its relative ease of implementation once the 

baseline model is in place. In theory, a baseline model could be tuned to provide an individualized 

model of any wind turbine on a wind farm, which would be incredibly beneficial to wind farm 

operators in monitoring and making decisions regarding their fleet.   
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Finally, in Chapter 5, a version of the turbine digital twin model created in Chapter 4 was used 

in a de-rating study. First, the performance of a Simulink control system designed and tuned to the 

aerodynamic properties of the turbine model was shown. Next, the turbine was de-rated through 

modification of the generator-torque controller such that turbine would command less torque at 

the same rotor speed, resulting in a reduction in the power produced by the turbine. A fatigue study 

was performed on the blades of both the rated and de-rated turbines in which the results of 120 

turbulent simulations performed on each turbine were analyzed to determine the aggregate damage 

equivalent loading at ten blade span locations. It was found that de-rating the turbine resulted in 

lower damage equivalent loadings along the entire span of the blade in the flapwise direction, and 

a negligible change in the loads in the edgewise direction. The results of this preliminary de-rating 

study are promising and provide a preview of some of the many potential benefits of having a 

calibratable digital twin to both wind farm operators and researchers alike to support decision-

making in wind farm operations. 

Clearly, the topics discussed in this thesis are thoroughly intertwined with renewable energy; 

while wave and wind energy were the primary focus, many of the ideas discussed and 

methodologies developed could be applied anywhere within the domain of dynamic renewable 

energy systems. The goal of LCOE reduction is universal across the field of renewable energy. 

Though there are many methods of achieving this goal, increasing the power generated by a device 

within its life, whether by extending its life or by increasing its efficiency, is as good a place to 

start as any. 
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