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"I don’t know where I'm going from here, but I promise it won't be boring."

— David Bowie
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Abstract

The rapid technological progression of wind turbines not only imposes design challenges but also necessi-
tates continuous advancements in modeling approaches, particularly holistic methods capable of accurately
capturing turbine coupling effects. A well-established modeling tool in the wind energy sector is the aero-
servo-elastic code HAWC2. Although it is widely used to predict the overall turbine response across a broad
range of operating conditions, the drivetrain is typically represented as a single beam.

In the presented work, a more realistic and comprehensive drive train model was developed in HAWC2 to
account for additional flexibility effects associated with increasing turbine dimensions and enable the es-
timation of the main bearing reaction loads. First, a detailed literature review was conducted to analyze
current trends regarding drivetrain technology, essential components, and modeling approaches of modern
wind turbine drivetrains.

The DTU 10 MW RWT and a high-fidelity SIMPACK drivetrain model, developed by researchers from NTNU,
were identified as references for the implementation. Additionally, the theoretical foundations of Timo-
shenko beam elements and multibody formulation used in HAWC2 were studied, as both are essential for
constructing a turbine model in HAWC2. In the implementation phase, the overall drivetrain structure and
fundamental drivetrain properties, such as the stiffness properties of the main bearings, were extracted from
the SIMPACK model and incorporated into HAWC2 through the introduction of additional beam elements.
To further increase the fidelity, the first torsional eigenfrequency of the derived structure was tuned to match
the dynamics of the reference models. As a final step, the simple HAWC2 drivetrain representation was ad-
justed to reflect the mass distribution of the developed structure, enabling a direct comparison between the
two.

The developed model showed strong performance in predicting main bearing loads under steady conditions,
thereby achieving a clear improvement in fidelity compared with the original setup. In contrast, reduced
agreement was observed for the torque arms response and under turbulent simulations. The study con-
cludes with a critical evaluation of the model, addressing its limitations and outlining potential directions for
further accuracy improvements.

il
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Nomenclature

Symbols
Table 1: List of symbols used in this report.

Symbol Definition Unit
f Frequency Hz
g Gravity m/s?
k Shear factor -
kieq Equivalent torsional stiffness constant Nm/rad
l Length m
m Mass kg
mg Mass per unit length kg/m
n Rotational speed ratio -
r Radius m
Tixliy Radius of gyration in x/ y-direction m
s Curved length distance m
t Time s
X Spatial coordinate m
y Spatial coordinate m
z Spatial coordinate m
A Area m?
Ap Amplitude dep.
Cxiyiz Longitudinal damping in respective direction Ns/m
Caipry Torsional damping about respective axis Nms/rad
E Young’s Modulus N/m?
F Force N
G Shear modulus N/m?
1 Area moment of inertia m*
I, Polar moment of inertia m*
J Mass moment of inertia kgm?
K Polar moment of inertia m*
Kxiyiz Longitudinal stiffness in respective direction N/m
Kaipry Torsional stiffness about respective axis Nm/rad
M Moment Nm
R Radius m
a Rotation about the x-axis °
B Rotation about the y-axis °
Y Rotation about the z-axis °
6 Bending deformation m
A Difference -
0 Torsional deformation rad
0, Structural pitch rad
v Poisson’s Ratio -
¢ Logarithmic damping coefficient -
W Angular frequency rad/s

iv



Abbreviations

Table 2: List of abbreviations used in this report.

Abbreviation Definition

AC Alternating current

BEM Blade element momentum

CG Center of gravity

DC Direct current

DT Drivetrain

DFIG Doubly fed induction generator
DLL Dynamic Link Library

DOF Degree of freedom

EOM Equation of motion

FE Finite element

FPC Full power converter

HSS High-speed shaft

H2 HAWC2

LSS Low-speed shaft

MB Main bearing

MBS Multibody system

PMSG Permanent magnet synchronous generator
PPC Partial power converter

RQ Research question

SP SIMPACK

TA Torque arm

TC Tower clearance

WRIG Wound rotor induction generator
WRSG Wound rotor synchronous generator

WT Wind turbine
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Introduction

Wind turbines have experienced rapid technological advancement throughout the past decades. The abun-
dance and free accessibility to the resource wind, the flexible deployment, and the environmental benefits
of wind power have led to a significant increase in global demand. Not only has this development led to a
successive boost in installed turbines worldwide, but it has also resulted in a continuous growth in turbine
size as shown in Figure 1a and Figure 1b[1][2](3].
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(a) Wind power capacity trends for selected countries. (b) Development of wind turbine sizes.

Figure 1: General trends in the wind energy sector [3].

Among other factors, the following four drivers have contributed — and are likely to continue contribut-
ing — to an increase in dimensions. First, the cubic dependency of the power on the wind speed, and the
gradually increasing wind speeds with the distance to the ground, make higher hub heights desirable. Sec-
ond, the power output has a quadratic dependency on the rotor diameter. Third, using larger machines, the
same power capacity can be achieved using fewer turbines. Consequently, less space is required and the over-
all installation effort is reduced, even if the handling of large single turbines gets more complicated. Lastly,
the emerging offshore market fosters the development of large multi-MW turbines due to the relaxed space
and transportation constraints [3].

These factors have led to a significant reduction in costs per installed wind capacity [4]. However, the trend
to develop larger rotor diameters entails various new challenges regarding competitiveness, transport, and
engineering, leading to a continuous debate about optimal wind turbine dimensions [3].

One engineering-related challenge deals with the question of how to simulate multi-MW turbines accurately
and efficiently. Modeling the entire turbine with high-fidelity methods, such as FE or CFD software, is not
feasible in an industrial setting, especially in early product development stages. Compromises must be made
between reliability and computational cost. Consequently, in the iterative development of a wind turbine,
various calculation tools are required, each being designed for a specific discipline, and each building on
the results of the others. Moreover, as turbine dimensions and performance requirements continue to grow,
modeling entire systems becomes increasingly complex [5]. It is therefore crucial to continuously advance
existing modeling tools.

Relevance

HAWC2, a versatile aero-servo-elastic code developed at the Technical University of Denmark (DTU), is one of
the primary tools used to simulate the overall wind turbine response in the time domain under different op-
erational conditions. As such, it is widely employed in academia, as well as for wind turbine certification and
industrial applications, where the resulting load estimations serve as input for higher-fidelity, component-
specific design tools [6]. This master’s thesis focuses on developing an enhanced drivetrain representation
within HAWC2, thereby aiming to improve the fidelity of its simulation results. Apart from the importance of
continuously upgrading existing tools, additional aspects related to current turbine trends further underline
the relevance of this work.



Component flexibility

The importance of modeling the entire turbine as a coupled system due to the dynamic interaction between
the different components is underlined in [7]. Since turbines operate under a wide range of external con-
ditions and are subjected to a stochastic environment, the whole structure needs to be well synchronized.
Holistic modeling tools are therefore essential to guarantee a smooth operation, minimize loads and opti-
mize the energy yield. As turbines grow in size, the structural flexibility of their components increases, and
design margins decrease [5]. As a consequence, in applications that aim to model the entire turbine, struc-
tural simplifications and assumptions made for smaller turbines are no longer valid [4][8]. Although research
has shown that its contribution to the overall system’s dynamics is significant, the drivetrain is often modeled
in a simplified way. A prominent example is the DTU 10 MW RWT as discussed in [9].

In HAWC2, usually, a simple beam model is used to represent the entire drivetrain. Especially with compo-
nents becoming bigger, this inadequately captures the true characteristics and neglects the complex interde-
pendencies between the rotor, drivetrain, and tower.

Load predictability and lifetime optimization

With turbines getting bigger, they are also becoming increasingly valuable assets, making it more crucial to
meet design lives or even extend lifetimes [4]. However, it has been noticed that larger turbines entail increas-
ing failure rates in drivetrain components, leading to higher O&M costs [10]. In this context, improvements
in mapping the overall structural dynamics lead to insights that are beneficial for the stability analysis of the
turbine and consequently help avoid harmful operational conditions [5]. Moreover, experience in operating
large-scale wind turbines, especially in harsh environmental conditions, is limited, and some of the standards
used are outdated and no longer sufficient [4].

In light of these considerations, a deeper understanding of the entire turbine and the interdependencies
among its various components is essential, and further insights into coupling effects are important for the
ongoing development of modern wind turbines. This master’s thesis aims to address specific gaps in the
modeling of drivetrain dynamics coupled with aero-servo-elastic simulations and seeks to improve the accu-
racy of load predictions, thereby contributing to a more reliable basis for component-level design. By refining
the representation of the HAWC2 drivetrain model, the work is intended to provide a foundation for a better
analysis of the turbine performance under realistic operational conditions and to assist in the optimization
of future turbine designs.

Main Goal and Research Questions

Building on this context, this section outlines the specific research goals of the thesis, highlighting the ques-
tions and objectives that served as guidelines for the development and implementation of the enhanced driv-
etrain modeling approach. As initially indicated, the main goal of this study is the:

Development of an enhanced drivetrain model in HAWC2 to enable the analysis of drivetrain loads, with
a particular focus on the main bearing loads, and to more accurately capture dynamic coupling effects in
modern wind turbines.

From this main objective, several research questions (RQ) were derived and iteratively adjusted through-
out the entire project phase. They are presented below. The first question aimed to develop a deeper under-
standing of the most relevant drivetrain components, providing the necessary competence to carry out the
project. RQ 2 served to identify a suitable reference model during the preparation phase, while RQs 3-I1to 3-V
guided through the implementation steps of the project (see section 3). The concluding questions RQ 4-1 and
RQ 4-2 address the results and the quality of the developed drivetrain model and are answered in section 4.
They are designed to link directly back to the project’s main goal.

RQ 1 What are the prevailing trends, essential components, and their key characteristics in modern wind
turbine drivetrains, and what modeling approaches exist to represent them?

RQ 2 Which turbine and drivetrain models provide the most suitable reference for developing an enhanced
HAWC?2 drivetrain representation, and what criteria justify this choice?

RQ 3-1 How can the drivetrain structure of the selected SIMPACK model be represented in HAWC2 using Tim-
oshenko beam elements while capturing the dynamic behavior at key drivetrain locations?



RQ 3-1II Which method can be applied to translate geometric and material parameters from the reference
model into HAWC2?

RQ 3-IIT How can stiffness and damping properties of principal drivetrain joints be integrated into the HAWC2
representation to maintain its dynamic behavior?

RQ 3-IV How can the original, simplified HAWC2 drivetrain model be adjusted to enable a comparison with
the newly developed model?

RQ 3-V How can the HAWC2 drivetrain models be calibrated to match the first torsional eigenfrequency of the
reference models?

RQ4-1 How accurately can the developed model determine the main bearing loads under different inflow
conditions compared with the reference model?

RQ 4-2 To what extent does the enhanced HAWC?2 drivetrain representation influence the overall turbine re-
sponse compared with the simplified configuration?

Thesis Structure and Project Workflow

To support an efficient and strategic workflow, the thesis project was structured into four main phases: 1. the
Initialization and Research phase, 2. the Model Preparation phase, 3. the Model Implementation phase, and
4. the Model Verification phase.

During the first phase, a detailed literature study was carried out to acquire fundamental background knowl-
edge needed for a successful project execution. It is presented in section 1.

The model preparation phase focused on identifying reference models, defining the project framework, and
gaining familiarity with the required software tools and underlying theoretical concepts. section 2 is dedi-
cated to these contents.

Subsequently, the Implementation phase was subdivided into five stages, each representing a crucial contri-
bution to the development of a more realistic enhanced drivetrain model within the HAWC2 environment.
Each of these implementation steps is described in detail in the main part of this report, in section 3.

In section 4, the developed model is analyzed and compared with the reference model and with the simple,
original HAWC2 drivetrain representation. Finally, the report concludes with a summary of the main findings
and an outlook on future work. A visualization of the project workflow is given by Figure 2 on the next page.
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1. State-of-the-art/Literature Review

The drivetrain plays a key role in a wind turbine, being responsible for converting the rotor’s kinetic energy
into electrical power. This section provides an overview of recent advancements in drivetrain technology for
modern, variable-speed wind turbines and aims to answer research question RQ 1. Furthermore, it examines
the major components that significantly contribute to turbine coupling effects, highlighting their functions
and specific characteristics. Finally, existing approaches for modeling wind turbine drivetrains are presented.

1.1. Overview of most common Types of Drivetrain Configurations

As previously mentioned, the drivetrain converts mechanical power into electrical power and therefore trans-
mits the rotor loads to the generator. However, since not all rotor loads contribute to generating electricity,
some loads are transmitted to the structure of the turbine (bedplate and tower). A schematic drivetrain setup
is shown in Figure 3. It includes the rotor, the low- and high-speed shafts, the main bearings, the gearbox,
a mechanical brake, the generator, the power converter, and the bed frame. The drivetrain is located on a
bedplate in the nacelle, which connects to the tower top through the yaw system [3][4].

Hub mounting flange Low-speed shaft
/ Gearbox mounting

i

Rotor ' Front-bearing Gearbox
housing

bearing Yaw drive Generator

Safety

Nacelle Yaw brake coupling
bedplate

Figure 3: General drivetrain scheme [3]

In general, the most common drivetrain configurations can be divided into two main categories, with,

and without gearbox (see Figure 4). While turbines with gearboxes have been dominating the designs for
many years, it has become increasingly popular to implement drivetrains without gearboxes, also referred
to as direct drive machines. Recently, combinations of these two layouts and other special configurations
have been developed. The hybrid designs usually have a smaller gearbox and a medium-speed generator.
Although they can be scaled better for larger powers, they entail the disadvantage of having a gearbox that
can fail and an expensive custom-made generator [3][11].
According to [4], it has also become a trend to increasingly integrate main components into the structure
to reduce mass and therefore costs. Figure 4 shows the two most common drivetrain configurations. In
both cases, the hub is connected to the low-speed shaft, and the wind energy is converted into electrical
energy. Eventually, the generated electricity can be transmitted into the grid using a power converter and
a transformer. In each of these conversion stages, some energy is lost due to mechanical friction, electrical
losses, and electromagnetic losses [11]. Below, the two conventional designs are discussed in more detail.
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Figure 4: Schematic of the two most common types of drivetrain configurations [4].

Drivetrain with Gearbox

The traditional drivetrain design includes a gearbox and a high-speed generator (see Figure 4a). These gen-
erators are usually off-the-shelf products and operate at 1000 or 15000 rpm. Since the rotor speed is usually
approximately 100 times lower, a two- or three-stage gearbox is used to step up the speed. The advantages
of this layout are the evolved technology, the possibility to use common generators, and relatively small and
therefore lighter components. However, gearboxes require frequent maintenance and are a potential source
of failure [11].

Direct Drivetrain

Direct-drive machines, as depicted in Figure 4b, avoid the employment of gearboxes by using large, low-
speed generators that are directly connected to the hub. This is expected to enhance the reliability of the
drivetrain, reduce losses, noise and maintenance costs [3]. Therefore, this configuration is increasingly pop-
ular for offshore applications. The downside is that the generators used are typically custom-made, heavy,
and expensive, leading to increased installation challenges [3][11].

1.2. Drivetrain Components
Low-speed Shaft and Main Bearing(s)

The main bearing(s) support and hold the hub or the low-speed shaft in place. Their role is to absorb external
forces and transfer them to the housing and the bedplate to avoid the transmission of non-torque loads to the
gearbox. These external forces and moments can be radial or axial and are caused by the weight of the rotor
and the shaft, as well as by the loads emerging during operational conditions. Generally, a minimum of two
bearings is necessary to absorb all loads. One is commonly a fixed bearing, taking up both forces in vertical
and longitudinal direction, and the remaining bearings absorb radial forces only. The resulting degree of free-
dom ensures that shaft deformations caused by thermal expansion do not cause additional tension [11][12].
The number of main bearings used and their location depend on the drivetrain architecture. Direct-drive
wind turbines are characterized by a compact design and typically do not have a slow-speed shaft. Instead,
a large bearing carries the hub directly. The most common drivetrain configurations with a gearbox, on the
other hand, have a three-point, or sometimes a four-point suspension [13]. In both cases, the main shaft is
rigidly connected to the rotor on one side and to the low-speed stage of the gearbox on the other end. Two
arms on each side connect the gearbox elastically to the bedplate, absorbing moments in the axial direc-
tion. These two arms, together with either one or two main bearings, create a three-point or a four-point
suspension, respectively. Below, in Figure 5, a schematic representation of both support types can be seen.
The additional bearing in Figure 5b serves to isolate the gearbox from non-torque rotor loads upwind. How-
ever, the use of two main bearings makes the structure more sensitive to deformations and tolerances in the
assembly due to the overconstrained mechanical system [11][14].
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Figure 5: The two most common suspension types for wind turbine drivetrains with gearbox [14].

Research is done on various bearing technologies, yet rolling-element bearings are well established on an
industrial level and are expected to maintain this rank. Their increasingly large diameters are only limited
in size by manufacturing and transportation constraints. Moreover, their support structure is more flexible
and cheaper than other technologies, such as hydrostatic, air, or magnetic bearings. While spherical bearings
dominate in sub-5MW applications, tapered roller bearings are advantageous for larger machines. In [12],
their capability of withstanding high radial and axial loads is highlighted. This is beneficial for the absorption
of large non-torque loads in multi-MW turbines [4].

Despite being a mature technology with well-established standards, main bearings show alarming high fail-
ure rates of up to 30 % during the design life and are considered among the most vulnerable elements in a
wind turbine [15]. Research has shown that during operation, frequent, large-scale load fluctuations occur,
issues that are amplified when bearing diameters and hence deflections increase. These unwanted loads are
not accounted for in conventional life assessments and potentially result in harmful roller skidding, surface
fatigue, wear, and abrasion [16]. Another consequence of larger turbines is that main bearings are increas-
ingly integrated into the structure as a load-carrying component. For certain direct drive architectures, the
main bearing has to support the generator rotor in addition to the turbine rotor, while maintaining an ac-
ceptable generator air gap [4].

This underscores the necessity to revise existing standards, especially for large wind turbine applications, as
well as the urgency to find methods to improve the understanding of wind turbines as a coupled system in
order to ensure long design lives [4].

Gearbox

Gearboxes are used to convert the low-speed, high-torque rotation of the rotor shaft into a high-speed, low-
torque input suitable for conventional generators. This enables the use of smaller and cheaper generators
compared to direct drive turbines [11]. However, gearbox stages are designed to transmit torque and rota-
tional speed only. They are very sensitive to non-torque loads, which cause uneven strains or sudden impacts
and reduce the reliability significantly [13]. This makes them a vulnerable component and a potential source
of failures. Additionally, gearboxes entail significant losses due to mechanical friction and require monitoring
and frequent maintenance [14][16].

Conventional turbines use gearboxes with two or more stages and a transmission ratio of up to 200. Depend-
ing on the size and the requirements, usually, one or two planetary stages are used on the low-speed side
(LSS) and one parallel stage on the high-speed shaft (HSS) [11]. Planetary gears are characterized by coaxial



shafts and a symmetrical force distribution on the main shaft. Due to the three (or more) points of contact,
they are more suitable for lower speeds and higher torques. Even peak loads caused by sudden changes in
the driving torque are distributed uniformly [17]. At higher speeds, friction becomes more relevant and the
torque is lower. Therefore, the single point of contact of parallel stages becomes favorable [11].

Figure 6 shows the schematic setup of a wind turbine gearbox with three stages, two planetary stages on the
left, and one parallel stage on the right side.

Figure 6: Scheme of a three-stage gearbox: planetary-planetary-parallel [18].

Gearboxes face growing demands due to increasing turbine sizes. Apart from the bigger gearboxes them-
selves, larger rotors and lower rotor speeds require a higher torque density and higher transmission ratios.
The scaling also involves an increase in flexibility and requires a more detailed (finite-element) analysis of
the effect of deformations and dynamics on internal loading. Gearboxes are complex systems that consist
of many different machine elements, such as shafts, gears, bearings, and seals, which are all subject to stan-
dardized reliability calculations. Similar to the main bearings, these calculations do not cover all operational
modes that compromise the component’s lifetime. Recently, it has become increasingly popular to develop
modular designs that facilitate scaling and the replacement of single parts, reducing maintenance costs and
downtime [4].

Generator and Power Converter

Wind turbines typically use three-phase generators with a fixed stator and a rotor that is mechanically at-
tached to the rotating shaft. The general principle of all generators is to generate electrical power through
the interaction between the magnetic fields of the rotor and the stator. However, there are four main types,
differing in the mechanism of how the rotor’s magnetic field is generated [11]:

* Permanent magnet synchronous generator (PMSG): The magnetic field is created by the magnetism
of the material.

¢ Electromagnetic synchronous generator: The magnetic field is created by a coil carrying direct current.

* Induction generator or squirrel cage generator: A magnetic field is induced by the rotating magnetic
field of the stator.

* Doubly fed induction generator (DFIG): Uses the induction principle, yet with a more complex con-
figuration.

As mentioned previously, while the rotor speed in drive train layouts with a gearbox is high enough to
use conventional generators, the rotational speed w in direct drive machines is very low and requires the



use of custom-made devices. Therefore, a much larger torque Q has to be applied to obtain the same power
P (P = wQ). This is realized by increasing the dimension and by using higher currents. As a result, these
generators are very large, heavy, and expensive [11].

Since all large modern wind turbines operate at variable speed, power converters are necessary to maintain a
constant output frequency for the grid. This is achieved by using two back-to-back voltage source converters
and by transforming the power into direct current (DC) first, and then back into AC with the required grid
frequency. The conversion is either done for all the power (Broad range or full power converter (FPC)), or
for a fraction of the electrical rotor frequency only (Narrow range or partial power converter (PPC)). Figure 7
compares the working principle of both conversion types. While the former concept is applicable for both
synchronous and induction generators, the latter can only be used in combination with a DFIG. PPCs have
lower losses and a more compact design. However, their operational speed range is restricted to +30-40% of
the synchronous speed, whereas FPCs perform effectively across the entire operational range [18][19].
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(a) Full power converter [19]. (b) Partial power converter [19].

Figure 7: Most common wind turbine power conversion types.

Recent developments show that, despite concerns over the usage of rare-earth materials, permanent mag-

net synchronous generators with FPC are gradually replacing doubly fed induction generators with PPC sys-
tems. More exotic direct drive designs that avoid the use of rare-earth materials employ superconducting
generators [4]. Due to the efficiency of their wires, which minimizes heat losses and reduces cooling require-
ments, higher currents can be applied. This configuration is more suitable for upscaling. However, maintain-
ing the superconducting regime requires the operation at extremely low temperatures [11].
The use of large generators creates challenges not only regarding transportation and installation. Addition-
ally, optimized synchronization and interaction with the other drivetrain components are becoming increas-
ingly important to ensure smooth operation and system reliability. For example, it must be ensured that the
generator air gap stays within acceptable limits during operation [4].

Mainframe

The mainframe or bedplate is the combining structure of the drivetrain, guaranteeing its correct and precise
alignment [3]. In addition, it transmits the weights and loads of the rotor and the drivetrain to the yaw bearing
and the tower and is therefore crucial for the functionality of the entire system [3][4].

The exact configuration of the bedplate depends on each design and can occur in multiple variations. Tra-
ditionally, it consists of two parts. The upwind frame carries the main load, resulting from the rotor, the
slow-speed shaft main bearings, and sometimes the gearbox [18]. The use of cast iron allows for optimizing
the design, regarding load paths and weight [3]. The downwind part is typically lighter and welded. It sup-
ports the generator, sometimes the gearbox, and potentially power-converting electronics. In Figure 3, the
bedplate consists of two sections that are connected just below the yaw drive. In some layouts, the gearbox
frame and the bedplate are combined into one single unit [3][11].

To withstand all standstill and operational loads and keep the mass low at the same time, the bedplate has to
be optimized. This means, a compromise between a rigid, yet heavy and expensive, and a more flexible but
lighter bedframe has to be found [18]. Modern wind turbine designs tend to have a compact frame structure
to minimize the mass [3][11].

The determination of extreme loads and fatigue loads is necessary for the dimensioning of the bedplate. This
typically requires a combination of different calculation software. A global load analysis capable of including
coupled effects is a prerequisite for more advanced, higher fidelity tools such as FE methods that capture the
complexity of the structure and the occurring loads [3][8].



In [8], Wang et al. discovered that the increasing flexibility of the bedplates influences load effects on drive-
train components, and its consideration is therefore crucial for the fidelity of a model. According to [8], the
inclusion of bedplate flexibility in holistic wind turbine models could also be beneficial regarding computa-
tional costs.

Other Drivetrain Components

Further drive train elements include power electronics, couplings, mechanical brakes, lubrication, and other
standard machine parts [3][18]. Although being crucial for the functionality of the drivetrain, they are not
discussed in this study, either due to their simplicity or because they are expected to have a limited effect on
the overall wind turbine dynamics and are not included in the implemented HAWC2 model.

1.3. Existing Drivetrain Models

As mentioned in the introduction, wind turbine design involves the cooperation of a wide range of engi-
neering fields, and each of them typically relies on its own design tools. As a consequence, a combination
of different software is necessary to model an entire turbine accurately, and compromises between the level
of accuracy and computational costs have to be made [5]. In general, common aerodynamic codes such as
HAWC2, FAST, Bladed, Flex5, or AdWiMo can be used to represent drivetrain designs with varying levels of
complexity. However, they often compromise drivetrain-specific properties, as their primary focus lies on the
overall turbine response [20]. This section presents insights into a selection of methods for modeling wind
turbine drivetrains in a more detailed way.

As described above, drivetrains are complex structures that occur in various configurations. Several ap-
proaches with different levels of detail and fidelity exist for describing them. According to [21], most of the
models employed are modal-based, finite element codes, multibody formulations, or a combination of them.
Although high-fidelity simulations for the entire turbine are possible, these models are computationally too
expensive for the design of control systems [5].

Different research has been done on designing and modeling drivetrain layouts. One approach to implement
a more detailed model includes the DrivetrainSE (formerly DriveSE) model, a physics-based representation
of key drivetrain components such as the shaft, bearings, gearbox, and bedplate. DriveSE is part of the Wind-
Plant Integrated System Design & Engineering Model (WISDEM), and is capable of optimizing designs under
structural and weight constraints based on standardized load cases. It is further used to deliver information
used in turbine and cost models [14].

In 2014, Guo et al. discussed different modeling approaches for a newly developed drivetrain design aimed
at minimizing non-torque loads on the gearbox. In this context, the so-called Alstom’s Pure Torque drivetrain
concept was modeled with an analytical approach and by using a high-fidelity model implemented in SAM-
CEF (see Figure 8). SAMCEEF is a nonlinear dynamic FE multibody software that enables detailed investigation
of the drivetrain structure. The results were compared with experimental data, leading to the conclusion that
a realistic drivetrain modeling approach is essential for accurately capturing its dynamics and the coupling
effects with the rest of the turbine [13].

(a) The embedded drivetrain concept. (b) The detailed drivetrain design.

Figure 8: SAMCEF model of Alstom’s ECO100 wind turbine [13].
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Another modeling approach is described in [9] and in [22], by Wang et al. in 2019 and 2020, respectively.

They developed a detailed four-point support, medium-speed drivetrain model, designed for the DTU 10MW
Reference Turbine [22]. To obtain an optimized layout, regarding total mass and reliability, different designs
were compared, and a high-fidelity numerical model in SIMPACK was developed. Additionally, a detailed
load and resonance analysis was carried out, and both a global turbine simulation and a decoupled drive-
train analysis were performed [9][22]. The SIMPACK model also served as a guideline for this thesis and is
discussed in greater detail in the following sections.
In 2024, Krathe et al. published a paper, where they explain how this high-fidelity SIMPACK model was used
to develop a more realistic drivetrain structure in the aerodynamic simulation tool OpenFAST. Similar to the
presented work, Krathe et al. aimed to develop a model capable of estimating main bearing loads and im-
proving the accuracy of the drivetrain’s elasticity properties [23].

Upwind Downwind
main bearing main bearing Gearbox  Generator

Rigid links

Bedplate (rigid)

Shaft (beam)

Torque
arms

Tower

Figure 9: Schmatic concept of the OpenFAST model developed by Krathe et al. [23].
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2. Methodology

After the literature review and the formulation of research questions as part of the initialization phase, the
next step was the model preparation phase (see Figure 2). In this stage, as part of the setup organization,
an appropriate reference turbine and the framework conditions for the simulations were determined. Fur-
thermore, the SIMPACK drivetrain model was identified as an adequate baseline for the development of an
enhanced HAWC2 drivetrain model, and its use for this project was authorized by its developers. Hence, this
section provides answers to research question RQ 2. Simultaneously, this phase involved getting familiar with
the relevant theoretical concepts and gaining practical experience with the required software, in particular
with HAWC2, SIMULINK, and SOLIDWORKS.

2.1. Reference models and framework
Reference Turbine

A key aspect of this research study is to establish a well-defined framework. In this case, that involves select-
ing an appropriate reference wind turbine with a comprehensive dataset that serves as a baseline. Several
core requirements for a suitable reference turbine are identified. They include the accessibility of detailed
turbine and drivetrain data sets, documentation, and HAWC?2 files. Second, simulating a land-based turbine
is preferred, as it eliminates the need for additional hydrodynamic calculations and reduces the risk of un-
foreseen side effects. Third, given the goal of developing an enhanced drivetrain model, it is reasonable to
implement a common configuration, which also enables the use of well-documented conventional off-the-
shelf components. Additionally, a multi-MW turbine is preferred to investigate the impact of large, flexible
components. Lastly, the existence and availability of a high-fidelity drivetrain model are beneficial for com-
parison and model verification.

Publicly available data exists for several reference turbines [6, 24]. Yet, some were considered outdated or did
not meet all the requirements outlined above. The documentations of the IEA reference turbines provide a
detailed drivetrain description (see [25][26][27]), yet the DTU 10MW Reference Turbine was found to be more
suitable for this study [28]. First, it fulfilled the identified criteria, and second, being developed by DTU, it
provided direct access to the researchers involved in the reference turbine’s development.

While the DTU 10 MW turbine was primarily designed by upscaling the NREL 5MW reference turbine and ap-
plying standard similarity rules, emphasis on developing a light rotor dominates the structure of the blades
[28][29]. The DTU 10MW is designed as an offshore turbine, yet a land-based model can be obtained by ad-
justing the input parameters. Required data that is not accessible may necessitate additional assumptions.
The key parameters of the DTU 10MW turbine are presented in Table 3.
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Table 3: Key parameters of the DTU 10 MW Reference Wind Turbine [28].

Parameter DTU 10MW RWT
Wind Regime IEC Class 1A
Rotor Orientation Clockwise rotation - Upwind
Control Variable Speed
Collective Pitch Same
Cut-in wind speed 4m/s
Cut-out wind speed 25m/s
Rated wind speed 11.4m/s
Rated power 10 MW
Number of blades 3

Rotor Diameter 178.3m
Hub Diameter 5.6 m

Hub Height 119.0 m
Drivetrain Medium Speed, Multiple-Stage Gearbox
Minimum Rotor Speed 6.0 rpm
Maximum Rotor Speed 9.6 rpm
Maximum Generator Speed 480.0 rpm
Gearbox Ratio 50
Maximum Tip Speed 90.0 m/s
Hub Overhang 7.1m

Shaft Tilt Angle 5.0 deg.
Rotor Precone Angle -2.5 deg.
Blade Prebend 3.332m
Rotor Mass 227,962 kg
Nacelle Mass 446,036 kg
Tower Mass 628,442 kg

The developed reference turbine and the corresponding HAWC2 model do not contain a detailed descrip-
tion of the drivetrain layout [28]. Instead, one simple beam is used to represent the nacelle and the bedframe,
and one to model the rotating part of the drivetrain, i.e., the generator, the gearbox, and the main shaft. The
masses and moments of inertia are lumped and assigned to their respective positions. This configuration
is represented by the tower top and the shaft in Figure 10. The illustration was created with the help of the
HAWC?2 Visualization tool and shows the model setup with Timoshenko beams. More information about
this modeling approach will be provided later in this section as well as in subsection 3.2. The black lines in
Figure 10 denote the beam elements, black dots represent their nodes, and colored lines indicate the local
coordinate systems, thereby identifying the first node of each main body.

Shaft

Tower top

Figure 10: Original drivetrain implementation for the DTU 10MW RWT.
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However, as indicated in the literature study, Wang et al. developed a high-fidelity, medium-speed driv-
etrain model adapted for the DTU 10 MW RWT. The corresponding SIMPACK model served to complete all
requirements for this project [9][22].

Drivetrain model

The baseline drivetrain model from Wang S., Nejad A., and Moan T., as described in [9] and [22], represents a
standard layout for multi-MW turbines. It employs a four-point support, consisting of two main bearings and
two torque arms, and a gearbox with two planetary stages and one parallel stage. The transmission ratio of the
medium-speed design is approximately 1:50, reducing the risk of gearbox failure in the high-speed stage and
lowering the generator size compared to a direct drive machine. The key parameters are presented in Table 4.
Apart from the gearbox which is designed following the IEC 61400-4, the powertrain design is inspired by the
2 MW land-based wind turbine, formerly developed by Wang et al. [30]. A lifetime of 20 years is assumed and
all components are weight-optimized while complying with international design standards for both fatigue
and ultimate loads under normal operating conditions [9][22].

Table 4: Key parameters of the reference drivetrain [9].

Parameter Value
Drivetrain type 4-point support
Gearbox type 2 planetary & 1 parallel
First stage gear ratio 1:4.423
Second stage gear ratio 1:5.192
Third stage gear ratio 1:2.179
Total gear ratio 1:50.039
Designed power 10 MW
Rated input shaft speed 9.6 rpm
Rated generator shaft speed 480.374 rpm
Total gearbox dry weight 60 430 kg
Maximum gearbox outer diameter 3.098 m
Service life 20 years

Using the multibody system (MBS) simulation tool SIMPACK, a high-fidelity numerical model was es-
tablished where rigid and flexible bodies are connected with SIMPACK-Joints and SIMPACK-Forec Elements.
The implemented model is shown in Figure 11 and can be used to carry out dynamic analysis of the drivetrain
[9].

Four point support
(two main bearings + two torque arm supports)

Generator

Bed plate
Coupling

Main shaft Gearbox

Figure 11: Geometric representation of the SIMPACK drivetrain model [9].

The corresponding MBS interconnections of the different components and their degree of freedom (DOFs)
are illustrated in the topological diagram in Figure 12. To achieve a realistic representation of the natural driv-
etrain properties, the main shaft, the planet carriers, and the transmission shafts in the gearbox are modeled
as flexible bodies. The remaining components are considered rigid.
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Figure 12: Topological representation of the SIMPACK drivetrain model [9].

To validate this detailed drivetrain architecture against the simple two-mass equivalent mechanical model
applied in the DTU 10MW turbine, their first-order torsional eigenfrequencies were compared, and good
agreement was observed [9][22]. Further model specifications are provided across the implementation steps
in section 3.

Environmental conditions

Wind turbines are typically designed for a specific wind turbine class, as defined in the IEC 61400-1 standard
[31]. As indicated in Table 3, the DTU 10MW RWT is designed for the IEC class IA, meaning a high annual
average wind speed of 10 m/s and high reference turbulence intensity of 0.16. For the purpose of this study,
mainly steady wind simulations were used for the model evaluation. Furthermore, according to the standard,
one simulation for normal operational conditions was carried out (se section 4).

2.2. Theoretical Concepts

This study primarily focuses on implementing an enhanced drivetrain model within HAWC2 using Timo-
shenko beams. This section introduces the theoretical concepts behind Timoshenko beams and the multi-
body approach used in HAWC2.

Timoshenko beam theory

HAWC2 incorporates a multibody formulation that allows subbodies to be be divided into several substruc-
tures. These substructures are represented by one-dimensional Timoshenko beam elements [7]. As the main
approach for this project, they are used to build an enhanced drivetrain model and integrate it into HAWC2.
Timoshenko beams, also called thick, or shear-flexible beams, add complexity to the shear-rigid Euler-Bernoulli
beam theory, which assumes that the cross-sectional planes are fixed to the center line of the beam and re-
main unchanged if this line is deformed. This assumption, however, only holds for very thin, homogeneous
beams. In contrast to this, Timoshenko beams also include shear deformation in the bending deformation.
Furthermore, the rotational effects of the cross-sectional planes are included, making Timoshenko beams a
more realistic representation for thick beams or under dynamic loading [7]. Figure 13 shows how the Eu-
ler-Bernoulli beam can be superimposed with shear deformation to obtain the Timoshenko beam [32]. In
this illustration, the bending moment M causes the displacements uy, and uy, in the respective directions x
and y, and ¢, is the angular rotation of the cross-sectional plane with respect to the undeformed section.
Further describes the angle y., the rotational deformation of the cross-sectional planes due to the shear
force Q. In the Timoshenko beam, the combination of the shear angle vy, and the angle due to pure bending
deformation ¢, defines the resulting deformation angle ¢, [32].

15



(a) du,

Bernoulli
beam

M >0
(s > 0)
—— T
Yay
(b) |
v Q>0
('Ya:y > U)
T
(¢)
Timoshenko = ;
beam
Y M+Q
(¢: > 0)

Figure 13: Superposition of the Euler-Bernoulli beam (a) and the shear deformation (b) to the Timoshenko beam (c) in the x-y

plane [32].
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The key assumptions and limitations made in a Timoshenko beam are [32]:

* Shear deformation yy is included: Cross-sections remain plane but not necessarily perpendicular to
the neutral axis after deformation (see Figure 13b).

¢ Resulting deformations ¢, are assumed to be small (i.e. sin¢, = ¢ ;). Therefore, higher-order, nonlin-
ear terms are ignored, and linear elasticity and small-strain theory are applicable.

* The cross-section of the beam is constant throughout the entire length of the beam.

* The beam material is assumed to be homogeneous and isotropic, i.e. constant material (Young’s mod-
ulus E, shear modulus G) and geometrical (area moment of inertia I, area A, shear factor k) properties
are assumed.

e Stress o is proportional to strain € according to Hooke’s law: o = Ee

e Shear stress and strain are assumed constant instead of parabolic across each cross-sectional area and
vary only along the center line of the beam. A shear correction factor k is introduced to account for
this non-uniform shear stress distribution.

The concept of Timoshenko beam elements is used for the setup of the turbine structure within HAWC2,
and played a key role in the implementation of the enhanced drivetrain structure, and therefore in answering
research questions RQ 3-1to RQ 3-V.

Multibody formulation

Since Timoshenko beam elements are limited in their geometric configurations and unable to capture non-
linear effects, multibody formulations are employed in HAWC2. By interconnecting beam elements to form
bodies or subbodies, structural nonlinear effects such as large rotations and translations can be modeled and
internal inertia loads calculated [6]. This is crucial for the dynamic analysis of the structure [7].

In addition, the interface between bodies can be used to apply constraint equations, for example, represent-
ing coupling or bearings. This enables the simulation of the entire wind turbine response. In HAWC2, the
kinematics of each body and each element is described in their own floating reference system [33]. This
formulation differs from the one-body linear model and is crucial to obtain realistic responses of long and
flexible wind turbine blades. The difference between these two concepts is illustrated in Figure 14. The three-
body model captures the bending deformation more accurately, as its nodes are not only displaced linearly
in the vertical bending direction but also horizontally.

For the implementation of the support structures of the SIMPACK model, the main bearings and the torque
arms, however, the one-body model will be used, especially because of its linear characteristics (see subsec-
tion 3.3). The position of each coordinate system is defined by translation and rotation relative to the previous
coordinate system, with one initial coordinate system being linked to a global frame of reference [7][34].

i Body 1 Body 2 Body 3

: -

[#]
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[

Three-body model

One-body model (linear)

Figure 14: Structural representation of a clamped cantilever beam in a floating reference system with three bodies compared to
the linear one-body model [33].

2.3. Software

Although the development of a drivetrain model is not limited to a specific software, this project focuses
on the implementation within HAWC2 only. However, additional tools are necessary to derive the HAWC2
model, run simulations, analyze, and visualize the results. This section gives an introduction to all the tools
needed during this project. Since it is a major environment, the primary focus is on describing the HAWC2
software.
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HAWC2

HAWC?2 is a second-generation, aero-servo-elastic code developed at Rise National Laboratory by the DTU
Wind Energy department to calculate wind turbine responses in the time domain [6]. It is a verified, well-
established code that is used in various applications in the wind energy industry. As discussed in the previous
section, the turbine structure is represented by a multibody formulation and defined in a so-called htc-file,
combined with a set of structural input files (st-files) that specify the cross-sectional properties of each body.
The detailed setup and interaction of the htc- and the st-files are described in the HAWC2 manual [34].

An example of a possible implementation can be seen in Figure 15a. Each body has its own coordinate sys-
tem and consists of a user-defined number of Timoshenko beam elements. This enables adaptive modeling,
depending on the requirements of the application. Although freely selectable, the coordinate systems as de-
fined in Figure 15b are recommended and the same convention is used for the DTU 10 MW RWT model [34].
Different bodies are combined using coupling constraints that replace mechanical connections like couplings
or bearings. A list of the available HAWC2 constraints is shown in Table 6 in subsection 3.1. These constraints
account for nonlinear effects like rotations or deformations. Furthermore, the division of a body into a delib-
erate number of linear beam elements can be used to model body deflections accurately [6][34].
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(a) Schematic multibody representation of a WT in HAWC2 [6]. (b) Standard definitions of coordinate systems in HAWC2 [34].

Figure 15: Wind turbine setup in HAWC2.

The structural part is used in combination with aerodynamic calculations that are based on the blade el-
ement momentum theory [34]. To obtain higher fidelity results, wake expansion and additional theoretical
concepts (summarized in Table 20 in Appendix B) are included in the code.

The turbine can be controlled during the simulations through a flexible set of Dynamic Link Libraries (DLLSs).
The number of DLLs and their sensors can be customized to control different parameters or settings. By de-
fault, a pitch-regulated variable speed controller is implemented [6].

It is also possible to connect user-defined systems to HAWC2 via an external system interface. This allows
user-specified equations of motion (EOMs) for a dynamic system to be solved alongside HAWC2’s wind tur-
bine EOMs. The interaction is governed by constraint equations that link the external system’s degrees of
freedom (DOFs) to HAWC2’s DOFs. The external EOMs and constraint equations are implemented in a DLL,
used by HAWC2 during simulation. External systems can be used, for instance, to model gearboxes [6].
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The HAWC2 package includes a number of models and features that can be used for the conceptual design,
load simulations, site-specific simulations, and certification of large wind turbines [6][35]. The three main
program tools and their purpose are listed in Table 5. They represent the core code of the software, covering
the aeroservoelastic calculations and stability analysis. Additionally, the HAWC2 Visualization tool, a 3D-
visualizer, was used to illustrate the implemented multibody structure. External effects such as wind, waves,
and the soil can also be modeled with HAWC2 [6][34].

Table 5: HAWC2 programs and their features [6][34]

Program Feature

HAWC2S Steady state calculations of aerodynamic forces and deflections
HAWCStab2 Linearized aeroelastic stability analysis; Visualizing mode shapes
HAWC2 Calculates turbine’s response to time-varying wind inputs

The HAWC2 code is developed in Fortran, and can be utilized by any programming environment. The
wind turbine is described in a master file and a number of sub-files that contain additional structural, aero-
dynamic, and controller parameters. The master file includes data regarding the multibody setup of the tur-
bine, input parameters regarding steady aerodynamic calculations, and parameters related to time-varying
simulations [34].

SIMPACK

SIMPACK by Dassault Systemes is a high-fidelity multi-body simulation (MBS) software developed for ana-
lyzing the dynamic behavior of mechanical and mechatronic systems. The software enables the modeling of
rigid and flexible bodies, and provides a wide range of predefined joints, constraints, and force elements to
apply problem-specific boundary conditions and define the degrees of freedom accordingly. User-defined
parameters can also be used, making SIMPACK suitable for multiple engineering disciplines. It can be used
for aeroelastic wind turbine simulations, and, as presented in section 1, for modeling drivetrains.

SIMPACK uses a 'tessellated’ approach, where mass properties are calculated by integrating over the dis-
cretized geometries. FEM data can also be used as input data to determine the body properties [36][37].

Other software

For the derivation of the HAWC2 drivetrain model and for the analysis of the results, further software is used.
The CAD tool SOLIDWORKS is chosen to analyze the 3D geometry of components, such as the main shaft
[38]. More details on this procedure are provided in subsection 3.1 and subsection 3.2. All HAWC2 imple-
mentations and modifications, the initialization of the simulations, as well as the analysis of the results, are
carried out in the open-source editor VS Code, using Python [39].

To gain the necessary experience with the software, the HAWC2 manual [34] provided detailed guidance, and
the DTU online course "HAWC2 Selfstudy’ offered additional support. Additionally, the graphical data analy-
sis program PDAP, developed by DTU, was used to visualize the simulation results [40].

Apart from brainstorming and conceptual drawings, the presented software tools provided the main support
throughout the entire project process - from developing an advanced drivetrain structural model in HAWC2
to analyzing and comparing the outcomes with higher-fidelity models.
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3. Implementation

The five implementation steps, as depicted in Figure 2 and illustrated for a better overview again in Figure 16,
are presented in this section. They describe in detail how the enhanced HAWC2 drivetrain layout was devel-
oped, aiming to provide a clear understanding of the applied methods. Each step is structured according to
the same logic:

Objective and Relevance
Model Procedure
Model Rationale

Model Limitations

First, the objective of each step is outlined, and its relevance to the corresponding research question is
highlighted. This is followed by an in-depth description of the implementation procedure. Finally, the chosen
approach is justified, and its limitations are discussed.

E& Model Implementation}

~

-

Step I - Model Str@

~

-

Step II - Cross-Platform Model Translation

~

Step III - Stru

~

-

-

Step IV - Creation of an equivalent simple HAWC2 Model

~

-

Step V - Calibration of the first Torsional Natural Frequency

Figure 16: Flowchart of the Implementation Phase.
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3.1. Step I - Model Structure Derivation
Objective and Relevance

The first implementation step focused on deriving a drivetrain structure from the SIMPACK model that could
be represented in HAWC2 using Timoshenko beam elements. This step was particularly critical, as it defined
the overall layout and thereby laid the foundation for the subsequent workflow. Moreover, it determined
whether the resulting model could effectively capture dynamic responses at key locations. In particular, the
objective was to identify the main components and key points of interest, such as the positions of the main
bearings, and other support points (see RQ 3-Iin Figure ).

Procedure

Starting from the topological SIMPACK drivetrain model (see Figure 12), related components were identified
and grouped together. As a first step, a very detailed division was made, where only rotating components with
the same rotational speed were combined. Subsequently, incremental simplifications were applied and larger
units obtained until the main drivetrain elements were isolated, and further simplification would lead to a
considerable loss in detail. Furthermore, an important criterion for the outcome was that the implementation
of the final representation with Timoshenko beams was feasible.

Figure 17 to Figure 18 illustrate the first and the last steps of this process. Each color represents a structure
that can either be considered as a separate body in HAWC2 (e.g. the hub, the mainshaft, the mainframe), or as
a group of components that need to be modeled together due to the limitations of the multibody formulation
in the HAWC2 software (see section 2).

Subsequently, incremental simplifications were applied to increasingly larger assemblies, culminating in the
isolation of the main drivetrain elements amenable to modeling with Timoshenko beam theory.
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Figure 17: Identification of related drivetrain components - initial step: Grouping with respect to the same rotational speed.
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Figure 18: Identification of related drivetrain components - final step: Identification and isolation of key drivetrain components
for representation in HAWC2.

The final simplification step was used as a template for the initial HAWC2 drivetrain configuration shown
in Figure 19. The lines represent Timoshenko beams, and therefore, the derived drivetrain structure used
to replace the original HAWC2 configuration. The tower, the mainshaft, and the mainframe, illustrated with
dotted lines, are the components that can potentially be modeled with flexible beams in this configuration,
due to the available data from the SIMPACK reference model and the existing HAWC2 model. The most sig-
nificant simplification affected the representation of the gearbox, where all three stages are combined into a
single Timoshenko beam. This approach was necessitated by the constraint that only fixed-node connections
are supported within HAWC2. For the initial implementation of the structure, the different beam elements
were assigned with arbitrary but realistic input values, since the SIMPACK model was not yet available at that
time. Therefore, the model’s functionality was verified only through visual inspections and simple simula-
tions. These artificial values were later substituted with the real model data.
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Figure 19: First HAWC2 drivetrain implementation derived from the SIMPACK model.

Rationale

This approach was chosen for three main reasons. First, the SIMPACK model became available at a later
project stage. Until then, the published paper [22] provided the only source of model data. Consequently,
detailed, geometric specifications were still missing, and the topological representation, together with the
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accessible data, served as a guideline for a rough draft of the drivetrain model. Access to the model at an
earlier stage would have allowed the direct use of the exact geometric dimensions and material specifications.
Second, starting from the complex model and iteratively grouping components into subunits allowed for a
better understanding of the setup and the functionality of the provided model. And finally, this systematic
approach enabled the derivation of a simplified, yet representative structure that can be implemented within
HAWC2 and at the same time maintain core characteristics of the higher fidelity model.

Limitations

The Model Structure Derivation step aimed to simplify the high-fidelity model as much as possible while
minimizing any loss of its original accuracy. However, due to the constraints associated with Timoshenko
beam elements in the HAWC2 modeling environment, compromises were inevitable, both in terms of result
quality and the level of detail.

While SIMPACK provides specific modeling elements for bearings, couplings, or gear stages where individual
parameters can be defined by the user, HAWC2 only offers a small set of possible joints between two bodies,
as specified in Table 6. The transmission of forces and moments from one body to another is possible only by
connecting two nodes with one of these predefined constraint types. They only offer the possibility of entirely
free or locked degrees of freedom, allowing for either completely rigid or completely frictionless connections.
Consequently, gear pairs that rely on tooth contact for the transmission, or joints characterized by stiffness
or damping assigned to individual DOFs, are not modeled accurately in the present configuration. For the
presented configuration, only combinations of the two standard constraints fix1 and bearingl were em-
ployed. In Step I1I, additional HAWC2 constraint types were integrated and are discussed in subsection 3.3.
Additionally, due to the simplified gearbox representation, internal forces and moments originating from
gearbox stages, as well as the flexible components inside the gearbox, are not explicitly represented, poten-
tially affecting the dynamic response.

For the same reason, the connections between the four rotating components, the generator, the gearbox, the
shaft, and the hub, can only be realized by fixing the corresponding nodes rigidly to each other. As a result,
elastic coupling effects, such as those present between the generator and gearbox, are not captured in the
model, potentially causing discrepancies in the resulting moments.

Some of these limitations will be partially addressed in subsequent implementation stages.

Table 6: Supported HAWC2 constraint types [34].

Constraint Type Description

fix0 Clamped to the ground

fixl Clamped connection

fix2 Fix node to ground, optionally specify axis of free translation

fix3 Fix node to ground, optionally specify axis of free rotation

fix4 Locked in translation, but not in rotation, with pre-stress feature

bearingl Frictionless bearing

bearing?2 Bearing for which a fixed angle is specified by an external DLL

bearing3 Bearing with a constant specified angle velocity

bearing4 Cardan shaft, locked in rotation around one vector, but free to rotate around the two
other axes

bearingb Spherical constraint, fixed in translation, free to rotate around any of the three axes

3.2. Step II - Cross-Platform Model Translation

Objective and Relevance

In the previous implementation stage, a HAWC2 structure was defined that represents the existing SIMPACK
model. The next critical step included finding a robust method for translating parameters between the two
representations, ensuring that as many of the original system characteristics as possible are preserved. The
main objective, therefore, was to extract the geometric and material properties from the SIMPACK model and
use them as input for the HAWC2 drivetrain structure. By answering research question RQ 3-1I, consistency
in terms of mass and inertia distribution should be ensured.
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Procedure

Two main parts can be identified for this step. First, the drivetrain components were analyzed individually, in
terms of their geometry and their structural properties. Subsequently, the geometric assembly of the entire
structure, as depicted in Figure 19 was assessed.

Regarding the former, 19 input parameters are required to fully define a Timoshenko beam in HAWC2. An
overview and the definition of these can be found in Table 7. The exact derivation of these parameters is
straightforward for simple cross sections consisting of a single isotropic material. For more complex geome-
tries, however, approximations or assumptions have to be made. Furthermore, not every parameter is indi-
vidually relevant for the computations. The eight variables 9 to 16 define the longitudinal stiffness EA, the
bending stiffnesses Ely, and EI}, the shear stiffnesses k;GA, and k,GA, and the torsional stiffness KG. Since
these six products determine all cross-section stiffness properties of the beam, two of the eight input param-
eters involved can be chosen arbitrarily, as long as the underlying equations are fulfilled. This feature was
used in Step III and is explained in more detail in the corresponding section.

Table 7: Timoshenko input parameters in HAWC2 (Adapted from [34]).

Column | Symbol Unit Description

1 s [m] Curved length distance from main_body node 1 [m]. HAWC2
normalizes this by the curved length defined in c2_def.

2 m (kg/m] Mass per unit length

3 Xm, Xc2 [m] Xc2-coordinate from Cj,, to mass center

4 Ym> Ye2 [m] Ye2-coordinate from Cj /2 to mass center

5 Tix [m] Radius of gyration related to elastic center. Corresponds to ro-
tation about principal bending x, axis

6 Tiy [m] Radius of gyration related to elastic center. Corresponds to ro-
tation about principal bending y, axis

7 Xgy Xc2 [m] Xc2-coordinate from Cj;, to shear center [m]. The shear cen-

ter is the point where external forces only contributes to pure
bending and no torsion.
8 Vs Ye2 [m] ye2-coordinate from Cj/, to shear center [m]. The shear cen-
ter is the point where external forces only contributes to pure
bending and no torsion.

9 E N/m?] | Modulus of elasticity

10 G N/m? Shear modulus of elasticity

11 I, [m*] Area moment of inertia with respect to principal bending x,
axis. This is the principal bending axis most parallel to the x.»
axis

12 I, [m?] Area moment of inertia with respect to principal bending y,
axis

13 K (I,) | [m*/rad] | Torsional stiffness constant with respect to ze axis at the shear

center. For a circular section only this is identical to the polar
moment of inertia I,.

14 kx [-] Shear factor for force in principal bending x, direction

15 ky [-] Shear factor for force in principal bending y, direction

16 A [m?] Cross sectional area

17 0, [deg] Structural pitch about z., axis. This is the angle between the

X¢2-axis defined with the c2_def command and the main prin-
cipal bending axis x,.

18 Xe, X2 [m] Xe, Xc2-coordinate from Cj» to center of elasticity [m]. The
elastic center is the point where radial force (in the z-direction)
does not contribute to bending around the x or y directions.
19 Yer Ye2 [m] Ye» Yc2-coordinate from Cj/» to center of elasticity [m]. The
elastic center is the point where radial force (in the z-direction)
does not contribute to bending around the x or y directions.

24



As discussed earlier, the only drivetrain components that can be modeled as flexible bodies are the main-
shaft and the mainframe. Since the structure of the mainframe is rather complex, it was also considered rigid
for the implementation of this project. All remaining parts were regarded as rigid, and large stiffness terms
were assumed. Since the SIMPACK model provides mass, location of the center of gravity, and mass moments
of inertia for all bodies, and HAWC?2 offers the option to assign the mass and inertia to a specific point along
the curved beam length, negligibly small values could be chosen for parameters 2 to 6 (Choosing a zero value
results in a computational error). Furthermore, the shear center (Parameters 7 and 8) and the elastic center
(18 and 19) are irrelevant for rigid geometries. Input 17, the structural pitch, only plays a role for twisted
beams, like the blades, and was therefore set equal to zero for all involved drivetrain components.

To sum up, for all components apart from the mainshaft, high stiffness terms were used, and the relevant data
from the SIMPACK model consisted of the curved length, mass, center of gravity location, and mass moment
of inertia about the center of gravity. Since the SIMPACK model represents only the drivetrain, the blade mass
and inertia are included in the hub component and therefore had to be subtracted for the HAWC2 input. As
HAWGC2 offers the option to calculate both the properties of the entire structure and those of individual bod-
ies, determining the blade mass and inertia was straightforward.

Referring to Step III, later adjustments to the input parameters for the support structures - main bearings,
torque arms, and generator support - were necessary to capture the system’s dynamic behavior more accu-
rately. Table 8 summarizes the material properties that are relevant for the implementation. As noted earlier,
the exact values of these constants are only required for implementing structures that are, or could potentially
be, modeled as flexible.

Table 8: Material properties of the flexible drivetrain components (Adapted from [22])

Component | Material Density p [kg/m®] | E-Modulus E [GPa] | Poisson’s Ratio v
Shaft 18CrNiMo7-6 7800 207 0.300
Mainframe QT400-18A L 7100 169 0.275

J

Figure 20: CAD geometry of the mainshaft.

For the mainshaft, a cross-sectional analysis was carried out to determine the Timoshenko input parame-
ters. Due to the simple, annular cross-section, as can be seen in Figure 20, the mass center, the elastic center,
and the shear center coincide with the central axis, and the corresponding values could be set to zero. Fur-
thermore, due to the symmetry, all x and y components are identical. An overview of the Timoshenko beam
parameters for annular cross-sections is provided in Table 9. For this geometry, well-known equations for
the area A, the relative mass m, the mass and area moments of inertia, J and I could be applied. For the
calculation of the shear factor k, Equation 1 for a homogeneous isotropic beam according to Cowper and the
Timoshenko beam theory was applied [41].
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Table 9: Parameters for a hollow circular ring cross-section

Column | Parameter* Unit Equation

1 s [m] z-coordinate (from CAD)
2 m [kg/m] pm(R? - r?)
3 Xm [m] 0
4 Ym (m] 0
5 Tix [m] VIiim, Jo=2(R*+r%
6 riy [m] VIyim, Jy,=2(R*+r?)
7 Xs [m] 0
8 Vs (m] 0
9 E [N/m?] see Table 8

10 G [N/m?2] , see Table 8

2(1+v)

11 I [m*] %(R“ -rh

12 I [m?] %(R“ -rh

13 I, (m*/rad g(}e4 —

14 kx [-] (see Equation 1)

15 ky [-] (see Equation 1)

16 A [m?] n(R*—r?)

17 0, [degree] 0

18 Xe [m] 0

19 Ve [m] 0

*Refer to Table 7 for the description of the parameters.

6(1+v) (1 +(§)2)2

= ey
(7+6v)(1+ (g)z)2 +(20+12v) (£)?

Since the E-Modulus E, the Poisson’s Ratio v, and the density p are given from Table 8, all variables could

be calculated knowing the outer radius as a function of the distance from the 1st body node R = f(z). With the
help of the CAD geometry, the relevant radii for the different cross-sections could be determined in SOLID-
WORKS. Figure 20 illustrates the planes used for the cross-sectional analysis. Properties at 15 distinct axial
positions were extracted and defined the Timoshenko beam within the structural input files [34]. A reason-
able discretization choice had to be made to capture the trend of the outer shaft radius R accurately. In the
areas where R changes non-linearly, a higher density of analyzed planes was used. The software also provided
the possibility to verify the analytically derived values for the area moments of inertia.
Subsequently, the geometric assembly of the SIMPACK drivetrain was studied and used to obtain the correct
dimensions for the HACW?2 setup. Building up on the general configuration that was already implemented in
the previous step, Figure 21 and Figure 22 were derived, and the arbitrary values replaced by the correct ones.
Due to the constraints discussed in the previous implementation stage, the generator beam had to be axially
aligned with the three other rotating components, the gearbox, the main shaft, and the hub. The y-offset of
the SIMPACK coordinate system (see Figure 22) had therefore been neglected.
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Figure 21: Side view of the drivetrain structure dimensions.
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Figure 22: Top view of the drivetrain structure dimensions.

After implementing the drivetrain model with the geometric specifications as shown in the two figures
above, it was important to confront the preliminary new HAWC2 structure with the SIMPACK configuration.
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This was done by comparing both the mass and the center of gravity (CG) locations of all individual compo-
nents, as well as the entire drivetrain. For this purpose, the drivetrain structure was isolated from the tower
and the blades, and fixed at the location of the yaw bearing (tower top). Using the HAWC2-inherent output
methods to calculate the required outputs, the values of both models could be compared with each other.
The results are summarized in Table 13 at the end of Step IV and demonstrate good overall agreement. The
x-component is zero due to the symmetric HAWC2 configuration (see Figure 22) and only differs slightly from
the SIMPACK value (xcg = 0.023 m). All remaining differences are within 1.2% and can be attributed to the
limitations discussed in the section below.

Since the mass moments of inertia were assigned to the beams at their respective centers of gravity—consistent
with the approach used in SIMPACK—their contributions aligned with those of the reference model.

Rationale

The described procedure was considered the most practical approach for mapping the characteristics of the
SIMPACK model to the Timoshenko beam model. Since the focus at this development stage was laid on
matching the dimensions, the weight distribution, and the inertia of the structure, flexibility properties of
connections, like the main bearings or the torque arms, were neglected.

Limitations

While the chosen approach is highly accurate for rigid structures and homogeneous, isotropic bodies with
simple cross-sections, representing the behavior of complex 3D geometries using a 1D beam model with as-
signed cross-sectional properties along its length is non-trivial and demands advanced computational meth-
ods. Furthermore, every type of discretization inherently involves some degree of information loss. While
cylindrical and conical segments are represented accurately by the two bounding sections, a discretization
choice must be made for fillet radii. As described in [34], in the htc-file, the actual main body is defined by
assigning dimensions and nodes. The total length of this body is scaled to match the curved length specified
in the st-file, and for each node n;, the equivalent structural properties are interpolated from the table in the
st-file. Figure 23 illustrates how this is done based on the example of the shaft mass distribution. The blue
cross-markers represent the discrete data from the structural input file, and the orange point-markers the
body nodes, defined in the htc-file. The relative mass m for each element (horizontal lines) is calculated by
integrating the blue curve over the corresponding section and dividing it by the element length.

This integration-based averaging is applied to all 19 cross-sectional properties. This method ensures that the
overall mass of the defined body is equivalent to the mass of the input file. However, it does not guarantee
that the static mass moment, i.e., the location of the center of gravity, coincides. HWAC?2 offers the options to
either keep the overall integrated mass consistent or scale the mass to match the static mass moment. Scaling
the mass is the default method and was also applied for the shaft implementation (see mass_scale_method
in [34]). As a consequence, discrepancies in the total shaft mass had to be expected.

Lastly, the implementation neglects the offset of the generator from the shaft axis, which has an impact on
the resulting forces and moments.
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Figure 23: Property mapping of st.-to-.htc-files according to [34].

3.3. Step III - Structural Tuning

Objective and Relevance

As previously mentioned, the precise characteristics of the joints and constraints between the drivetrain sub-
components were not considered in the earlier steps. A more detailed analysis is required, along with corre-
sponding adjustments to the HAWC2 configuration. Figure 18 illustrates the connection constraints between
the individual components. While a few interfaces are fully rigid (i.e., 0 DOF), most are defined by specific
stiffness and damping properties. The goal of the Structural Tuning step, as described in this section, was
to incorporate as many of these characteristics as possible to ensure a comparable dynamic behavior. The
applied procedure provides an answer to the research question RQ 3-I1I.

Procedure

In the SIMPACK model, all major joints are defined via so-called Force Elements, and as force type, predom-
inantly 43: Bushing Cmp, as shown in Figure 67 in Appendix A are used. This element is comparable to
a three-dimensional spring-damper system and defines a connection between two markers (i.e. specified
locations that are typically linked to a body or the Inertial System). As shown in Appendix A, stiffness, and
damping values can be assigned in all three translational and all three rotational directions to define the
behavior of the connection. The values used for the two main bearings (MB), the torque arms (TA), the gen-
erator, and the shaft-gearbox couplings are depicted in Table 10. Latter was modeled as a rigid connection
due to its large stiffness values. While the remaining stiffness terms could be taken directly from the corre-
sponding force element, the equivalent K, for the generator coupling had to be calculated from the three
implemented coupling elements in SIMPACK, following the law for spring constants in series:

— =Y = 2
o > = @)

However, since the generator shaft of the HAWC2 model is directly connected to the mainshaft and hence
underlies the same torque, this term would have to be adjusted to account for the change in rotational speed
and torque due to the gearbox. Therefore, and for simplicity reasons, it was decided to introduce a K that
essentially corresponds to infinitive stiffness.
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Table 10: Overview of the stiffness and damping parameters of the major support components from the SIMPACK reference

model.
Parameter MB front | MBrear | TAleft/right | Gen. Coup. | Shaft-GB Coup.
Ky [kN/m] 3524500 | 3387900 120 000 0 1E+12
Kj [kN/m] 8924400 | 5378100 240 000 0 1E+12
K [kN/m] 12520 000 | 8782 300 2400 000 0 1E+12
K, [kKNm/rad] 0 0 120 000 1164 545 0
Kp [kNm/rad] 1210800 592 240 240000 0 1E+12
Ky [kNm/rad] 862 240 362 150 240000 0 1E+12
Cy [kNs/m] 35245 3387.9 120 0 1E+9
Cy [kNs/m|] 89244 5378.1 240 0 1E+9
C, [kNs/m] 12 520.0 87823 24 000 0 1E+9
Co [kKNms/rad] 0 0 120 0 1E+9
Cp [KNms/rad] 1210.8 592.24 240 0 1E+9
Cy [kNms/rad] 862.24 362.15 240 0 1E+9

Translating these lumped stiffness and damping values at the equivalent locations in the HAWC2 driv-

etrain using Timoshenko beams is challenging. Since they cannot be directly applied, careful conversion
and approximation methods were necessary. In the following, a simple elastic cantilever beam made of an
isotropic and homogeneous material, with a constant cross-sectional area A was considered. When clamped
at one end, three basic deformations can be observed: 1. longitudinal (Al), II. bending (), and III. torsional
deformation (6). Figure 24 illustrates the three deformation types along with their corresponding equations,
where [ is the beam length, F and M; are the applied force and moment, E is the Young’s modulus, A the
cross-sectional area, G the shear modulus, k the shear constant, I the area moment of inertia, and K the
polar moment of inertia, hereafter also referred to as Ip,.
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Figure 24: Timoshenko beam deformation: I. Longitudinal, II. Bending, III. Torsion (Adapted from [42]).
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Main bearings

To obtain a similar connection between the mainframe and the mainshaft, the stiffness constants from Ta-
ble 10 for the main bearings and equations for the three beam deformations were used together with the
available HAWC2 constraints from Table 6. The damping values were initially disregarded. Since the proper-
ties of front and rear main bearings only differ in the magnitude of the stiffness terms, the following descrip-
tion focuses on the front bearing only. The same procedure was applied for the rear counterpart.

Figure 25 shows the preliminary implementation of the shaft and the front bearing, as well as the relevant
coordinate systems. The global reference system CSgp is adopted from the SIMPACK environment and is
therefore consistent with the properties in Table 10. The body coordinate system of the front main bearing
(defined at node n1) was used to define the cross-sectional beam properties.

Until this stage, all support structures were modeled as two-node beams with very high stiffness. At node
nl, they were rigidly connected to the mainframe using the fix1 constraint in HAWC2 (0 DOF), while the
second node used a bearingl-type connection to allow rotation only around the shaft axis (the local y-axis
of the front MB), equivalent to 1 DOE Therefore, a method had to be found to incorporate the remaining five
stiffness coefficients by using combinations of the three deformation forms from Figure 24.

@ bearingt
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Figure 25: Preliminary main bearing implementation: 1 DOF - Rotation around shaft axis.

Different approaches were tested, yet the most comprehensible was found to be a three-beam model
(3BM). Not only was the implementation straightforward, but it also showed good accordance with the joint
characteristic in SIMPACK. To match the stiffness constants in all three dimensions, one support beam was
introduced along each principal direction, xsp, ysp, and zsp. To facilitate comparability, the SIMPACK coor-
dinate system orientation was adopted for each joint. Thus, the originally implemented single support beam
(e.g., MB_front) was replaced by three Timoshenko bodies, MBf _Kx, MBf _Ky, and MBf _Kz. All were connected
at their node 1 to the same, corresponding shaft node, and extending in positive x-, y-, and z-directions of
the SIMPACK coordinate system CSgsp. This new arrangement is shown in Figure 26.
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Figure 26: Adopted main bearing implementation: 6 DOF - 5 stiffness terms.

Since HAWC?2 allows rigidly connecting two nodes even if they are spatially separated by an offset, the

second nodes were fixed to the corresponding mainframe location. The concept of this configuration was to
assign each beam the related longitudinal and torsional stiffness along its axial direction.
To achieve this, the equations for the beam deformations (Figure 24) were rearranged to derive the corre-
sponding axial, bending, and torsional stiffnesses. The goal of this manipulation was to obtain an expression
that could be set equal to the values in Table 10. Ensuring dimensional consistency, Equation 3 to Equation 5
were obtained.

Al= Fl K = F _ EA 3)
" EA TALT
_ FI3 + Fl for k large _ F _ 3EI @)
T 3EI kGA R RNE
M,1 M, I,G
9:— — Ki=—=— 5
1,G t=7p (5)

The second term in Equation 4 corresponds to the bending deformation due to the shear stiffness kG A. To
obtain a classic Euler-Bernoulli beam, i.e. a beam where shear deformation can be disregarded, the second
term has to become negligibly small. This can be achieved, for instance, by choosing a sufficiently large shear
coefficient k. Since the purpose of the implemented support beams was to imitate the characteristics of the
main bearings, the choice of single material constants was arbitrary. As mentioned above in the description
of Step I, only their combination, i.e., EA, E1, and I,G, matters.

Subsequently, Equation 3 and Equation 5 were used to determine the required input parameters 9 to 16 in
Table 7 for the three support beams. Since the number of unknowns and equations was not matching, initial
assumptions for the E-modulus E, the G-modulus G, and the beam length / were made and the same values
used for all structures. As a next step, the required cross-section A, and the polar moment of inertia I;, could
be calculated for each beam using the chosen values for E, G, and [ and the stiffness properties from Table 10:

Ky 21

Ax, ¥z = x,LJ?/,Z (6)
Kg 1

Ipigy = —ﬁGy @)

Equation 6 and Equation 7 assume that each beam exclusively carries axial forces and torsional moments
along its own axis, and has no contribution to the other stiffness components. To ensure this behavior, two
possible approaches, to minimize the coupling effects were identified.

The most obvious and robust solution involves modeling the beams as a cardan shaft, with both ends being
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locked in translation and in rotation about their own axis, while allowing free rotation about the two perpen-
dicular axes (see Figure 27). This configuration prevents the transmission of bending moments.

beam‘x....

Figure 27: Beam with a cardan shaft-constraint (bearing4-command) where the rotation about the beam axis is locked and the
rotation about both perpendicular axes is free.

Selecting sufficiently low cross-sectional area moments of inertia, I;, results in negligibly small bending
stiffnesses. From Equation 4, it can be seen that Kj, is directly proportional to I. Therefore, a beam with very
low bending stiffness can only resist minimal loads in beam-perpendicular directions, and consequently,
these loads are taken up by the neighboring support beam with the longitudinal stiffness in that direction.
The additional rotational degree of freedom in the first concept resulted in ambiguous constraints at the shaft
nodes, causing issues with shaft rotation during the simulations. Therefore, a combination of both methods
was applied. The connection with the mainframe was realized with the cardan shaft constraint (see Figure 27
and bearing4-constraint in Table 6), while the opposite nodes were connected rigidly with the shaft by em-
ploying a bearing1l-constraint and hence only allowing the rotation around the shaft axis (see Figure 26). In
section 4, it will be shown that this setup, combined with low bending stiffnesses, led to satisfying results.

In the following, the same coordinate convention is used as in the HAWC2 st.-files, where the curved
length always corresponds to the z-axis, and hence the cross-sectional parameters are always referred to
as x and y components. While for the Kx-beams, that are aligned with the shaft axis, both cross-sectional
area moments of inertia, I, and I, were relevant for the application, for the remaining two bodies, only one
bending direction mattered. The bending about the axis, parallel to the shaft axis, was irrelevant due to the
free DOF around this axis originating from the bearingl-constraint. Furthermore, the magnitude of each
stiffness value K; influenced how small I,/ I of the neighboring support beams had to be because the major
force component will be transmitted to the strongest counterpart. Taking these considerations into account,
the area moments of inertia I, I, were incrementally reduced until the six external load components, Fy,
Fy, F;, My, My, and M, mainly transmitted longitudinal and torsional loads to the corresponding beam,
while maintaining solver stability. An example of this tuning process is illustrated below. Figure 28 shows the
residual forces present in the beam-perpendicular directions of the three support beams MBf _Kx, MBf _Ky,
and MBf _Kz. These load components should therefore be negligibly small. Figure 29 presents the prevailing
and intended force components in x, y, and z direction. It can be observed, that a reduction in I, from 1E-03
(vellow curve) to 1E-6 (orange curve) led to significantly better results, i.e. lower residuals for one component
of all three beams, MBf _Kx, MBf _Ky, and MBf _Kz, while the reduction of I, from 1E-03 to 1E-04 (red curve)
only had an impact on the MBf _Kx-beam that is aligned with the shaft axis. Additionally, it can be seen that
the residual components Fxy,, and Fk; , are widely independent due to the bearingl-constraint and the
related free DOE

33



Front Main Bearing - residual forces in [kN]

200 1
0V

Fkx,y

400 -

200 A

Fsz

500 1

FKy,x

Ifly in [m#]

2 4 1E-03/1E-03
—— 1E-03/1E-06
—— 1E-04/1E-06

FK%Z

8 10 12 14
t [s]

Figure 28: Tuning of cross-sectional bending stiffness - residual force components.
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Figure 29: Tuning of cross-sectional bending stiffness - main force components.

Table 11 summarizes the final cross-sectional values obtained for the support structures that model the
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main bearings. The values printed in bold were calculated using Equation 6 and Equation 7, and the remain-
ing values were chosen or iteratively optimized. In addition to the experimental tuning of I, and I, described
above, using Equation 4, an estimate was made for an arbitrary force F to verify that bending due to shear
could be neglected for the combination of chosen and the calculated beam properties:

6 6 0 B l
_:M+M:_+_z@(10—6)+@(10—15) -
F F F 3EI kGA

A similar estimate was made for the three Euler-Bernoulli beam stiffness terms Kj, Kp, and K;, always
using the most conservative combination of (relevant) cross-sectional parameters and applying Equation 3

to Equation 5:
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Hence, a lower bending stiffness by approximately two to three orders of magnitude was achieved and
considered sufficient to have a negligible effect on the results.

Table 11: Overview of cross-sectional beam properties for main bearing support structures and resulting beam stiffnesses

MB front - beams MB rear - beams

Parameter Kx Ky Kz Kx Ky Kz
l [m] 1 1 1 1 1 1
E [N/m?] 2E+11 2E+11 2E+11 2E+11 2E+11 2E+11
G [N/m?] 1E+11 1E+11 1E+11 1E+11 1E+11 1E+11
I [(m*] 1E-5 1E-3 1E-3 1E-5 1E-3 1E-3
I, [m%] 1E-6 1E-6 1E-6 1E-6 1E-6 1E-6
I, [m*/rad] 1 1.211E-02 8.622E-03 1 5.922E-03 3.622E-03
kxiy [-] 1E+6 1E+6 1E+6 1E+6 1E+6 1E+6
A [m*/rad] | 1.703E-2  4.311E-2 6.048E-2 | 1.637E-2  2.598E-2 4.243E-2

Torque arms

For the torque arms, a slightly different approach was used, since they incorporate stiffness and damping
components in all 6 DOFs (see Table 10), and the joints are not directly connected to a rotating body. Figure 30
shows the adopted configuration. One key difference is the addition of one horizontal arm TA, symmetrically
arranged and perpendicular to the gearbox shaft. In this configuration, TA was modeled as a rigid beam with
three nodes. Its central node was connected to the gearbox body with a 1 DOF constraint, allowing the gear-
box rotation (bearingl). The two outer nodes were connected to additional vertical beams (TA_left and
TA_right) that were introduced to place the joints at the correct position, according to the SIMPACK model.
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Figure 30: Adopted torque arm implementation: 6 DOF - 6 stiffness terms.

Similarly to the main bearings, a 3BM is introduced to model the joint characteristics. The same coordi-
nate convention was applied, and the six beams were named after their location and orientation, TA_left/right_Kx/Ky/Kz.
The convention from the SIMPACK reference model was adopted, defining left and right with respect to the
downwind direction. As mentioned in the previous section, deploying a cardan shaft constraint at both beam
ends was considered the most robust method to prevent coupling between bending, torsion, and longitudi-
nal deformation. While this implementation was not working for the main bearings due to the connection
to the rotating shaft, here it was applicable since the first nodes of the six support structures are connected
to the non-rotating torque arm body (TA). Consequently, the transmission of forces and moments is purely
characterized by the axial and torsional stiffness properties of each beam which could be calculated using
Equation 6 and Equation 7. However, due to the additional presence of a rotational stiffness about the x-axis,
I/ had to be derived as well. The value of the area moment of inertia I could be chosen arbitrarily. The
resulting cross-sectional properties for the torque arm support structures are presented in Table 12.

Generator Support and Generator Coupling

Since the generator support is characterized by the same behavior as the main bearings, the identical ap-
proach was applied. However, since the support is modeled rigidly in SIMPACK, the calculated properties I,
and A are replaced by large values, while I, and I, are kept low.

To model the elastic coupling between the gearbox and the generator, the last 0.5 m of the generator beam
element was replaced by an additional beam. Since the generator mass was assigned to its corresponding
center of gravity with respect to the first body node, the reduction in length did not impact the weight distri-
bution of the model. Yet, it allowed for introducing an additional element with a high torsional stiffness, but
low longitudinal and torsional stiffnesses to avoid the transmission of axial and radial loads, as well as bend-
ing moments from the gearbox to the generator, and therefore imitating the elastic behavior of the couplings
used in the SIMPACK model.

36



Table 12: Overview of cross-sectional beam properties for torque arm and generator support structures and resulting beam

stiffnesses
Torque arms Gen. support | Coupling
Parameter Kx Ky Kz Kx/Ky/Kz | Kx/Ky/Kz
l [m] 1 1 1 1 0.5
E [N/m?] 2E+11 2E+11  2E+11 2E+11 2E+11
G [N/m?3] 1E+11 1E+11 1E+11 1E+11 1E+11
Iyy [m*] 1 1 1 1E-5 1E-8
Ip (m*/rad] | 1.2E-3 2.4E-3 2.4E-03 1E+09 1
kxiy  [-] 1E+6 1E+6 1E+6 1E+6 1E+6
A [m*/rad] | 6.0E-4 1.2E-3 1.2E-2 1E+09 1E-6

By comparing Figure 10 from subsection 2.1 and Figure 31, the difference between the original drivetrain
implementation and the developed detailed structure is illustrated. The red, green, and blue lines represent
the x-, y-, and z-axes, respectively, while the black lines and dots denote the beam elements and the body
nodes. It can be seen, that the original model contains a tower top body that is connected to the tower one
one end and supports the driveshaft on the other. In this configuration, the tower top represents the nacelle,
and therefore all stationary components, while the shaft beam includes the rotating components.

Gearbox
Generator

LA A

GS

Coupling

Mainframe

Figure 31: Adopted drivetrain implementation.

The tuning of the damping coefficients was carried out experimentally when comparing the SIMPACK
and HAWC2 responses under statically applied loads and will be discussed in section 4.

Damping Calibration of the implemented joints

After implementing these features, simple static-load simulations were performed using both the SIMPACK
and HAWC2 models. The primary goal was to provide an initial verification of the applied method and to fine-
tune the damping characteristics of the implemented structure. Because the frequency of the implemented
beams, and hence the response, mainly depends on the length and the calculated stiffness properties in Ta-
ble 11 and Table 12, matching the frequencies of the SIMPACK model would have required a more detailed
analysis and possibly an adaptation of the chosen approach. This step was therefore omitted at this stage.
Nevertheless, it is important to note that matching the response frequencies in both models is critical for
producing realistic fatigue load estimates for components such as the main bearings.

The tuning of the damping parameters was done iteratively, using the damping_posdef-command in HAWC2
and the equation for logarithmic damping (¢) Equation 12. To account for the different frequencies, the am-
plitudes A; were averaged over different numbers of periods n. The concept is illustrated in Figure 32 and
Figure 33, which also shows the discrepancy in the response frequency. From this simple static-load simula-
tion, it can also be estimated that both model responses converge to similar results, serving as a preliminary
plausibility check for the implementation of the support properties. To get a better indication of the fidelity
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of the individual support structures, the simulations were run for a decoupled driveshaft system, i.e., the con-
nections between the shaft and gearbox, and gearbox and generator were suspended. The damping tuning
approach was equally applied for the torque arms, while for the generator support, it was not necessary due
to the high implemented stiffness.
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Figure 32: Visualization of damping tuning for the MBf /r_Kx-beams.
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Figure 33: Visualization of damping tuning for the MBf /r _Ky-, and MBf /r_Kz-beams.
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Rationale

The chosen approach, representing connections via a combination of three support beams, provided a prac-
tical and consistent framework and was considered the most evident choice, given the constraints of the
HAWC2 environment and the Timoshenko beam elements. At the same time, this method enabled the in-
tegration of the dynamic behavior of the principal force elements of the SIMPACK reference drivetrain, and
hence helped to address research question RQ 3-I1I.

Alternatively, the implementations with a single beam as well as a two-beam model were tested. In both
cases, the beam’s perpendicular bending stiffnesses were used to map the SIMPACK values Ky, Ky, and Kz,
in addition to the longitudinal and torsional beam stiffness. However, one beam alone could not adequately
capture all necessary stiffness components, and employing two beams resulted in a more complicated allo-
cation of properties.

By utilizing the linear bending behavior of one-body beams (see Figure 14 in subsection 2.2), the applied
method allowed for an accurate approximation of the stiffness conditions defined in the SIMPACK model.
Importantly, this strategy could be applied accordingly across all major support structures, ensuring method-
ological consistency throughout the drivetrain representation. It also enabled the complete mapping of all
involved stiffness terms without exception, making it both a comprehensive and an easily implementable
solution within the limitations of the available modeling tools. Finally, the chosen method enables fast ad-
justments to different stiffness properties as each beam operates nominally independent of the other two.

Limitations

When mapping stiffness and damping characteristics in all six degrees of freedom (DOFs) to a node con-
nected to multiple elastic beams, several limitations and assumptions must be acknowledged. First, this
approach assumes that the equivalent stiffness behavior of the original system can be reproduced through
the combined response of the beams. While the response for a single Euler beam under axially applied lon-
gitudinal and torsional loads will coincide with the deformation of a spring having a corresponding stiffness
constant, this might not apply for 3BM under an arbitrary combination of loads and moments. As described
in subsection 2.1 and seen Figure 14, a linear beam theory applies for single bodies in HAWC2. Yet, unwanted
coupling effects might occur, when large forces and moments act in multiple directions simultaneously and
deformations get large.

Although comparably low bending stiffnesses were implemented, coupling effects at the joints where no Car-
dan shaft constraints were employed, can be expected. Furthermore, a sufficiently large ratio between the
support beam length and its deformation is required to ensure the validity of the linear bending assumption.
Although not explicitly verified, the selected beam lengths were assumed to be reasonable in relation to the
expected deformations. Another important aspect that has to be considered is the definition of the coordinate
systems that are used for expressing the forces and moments. Since they are assigned to specific locations on
the bodies, they also underlie translational and rotational displacements that impact the representation of
the loads.

3.4. Step IV - Creation of an equivalent simple HAWC2 Model

Objective and Relevance

As previously mentioned, the SIMPACK model does not include structural components such as the nacelle
housing, the gearbox housing, or the generator stator [22]. In the DTU 10MW RWT, however, an estimate of
the entire nacelle mass is included [28]. To enable a comparison between the enhanced drivetrain imple-
mentation and the simple structure, the original HAWC2 model was adjusted to match the SIMPACK char-
acteristics. This section presents the process of adopting the simple drivetrain representation and addresses
research question RQ 3-IV.

Procedure

Since tower, hub, and blades remain unchanged, the focus was laid on matching the models by adjusting
the simple shaft body and the tower top of the original HAWC2 configuration (see Figure 10). As mentioned
earlier, in HAWC2, the concentrated_mass command attaches masses and mass moments of inertia to a
position relative to a body node. This allowed for assigning the mass properties of the rotating components,
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the mainshaft, the gearbox, and the generator to the simple shaft beam at their corresponding locations, i,e,
their centers of gravity. Furthermore, the hub masses of the SIMPACK model and the original HAWC2 model
showed a small discrepancy of approximately 3%, which was adjusted.

Equally, the relevant values of the mainframe were assigned to the appropriate position of the tower top
beam element. To determine the coordinates of each mass center, the geometric configuration of both struc-
tures had to be compared, and the 5° tilt angle of the drivetrain had to be considered. The trigonometric
relationship between the adjusted model (orange beams) and the detailed HAWC2 drivetrain layout is illus-
trated in Figure 34. All relevant mass centers are located in the y-z-plane of the local mainframe reference
system, and their positions are expressed relative to this system, i.e. the geometric difference Ay corresponds
to 0.69 m, and Az to 6.5-6.15 m.
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Figure 34: Original drivetrain implementation for the DTU 10MW RWT.

As a first verification step, the obtained overall mass of the SIMPACK model was compared with those
of the detailed HAWC2 structure and the adjusted simple HAWC2 configuration. Since the SIMPACK model
includes all components except the tower, the comparison included the entire drivetrain structure, the hub,
and the blades. Additionally, the global CG locations of the three models were compared, and good agreement
was observed. Table 13 presents the values for the overall mass and CG location in global coordinates and
with respect to the last tower node. It can be seen that the deviations of the adjusted model also lie within
1.2 %, and therefore within acceptable boundaries. The difference between the SIMPACK and the detailed
HAWC2 drivetrain configuration was already discussed in the limitations of Step II. The minor differences
between the two HAWC2 models result from neglecting the additional support structures introduced in the
previous step. Although the intention was to employ massless beams, small masses had to be assigned to
ensure numerical stability of the solver.

Table 13: Overall mass and CG comparison of all three models with respect to the last tower node in global HAWC2 coordinates.

Model yce [m] | dew. [%] | zcg [m] | dev. [%] m [kg] dev. [%]
SIMPACK -4.270 - -2.222 - 437 157.4 -
HAWC2 DT -4.219 1.2% -2.224 0.1% 438 529.5 0.3%
HAWC?2 adjusted -4.313 1.0% -2.233 0.5% 438 547.6 0.3%
Rationale

An alternative approach of matching newly implemented drivetrain characteristics in the simple model,
would have been to adjust the masses and inertia terms that were assigned to the tower top and the shaft
in the original HAWC2 setup. However, the applied approach was considered to be more comprehensible
and more robust. After the trigonometric determination of the correct locations for allocating the individual
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mass centers and inertia moments, this applied procedure offered a fast and simple method to obtain the
same properties. To enable a more detailed comparison between the affected model components, the blades
could have been excluded from the analysis. Yet, due to the significant weight of the drivetrain components,
the associated impact was considered small.

Limitations

As mentioned above, disregarding the implemented support beams leads to small differences in the overall
weight. Furthermore, since the masses and inertia terms are assigned to specific nodes, their distribution
changes if these nodes experience displacements during operation. Due to the different structure in both
HAWC2 models, this could have an impact on the dynamic behavior of the system. For instance, in the sim-
ple model, the shaft has constant stiffness properties across the length of the beam, while in the detailed
model, the driveshaft consists of the rigid generator, the gearbox with reduced stiffness, and the flexible main-
shaft. Therefore, the assigned masses and moments of inertia of these three bodies underlie slightly different
boundary conditions. This potential discrepancy could be avoided by adjusting the shaft body of the simple
model to match the stiffness distribution of the detailed model. Due to simplicity reasons, and because the
expected influence was considered negligible, this was omitted.

3.5. Step V - Calibration of the first Torsional Natural Frequency

Objective and Relevance

After the implementation of the internal joint characteristics and the creation of the adjusted simple HAWC2
model, the objective was to match the first torsional eigenfrequency of both new models with the original
DTU 10MW model and the detailed SIMPACK drivetrain. The torsional eigenfrequency of the drivetrain is
the most relevant because it is most likely to be excited by operational torque fluctuations, poses a risk of res-
onance, and significantly affects both mechanical loads and control system behavior [18]. Therefore, a good
agreement between the models is crucial.

To add, conducting a torsional mode comparison helps to assess whether the rotational drivetrain compo-
nents were implemented accurately in terms of overall mass, stiffness, and moment of inertia [9].

Procedure

For a free-free mode with flexible shaft and tower, the design target for the torsional frequency of the original
HAWC2 model was 1.8 Hz, with a structural damping of 0.89%. In the DTU 10MW documentation, four dif-
ferent mode scenarios are presented. In free-free mode, the drivetrain components are free to rotate, whereas
in the free-fixed case, the generator rotation is locked. This additional constraint adds stiffness to the system
and hence leads to an increase in the eigenfrequency. Furthermore, the cases of a rigid tower and rigid blades
are compared with full flexibility [28].

Due to the lack of tower and blades in the SIMPACK model, the free-free and free-fixed modes for stiff blades
and tower were analyzed. In the following, the approach of tuning the torsional frequency for the detailed
drivetrain model is presented.

The drivetrain configuration can be simplified to a dynamic system consisting of a beam with equivalent stiff-
ness k; ¢4, and two attached mass moments of inertia J; one side, and J = n%B JoB + n%}en]Ge" on the other
end for the free-free mode and the rotor inertia only for the free-fixed case [36]. In this simplified application,
ngp represents the ratio of the rotational speed of the gearbox and nge;, the ratio of the generator speed with
respect to the rotational speed of the inertia J,. Since both the gearbox and the generator are modeled as
rigid bodies, their inertias can be combined. The two systems are illustrated in Figure 35 and can be used to
calculate the torsional eigenfrequencies.
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Figure 35: Equivalent drivetrain with single stiffness and inertia for free-free and free-fixed modes.

For the following derivation, Jg = nZG gJGB+ né onJGen is used. Applying Newton’s second law for rotation,
i.e. ¥ M = J§, the undamped eigenfrequencies for both cases can be derived. Using ¢ = ¢, —@; as the relative
angular deformation across the beam length, the moment around the beam axis can be written as M = @k ¢4.
For the simple free-fixed beam, the equation of motion can then be written as:

kt,eq(l):]r(,b (13)

Assuming harmonic oscillation, i.e. @(f) = Age!®? and §(1) = —w? Ape’®?, with w being the angular fre-
quency and A the amplitude of the oscillation, the natural frequency f;, 7 fix can be obtained:

Wn,ffix 1 kz,eq
- = _‘/_ 14
fn,fftx 2 2 7 (14)

Similarly, the eigenfrequency for the free-free mode f;, ffree can be calculated and writes:

_ Wn,ffree i [kteqUr +Jg)
fn»free =T or  on —]r]g (15)

Equation 14 and Equation 15 were used to tune the torsional eigenfrequency of the new drivetrain.

Free-Fixed Mode Calibration

First, the drivetrain was locked at the first generator node to simulate the free-fixed system. To maintain con-
sistency with both the SIMPACK and the original HAWC2 model, the general goal was to preserve as much
of the provided body data as possible. However, the initial torsional frequency of the new drivetrain model
was too high, requiring adjustments to either the rotor inertia J, or the equivalent stiffness k; ., (see Equa-
tion 14).

Since the rotor inertia as well as the shaft properties were implemented in accordance with the provided
models, the choice was made to adjust the torsional stiffness of the gearbox body, which was implemented
as a rigid beam. This was done by iteratively lowering the value of the shear modulus Guntil the free-fixed
torsional frequency matched the ones from the original HAWC2 and the SIMACk model. To allow for a san-
ity check of the final result, i.e., the magnitude of G, the same polar moment of inertia I, as in the original
HAWC2 shaft was used. During this process, G was reduced from a value of 7.96E+16 to 1.596E+11 Nm?,
which was still by a factor of approximately 2 higher than the 8.08E+10 N/m? used for the original shaft.

Free-Free Mode Calibration

Second, the torsional frequency was tuned for the unlocked system. As described in [36], the inertia of the
high-speed shaft side has to be scaled with the square of the gearbox ratio to account for the additional kinetic
energy. In the case of the original shaft, this was done for the generator inertia [28]. From Equation 15, where
Jg = nZG pJGB + né onJGen, it can be seen that most variables, namely the torsional spring constant k4, the
inertia terms J;, Jgp and Jgen, as well as the rotor speeed ratio nge, (equivalent to the overall gearbox ratio),
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were already fixed. As a consequence, the only adjustable parameter was ngp, which can be interpreted as
an effective, averaged gearbox ratio, condensing all three internal rotational velocities of the gearbox into a
single representative value.

However, during the calibration, the value for ngp that was required to match f, ¢ free, was 1, leading to the
assumption that the inertia values taken from the SIMPACK model already included the kinematic scaling of
the three gearbox stages and were hence defined with respect to the low-speed shaft. This circumstance was
supported by the fact that the provided generator inertia was exactly equivalent to 50x1500.5 kgm?2.

With the implementation method used for the adjusted HAWC2 model, as described in Step IV, the torsional
frequencies for this model did not require any tuning. The reasons for this are one hand, the fact that the
same shaft beam as in the original model is used. Hence, its equivalent driveshaft torsional stiffness constant
k¢ eq is identical to the other two models. On the other hand, the same mass moment of inertia distribution
about the shaft axis as in the detailed configuration is applied.

Damping Calibration of driveshaft

Subsequently, the damping of the drivetrain was tuned iteratively using the built-in HWAC2 command damping_posdef.
The chosen Rayleigh damping parameters are directly multiplied to the moments of inertia in the stiffness

matrix and inserted in the damping matrix [34]. The obtained frequencies and logarithmic damping terms

for the two new models are compared with the values from the original HAWC2 and the SIMPACK model in

Table 14. Overall, the results lie within acceptable deviations. Both the equivalent shaft torsional stiffness

constant k.4 as well as the equivalent shaft torsional damping constant ¢; 4 depend on these results and
consequently show the same level of agreement.

Table 14: Natural frequencies and damping for the rigid free-fixed and free-free shaft torsion modes

Jo_fixed [(Hz]  log. damping [%] | fuo_ffree [Hz] log. damping [%]
HAWC?2 original 0.612 4.80 4.003 31.42
SIMPACK 0.611 4.80 3.889 31.39
HAWC2 DT 0.609 4.83 3.972 31.40
HAWC?2 adjusted 0.611 4.81 3.975 31.25
Rationale

In the simple HAWC2 drivetrain layout, the shaft has a length of 7.1 m, while in the new configuration, the
flexible mainshaft beam is only 3.16 m long. This reduction influences the overall stiffness and explains why
additional flexibility had to be added in the new model to match the free-fixed torsional frequency. Moreover,
in the SIMPACK layout, some components inside the gearbox are modeled as flexible bodies, and therefore,
lowering their overall shear modulus seemed a reasonable approach.

Overall, the described procedures offered a way to obtain comparable eigenfrequencies without requiring
major modifications to the structure or its dynamic properties, and were therefore considered appropriate
for addressing research question RQ 3-V.

Limitations

While the chosen approach relies on the available data from the SIMPACK reference model, representing
the entire gearbox with a single beam of equivalent flexibility cannot fully capture the behavior of a detailed
gearbox model that includes both flexible and rigid components. Consequently, some local effects and dy-
namic interactions within the gearbox are necessarily neglected. Nevertheless, because the same simplifi-
cation was applied in the original HAWC2 model, this approach was considered a reasonable compromise
between model fidelity and computational efficiency for the purposes of this study.

In this approach, only the first torsional eigenfrequency was matched, while other eigenfrequencies of the
drivetrain were disregarded, potentially neglecting higher-order dynamic effects.
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4, Simulations and Results

To verify the implemented drivetrain structure, a detailed analysis was carried out, comparing the SIMPACK
(SP) model with the detailed HAWC2 turbine model, in the following referred to as H2-DT. To determine the
level of agreement as well as to investigate where occurring discrepancies might originate from, several load
case scenarios were analyzed and presented in subsection 4.2. Subsequently, in subsection 4.3, the HAWC2-
DT implementation is compared with the adjusted, simple model (H2-AD) to see the impact of the enhanced
drivetrain model on the overall response. To ensure comparability, the SIMPACK model was tested, and some
modifications were necessary.

4.1. SIMPACK model modification

First, it was noticed that in the uploaded version of the SIMPACK drivetrain model, one relevant force ele-
ment, namely $S_gearbox.$F_st3_w_gear_to_st3_p_gear and representing the connection between the
wheel and pinion of the third gearbox stage, was falsely deactivated. Additionally, the position of the hub’s
center of mass had to be corrected, as it was initially assigned to the shaft-hub connection point. Due to the
missing blades in the model, the hub body includes the inertia and mass of the three blades. The combined
CG was determined and changed accordingly. Since this location varies as the blades deflect, this definition
is only accurate for rigid blades. However, for the sake of simplicity, these variations were neglected in the
simulations but were accounted for in the analysis of the relevant cases.

After these adjustments, a simple simulation was run with no external loads, no gravity, and no rotational
speed. The results showed the presence of high internal residual loads, particularly in the F, Components.
It was discovered that these partially occurred as a consequence of relatively large initial displacements be-
tween markers that were used to define connecting force elements between two adjacent bodies. Because of
the four-point drivetrain support and the complexity of the dynamic model, the system is overdetermined.
Consequently, minor inaccuracies in component connections induce internal stresses that are amplified ac-
cording to the specified joint stiffnesses. To compensate for the most impactful initial marker offsets, the
addition of nominal bushing displacements was tested, and the implementation with the best results, i.e.,
lowest residuals, was used for the model comparison. Figure 36 shows a comparison of the residual drive-
train loads before and after this modification for the front main bearing. In particular, the reduction of the
axial force component F, is significant, from more than 33 000 kN, being approximately 20 times higher than
the thrust at rated wind speed, to 5 kN.

In addition to this, the mode of angle calculation, defined within some force elements, was changed from A11
Angles < 10 degto Alpha > 10 deg to obtain valid results for these components. This was particularly
relevant for the force elements of the front and the main bearing.

Although these modifications produced more plausible results, they also introduced drawbacks, as will be
shown later, highlighting the inherent complexity of the model.
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Reduction of residuals by assigning initial nominal bushing displacements - MBf
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Figure 36: Impact of introducing nominal bushing displacements on residual loads in SIMPACK model.

4.2. Model verification

An overview of the load cases used for the model verification is presented in Table 15. It includes the simulation-
ID, the type of external loads that are applied at the rotor or the hub, and whether gravity g and tower or blade
flexibility are included in the calculations. Furthermore, the initial rotor speed w,, s, the simulation time ;,
the sampling frequency f;, and the objective of the specific load case are specified in the table. For IDs 1 and
2, a decoupled driveshaft was used, i.e. shaft, gearbox, and generator were decoupled in both models.
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Table 15: Overview of general simulation parameters.

Wy ts fs L.
ID Ext. loads g (rad/s] Tow. | BL s] | [Hzl Objective
Decoupled driveshaft; To derive if there
1 X X 0 rig. rig. | 30 | 200 | any residual forces are present in the
system.
2 | =3000kNF,= |/ | 0 rig. | rig. | 30 | 200 | SO™P v
1000 kKN implemented support structures with the
SIMPACK model.
3 X X 0 rig, rig. | 30 | 200 To check whether any internal residual
forces are present in the coupled system.
To check the accuracy of the load
. . distribution on the implemented support
4 X v 0 fg. | rig. | 30 | 200 structure under standstill conditions for
the coupled system.
Fy =3000kN F, . . Two different steady external hub load
Sa =1000 kN v 0 e rig. | 30 1 200 scenarios; To compare the
F,=1500kN F), . . response of the SIMPACK and the
%3 =500 kN v 0 tg. | g | 30 | 200 detailed HAWC2 model.
6a VW=7m/s v 0 rig. rig. | 120 | 200 | Three steady inflow conditions are
6b| Vo=1lm/s |v| 0 |rigflex.| rig. | 120 | 200 | EXamined toanalyze the level of
agreement of the implemented
6¢ Vo =15m/s v 0 rig. | rig. | 120 | 200 | HAWC2 drivetrain model.
B . . Entirely rigid DT structure, and rigid
7a Ww=7m/s v 0 rig. | rig. | 120 | 200 Coupling only, to show the
7b Vo=7m/s v 0 rig. rig. | 120 | 200 | impact of the implemented joint features.
Turbulent simulation for a mean wind
8 Vorurb=7ml/s |V | (1) flex. |flex. | 700 | 200 | speed of Vy =7 m/s; To analyze the
response under realistic conditions.
Table 16: Overview of wind-related simulation parameters.
Type Inflow Angle* Shear format TI** | Turb. Model | Tower Shadow
Steady 0° Constant wind 0 None None
Turbulent 0° Powerlaw, ¢ =0.2 | 0.217 Mann Potential flow

*Combined yaw, tilt, and rotation angle wrt the global coordinate system.

**Turbulence intensity calculated according to IEC standard for turbulence class A [31].
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General simulation approach

To maximize the comparability of the solutions from both modeling environments, SIMPACK and HAWC2,
it was important to use the same simulation parameters, wherever possible. These included the sampling
frequency and external conditions such as gravity. In both models, the user-defined initial conditions are ap-
plied instantaneously, resulting in a transient period that needs to be disregarded in the comparison. These
transients were used for the determination of damping gradients, as shown in subsection 3.3.

Additionally, it was crucial to apply the external loads identically on the hub center. In both models, external
steady loads can be applied at the location of the hub center. However, when modeling a time-marching sim-
ulation under specific wind conditions, the hub loads in the HAWC2 model result from inflow-induced loads
acting on the entire rotor. A more detailed description of how the external loads were obtained and applied
in each specific case is provided in the corresponding sections.

As mentioned previously, an integral part of the accurate comparison of the loads between the different
models is the use and handling of the coordinate system in which the results are presented. As a general rule,
the 5°-tilted mainframe coordinate system of both models was used to save the results for the presented load
cases. However, since the definition of the axes-orientations between both models is different, the SIMPACK
convention was used, and the HAWC2-components were transferred accordingly. The mainframe coordinate
system in SIMPACK corresponds to the global coordinate system, shown in Figure 15a, positively rotated
around the y-axis by 5°. Hence, the following relations can be derived:

®* XMFESP = -ZMF,H2-DT
®* YMFESP = XMFEH2-DT
® ZMESP =-YMFEH2-DT

One exception to this rule is the right torque arm, where the coordinate system is rotated 180° around
the z-axis compared to the left counterpart (see Figure 31). Therefore, the x- and y-components of the right
torque arm have opposite signs, which will be accounted for. If not mentioned otherwise, the MESP coordi-
nate system is used in section 4. As a reference for the different presented scenarios, Figure 37 shows the rotor
speed, the pitch angle, and the aerodynamically induced rotor torque and thrust for the entire operational
range.

Operational Turbine Parameters
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Figure 37: Turbine parameters across the entire operational range for rigid and flexible blades.
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C1 - Determination of residual forces in both models

As a first step, the SIMPACK and the new HAWC2 model were decoupled to determine if any internal, resid-
ual forces were present when no external forces and no gravity were acting on the system. Apart from the
visual check with the visualization tool, this served as a test to see whether the implemented HAWC2 driv-
etrain structure was set up properly. The presence of the small residual forces in the SIMPACK model, on
the other hand, originates from the complex, overdetermined mechanical system. Small initial, spatial dis-
placements between two related markers can lead to high residual forces due to the large applied stiffness
terms (F = KAd). This, and the complex setup within the gearbox, can lead to discrepancies presented in
Figure 38 and Table 17. The table includes all residual forces and moments above/below a threshold of + 1
kN/1kNm. It can be seen that mainly the F,-components of the four-point support structure, and the M-
components of the torque arms were affected in the decoupled system. However, since the residuals depend
on the interconnection between all components, they were also analyzed for the coupled system (see Load
Case 3).

C1 - No external loads, no gravity, decoupled - Main Bearings

— 0 —— H2-DT
=
Z Sp
= —10-
N
> —20-
= 101
V4
S0
X
% 10

0 1 2 3 4 5

t[s]

Figure 38: Residual Fy-forces for front and rear main bearing.

Table 17: Overview of residual forces for the decoupled system, no gravity and no external forces.

Load Channel | HAWC2-DT | SIMPACK
MBf F [kN] 0.000 -5.945
MBr Fy [kN] 0.000 5.945
TAl F;, [kN] 0.000 -2.462
TAr F; [kN] 0.000 2.462
TAl M, [kKNm] 0.000 -4.737
TAr M, (kNm] 0.000 -4.737

C2 - Comparison of individual joint response

Next, static loads in x- and y-directions were applied on the hub to investigate the response of the imple-
mented bearing structures, and at the last gearbox node to analyze the behavior of the modeled torque arms.
The system was again decoupled to analyze the behavior independently of any interaction between the dif-
ferent support structures. For this purpose, the gravity was activated, resulting in a force component in the
vertical z-direction and an additional small force in x-direction, due to the 5° tilt angle of the drivetrain. The
applied forces were 3000 kN, in x-direction, corresponding to approximately twice the thrust at rated wind
speed, and 1000 kN in y-direction since side-side forces are considerably smaller. The results, including the
initial transient period for both main bearings and the torque arm support structures, are shown in Figure 39
to Figure 42. On the right, they include a table comparing the converged loads of both models. For this pur-
pose, the average of the last 10 simulation seconds is taken.

Apart from the frequency of the response, the main bearing loads show overall a good agreement and indi-
cate a successful implementation of the corresponding stiffness properties. The negligible discrepancies in
the converged solutions can be explained by the nature of the different implementations. The beam model
used in the HAWC2 drivetrain structure is more impacted by coupled forces. As explained in section 3, the
stiffness parameters are distributed on three perpendicular beams, each characterized by a corresponding
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longitudinal and torsional stiffness. A displacement of the bearing node will lead to a beam deformation and
consequently influence the stiffness properties of the deformed body. Furthermore, it was shown in Step III
of section 3 that, despite very small bending stiffnesses, small residual forces and moments are transferred
to the neighboring beams (see Figure 28). This can be particularly seen in the M,-components of both main
bearings. Due to the implemented bearing1-constraint with free rotation about the x-axis, these moments

should be zero, yet small residual contributions remain.

Fy [kN] Fyx [kN]

F, [kN]

Fy [kN] Fyx [kN]

F, [kN]

C2 - Static loads at Hub and GB: F, = 3000 kN, F, = 1000 kN, decoupled - MBf
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Figure 39: Front main bearing response for static loads and a decoupled system.
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Figure 40: Rear main bearing response for static loads and a decoupled system.
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The level of agreement for the torque arm response is slightly lower. As discussed previously, the gearbox
model in the developed HAWC2 drivetrain structure does not map the complexity of the SIMPACK model. A
major difference is that in the H2-DT model, the gearbox is assumed to be a rotationally symmetric element
with the mass center being on its axis. However, in the SIMPACK model, the CG is slightly shifted to the left
side, due to the third gearbox stage (see Figure 22). Due to the small ysppr-coordinate of the mass center
of less than 0.03 m, this lateral offset was neglected in the HAWC2 model. The large difference of 80 kNm in
the M, -components occurs because the force application point in both models differs. While in the HAWC2
model, the last gearbox node is fixed to the first shaft, as illustrated in Figure 15a, in SIMPACK, the connecting
force element is located 0.4 m in the x-direction towards the second shaft node, resulting in an additional
M_-contribution. Finally, in the drivetrain implementation of HAWC2, the geometric dimensions imported
from the SIMPACK model were rounded to the nearest centimeter, which introduced small discrepancies in
the results, particularly under high-load conditions.

C2 - Static loads at Hub and GB: F, = 3000 kN, F, =1000 kN, decoupled - TAI
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Figure 41: Left torque arm response for static loads and a decoupled system.
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C2 - Static loads at Hub and GB: F, = 3000 kN, F, = 1000 kN, decoupled - TAr
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Figure 42: Right torque arm response for static loads and a decoupled system.

C3 - Determination od residuals in coupled system

For load case 3, the gravity was deactivated, and external loads were set to zero. It served to determine all
the remaining internal forces in the coupled system. Looking at Table 18, it can be seen that the residuals
in the SIMPACK drivetrain model are significantly larger than in the decoupled system. The additional ac-
tive joint constraints generate internal stresses that will be superimposed on those induced by external loads.
As previously mentioned, some of these residuals depend on the azimuthal shaft positions. Therefore, the
purely internal SIMPACK loads were determined for each of the following load cases and subtracted from the
outcome of the actual simulation. This should enable a better comparison of both models.

The largest residual forces are present in the rear bearing, indicating inaccuracies in the mainshaft-gearbox
connection. In SIMPACK, the force element that connects the shaft with the gearbox is modeled with a stiff-
ness of 1E+12 N/m in all three translational directions and 1E+12 Nm/rad rotational stiffness around the y-
and the z-axis (see Table 10). Consequently, minor offsets between the two connecting markers will lead to
large residuals, as can be seen in Figure 43 for the rear bearing. The results for the remaining components are
presented in section 6.
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Fy [kN] Fy [kN]

F, [kN]

Table 18: Overview of residual forces for the coupled system for a threshold of + 1 kN/kNm.

Load Channel | HAWC2-DT | SIMPACK
MBf F [kN] 0.000 5.323
MBI F), [kN] 0.000 6.953
MBf F [kN] 0.000 265.385
MBr F; [kN] 0.000 16.989
MBr Fy, [kN] 0.000 -2.842
MBr F [kN] 0.000 -530.829
TAl F [kN] 0.000 -17.158
TAL F), [kN] 0.000 -2.056
TAl F, [kN] 0.000 133.016
TAr F [kN] 0.000 -5.154
TAr Fy, [kN] 0.000 -2.056
TAr F, [kN] 0.000 132.427
MBf My, [KNm] 0.000 60.752
MBr My [KNm] 0.000 47.028
TAl M, [KNm] 0.000 34.997
TAl M, [KNm] 0.000 -1.058
TAr M, [kNm] 0.000 34.997
TAr M, (kNm] 0.000 -1.058
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Figure 43: Rear main bearing residual forces and moments for the coupled drivetrain.
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C4 - Analysis of mass distribution of coupled system

The objective of load case 4 was to see how both coupled models compare when no external forces act upon
them but gravity. Furthermore, the impact of the residual forces on the model comparison, determined in
the previous load case, is illustrated. By comparing the SP-curve with the SP-res-curve in the figures below,
a slight overall improvement in the level of agreement between the SIMPACK and the HAWC2 models can be
noticed. Yet, when comparing the converged values, this is not the case for all load components. As expected,
the best results were obtained from the main bearing response, followed by the rear bearing and then the
torque arms.

In general, it can be observed that the relative discrepancy, i.e., the difference between the load components
of both models, relative to their values, is larger for small reaction forces and moments. This is plausible
since inaccuracies due to the different implementation methods dominate when no or low external loads are
applied (see residuals). They become increasingly irrelevant for larger imposed loading conditions. This is
illustrated by comparing the results of load cases C2 and C4.
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Figure 44: Front main bearing forces and moments for the coupled drivetrain at standstill and Fey,=0.
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Figure 45: Rear main bearing forces and moments for the coupled drivetrain at standstill and Fe,;=0.
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Figure 46: Left torque arm forces and moments for the coupled drivetrain at standstill and Fe,;=0.
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C5 - Comparison of response for coupled system under static loads
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Figure 47: Right torque arm forces and moments for the coupled drivetrain at standstill and F,,=0.

Simulation cases C5a and C5b were introduced to examine how the quality of the results is influenced by
the magnitude of the applied static loading conditions. After applying two force combinations in x- and
y-directions, a similar degree of agreement in the responses could be observed, as depicted in Figure 48
for the front and in Figure 49 for the rear bearing. This indicates that the quality of the results is to a great
extent independent of the external loads. The responses for the torque arms show the same characteristics
and can be found in section 6. Since only additional forces in the horizontal directions are applied, the F,-
components, and the related moment M, remain unchanged for cases C5a, C5b, and also the previous case
C4. This indicates that the implemented support structures behave as intended.
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Figure 48: Front MB forces and moments for the coupled drivetrain and different static external loads.
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Figure 49: Rear MB forces and moments for the coupled drivetrain and different external loads.
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C6 - Comparison of response for coupled system under steady inflow conditions

Due to the reduced fidelity of the torque arm support structures, in the following, the model comparison
is focused on the response of the main bearings only. To analyze the behavior of the H2-DT model under
steady wind conditions, simulations were run for three different wind speeds: one below (7 m/s), one at (11
m/s), and one above the rated wind speed (15 m/s). For this comparison, the flexibility of the tower and the
blades was activated in the HAWC2 model. When comparing the results for the three given load cases, it was
observed that for the increasing rotational frequency of the drivetrain, resulting from the higher wind speeds
(see Vp-w-curve in Figure 37), growing oscillations in the SIMPACK response were occurring, even for rigid
blades and a rigid tower. This phenomenon is illustrated in Figure 50.
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Figure 50: Visualization of instability effect in adjusted SIMPACK model due to an increase in rotor speed.

While simulations with higher sampling frequencies did not have any effect on the results, an increase
in the damping of the affected connectors did. Although there was a strong reason to suspect that these
instabilities resulted from the internal residual stresses, combined with the natural frequencies and too low
damping of the support structures, the exact source of the problem remained unknown. Therefore, the choice
was made to run all steady wind flow simulations without rotation to avoid the negative impact of these
instability effects while maintaining low residual forces. Since, under steady external loading conditions, the
converged reaction forces and moments in the support structures of interest should be independent of the
rotational speed, this approach was considered a suitable compromise for comparing the responses of both
models without requiring additional, major modifications to the SIMPACK model.

To guarantee that for the HAWC2 and the SIMPACK model, the hub center, and hence the subsequent turbine
structure, was subjected to identical loads, the following guideline was developed and applied to all steady
wind simulations individually:

1. Run the simulation in HAWC2 for 150 s to determine the converged external hub loads, correspond-
ing to the integrated aerodynamic rotor loads. The integrated rotor loads can be obtained using the
HAWC2 commands aero int_rotor_force-and aero int_rotor_moment [34].

2. Use the last 90 s as input for the SIMPACK model.
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3. Compare the responses of both models, including and excluding the residuals derived in Case 3.

Since the aerodynamically induced loads on the tower and nacelle do not directly contribute to the loads
acting on the driveshaft, they were disregarded in the analysis. In Figure 51, the process of deriving the input
for the SIMPACK simulations for a steady wind of Vj = 7 m/s is shown. The grey area illustrates the transient
period, which is disregarded after the HAWC2 simulation.

HAWC2 response for SIMPACK simulation, Vo, steaqy = 7 m/s
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Figure 51: Rotor speed, tower displacement, and resulting aerodynamic rotor loads obtained with HAWC2 for a steady wind

simulation of V5 =7 m/s.

Figure 52 and Figure 53 show qualitatively the last 10 s of the results from the steady windflow simulations
for 7, 11, and 15 m/s using a flexible tower and flexible blades. These plots serve to assess how the main
bearing response of the implemented HAWC2 model follows the trend of the SIMPACK sample model. The
converged loads are not presented at this point. Instead, a more detailed load assessment across the entire
operational wind speed range is presented at the end of section 4.
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C6 - Different steady inflow conditions: Vo = 7 m/s 11 m/s, 15 m/s - MBf
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Figure 52: Front MB forces and moments for different steady inflow conditions.
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Figure 53: Rear MB forces and moments for different steady inflow conditions.

C7 - Impact investigation of implemented joint features

To close the comparison between the detailed HAWC2 model with the SIMPACK model, the effect of the
implemented support structures, as discussed in Step II of section 3, is analyzed. Therefore, one simulation
was done, where all implemented support beams were rigid and compared with the results of the structure
that contained the derived elastic properties. The comparison is illustrated in Figure 54 and Figure 55 for the
main bearings, and in Figure 73 and Figure 74 for the torque arms. The impact of the developed features is
clearly visible.
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C7 - Impact of implemented joint characteristics - MBf
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Figure 54: Comparison of rigid and flexible drivetrain structure for front main bearing, a rigid tower, and rigid blades.

C7 - Impact of implemented joint characteristics - MBr
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Figure 55: Comparison of rigid and flexible drivetrain structure for rear main bearing, a rigid tower, and rigid blades.

C8 - Turbulent simulation

The last individual simulation case involved comparing the main bearing loads under realistic wind con-
ditions with turbulence. The main characteristics of the applied simulation parameters are summarized in
Table 16. As previously shown, the instabilities in the response of the SIMPACK model occurr only for higher
rotational speeds. Therefore, to be able to include the rotor speed in this comparison, a mean wind speed of
7 m/s was chosen.

Compared with the steady inflow scenario, for the time-marching turbulent simulation, a slightly different
approach is used. Instead of using the converged values, first a 700s simulation is run in HAWC2, where the
first 100 s are considered as the transient response. Then, the solution of the first timestep after this 100 s
is used as steady input for the first 100 s for the SIMPACK simulation, followed by the remaining 600 s that
represent the turbulent inflow scenario. Consequently, only the last 600 s of both simulations are compared.
Figure 56 and Figure 57 illustrate the time-marching reaction loads of both main bearings. While the mean
values match fairly well for most of the channels, and hence follow the same trend as observed in the previous
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cases, the extreme values show a lower level of agreement. The 10-second zoomed-in sections in Figure 58
and Figure 59 illustrate the mismatch in greater detail. This discrepancy highlights the importance of ade-
quately modeling the natural frequency of the support structures, as outlined in Step III of section 2, as the
presented comparison indicates that both the fatigue and extreme loads are affected.

C8 - Turbulent simulation for a mean wind speed of Vo = 7 m/s - MBf
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Figure 56: Comparison of front main bearing loads under turbulent conditions.
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Figure 57: Comparison of rear main bearing loads under turbulent conditions.
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C8 - 10 s zoom of turbulent simulation for a mean wind speed of Vo = 7 m/s - MBf
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Figure 58: Zoomed-in section of front main bearing loads under turbulent conditions.
C8 - 10 s zoom of turbulent simulation for a mean wind speed of Vo = 7 m/s - MBr
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Figure 59: Zoomed-in section of rear main bearing loads under turbulent conditions.

4.3. Model comparison

Finally, a load assessment was made across the entire operational range of the DTU 10MW RWT, i.e. from
Vo = 5 to 25 m/s with increments of 2 m/s. More precisely, for each of these wind speeds, a simulation was
carried out using a steady inflow, a flexible tower, and flexible blades. The same method as described for
Case 6 was applied, and the mean values of the last 10 s of each load channel were calculated and considered
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as the converged solution. To investigate the impact that the implementation of the enhanced drivetrain
model has on the overall turbine response compared to the simple configuration, the adjusted HAWC2 model
was included in this analysis. Figure 60 shows the integrated aerodynamic rotor loads with respect to the
corresponding wind speed. Hence, the designated points in these curves represent the externally applied
loads at the hub center in all three models. To identify the sources of the large aerodynamically induced
moments My, and M, additional simulations were performed: (a) with a rigid tower and rigid blades (red
line), and (b) with an additional 5° inflow angle to account for the tilted drivetrain (purple line).

Integrated aerodynamic loads at the hub center
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Figure 60: Resulting loads at hub center due to steady inflow conditions for different wind speeds.

This concluding analysis was used to evaluate the agreement among the three models in terms of the
main bearing reaction forces and the resulting loads at the last tower node, i.e., at the yaw bearing position.
To assess the plausibility of the results on the one hand, and to evaluate the extent to which the enhanced
drivetrain model potentially influences the global turbine response, the yaw bearing loads are presented first.
Asillustrated in Figure 61 and Figure 62, the comparison is done both in absolute and in relative terms. Latter
aims to quantify the load deviation LA% of the HAWC2 models, compared to the SIMPACK configuration. To
avoid amplifying regions with low absolute values, the local difference for each load channel Ly (Vy)—Lsp (Vo)
was normalized, using the mean across the entire range of the SIMPACK response Lsp (see Equation 16 and
Equation 17). This method enables visualizing the trend of the relative difference across the turbine operating
range within a certain load channel. However, since LA% is sensitive to the magnitude of the individual
loads and the mean value of the corresponding channel, it does not allow for accurately cross-comparing the
quality of the different load channels.

L2 (Vo) —Lsp(Vo) -

LA%(Vp) = — 100 (16)
SP
_ Lsp(
Lsp =Z% Vo=5,7,9,.,25m/s 17)
14

Since the yaw bearing connects the tower to the rotating nacelle, it is oriented horizontally. Accordingly,
anon-tilted coordinate system is used for the analysis of the associated loads. As a consequence, the coordi-
nate systems used for presenting the hub and the yaw bearing loads differ slightly, being rotated by 5° around
the y-axis. This misalignment introduces small shifts in the x- and z-load components. However, for this
analysis, the effect is considered negligible, since cos5° = 1 and sin5° = 0.

When looking at the two figures below, it can be observed that, in general, all three models reasonably fol-
low the same trend, especially for the dominating load components. All relative deviations, apart from the
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Fy-component, lie within approximately 7 %, indicating that the application of external loads was done ap-
propriately on the one hand, and on the other hand, that all three models transfer these loads to the tower
top in a comparable manner. As expected, Fy, y,,, corresponds almost exclusively to the negative thrust force
at the hub, i.e,, the Fy p,,,-component in Figure 60. The same applies for My, y4., being the reaction moment
of the aerodynamic rotor torque My, rrp.

Fy yaw is also directly related to Fy, ;7,p, and therefore purely aerodynamically caused. From Figure 60, it can
be seen that the small lateral aerodynamic force is primarily caused by the flexibility of the tower and blades,
as well as the tilt angle of the rotor. The z-force component of the yaw bearing is a result of the combined
mass of rotor and drivetrain, superimposed with small aerodynamic forces (see F; j7,,) and additional mi-
nor contributions from Fy 7, due to the deviating coordinate definition. The relative difference of F, in
Figure 62 is roughly in accordance with the calculated mass deviations of 0.3 %, presented in Table 13. The
moment My, yayw is composed again of the aerodynamic counterpart, but additionally has contributions from
the moments created by both perpendicular force components Fy p,,, and F, p,,5 and their spatial offset to
the location of the yaw bearing (see Figure 34 where the yaw bearing location coincides with the node con-
necting the tower with the tower top). Mg y4, is again aerodynamically induced and originates primarily
from the tilt angle.

In general, it can be stated that the largest deviations, in both absolute and relative terms, occur close to the
rated speed where the blade deflections are reaching their maximum. Figure 77 in Appendix A presents the
tip deflections at the azimuthal position of the tower, where ¢ is the difference in tower clearance between
the rigid (TC;; gid) and the inflow-dependent flexible blade scenario (TC rlex(Vo)). As previously mentioned,
these deflections move the center of gravity of the rotor, which is not accounted for in the SIMPACK model.
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Figure 61: Absolute comparison of yaw bearing loads.
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Relative comparison of converged loads across the turbine operating range - Yaw
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Figure 62: Relative comparison of yaw bearing loads.

Since the simplified HAWC2 representation, H2-AD, does not include main bearings, two nodes were
introduced into the shaft body at their respective positions. These nodes were then used to compute the in-
ternal loads. As expected, however, the resulting forces and moments do not correspond to the main bearing
loads of the SIMPACK model.

Since the simple HAWC2 representation, H2-AD, does not include the main bearings, two nodes were in-

troduced at the shaft body at their respective positions. These nodes were then used for the computation of
the internal loads. As expected, however, the resulting forces and moments do not map the SIMPACK model’s
main bearing loads accurately. In Figure 75 and Figure 76 in Appendix A, the load comparison for the main
bearings of all three models is shown, while the four figures below focus on comparing the absolute and rel-
ative outcomes of the SIMPACK model and the detailed HAWC2 model.
Similar to the values of the yaw bearing, the best agreement between the two models for both main bearings
can be found in the load channels Fy, Fy, My, and M,. My corresponds to the free degree of freedom, yet the
small, negligible residual loads in the H2-DT response are due to the limitations discussed in the Implemen-
tation Step III. Larger discrepancies are present in the rear bearing, as already noticed in previous load cases,
and varying relative deviations around the rated wind speed can again be explained by the flexible CG of the
rotor, being disregarded in the SIMPACK simulations.
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Figure 66: Relative comparison of MBr loads across turbine operating range.

Although the differences, especially in the converged loads, are small, the results are an indication that
the implementation of a detailed drivetrain has an impact on turbine response. Naturally, in order to draw
profound conclusions, extensive analyses would be necessary and were not carried out within the scope of
this project.
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5. Discussion

To evaluate the presented work, the overall quality of the developed drivetrain model is assessed, including
its ability to reproduce key dynamic behaviors and its consistency with the reference SIMPACK model. While
the main limitations of the five implementation steps have already been discussed, the most relevant model
restrictions are summarized in this section, and potential improvements and suggestions for future research
are outlined.

5.1. Model evaluation and limitations

All in all, the results demonstrate that it is feasible to incorporate additional drivetrain complexity into the
HAWC2 model using simple Timoshenko beam representations. The approaches used improve the fidelity of
the overall wind turbine model, particularly for the main bearings, where good agreement with the reference
model was observed.

For the decoupled system, the isolated main bearing and torque arm structures capture the dynamic charac-
teristics of the high-fidelity SIMPACK model effectively, supporting the validity of the chosen implementation
method. However, when considering the coupled system, the agreement is reduced due to the complex in-
ternal dynamics of the driveshaft, and especially the gearbox. In general, the enhanced drivetrain model
provides accurate results of the main bearing response for steady simulations and results with limited fidelity
for turbulent simulations.

When examining the responses of the main bearings and the yaw bearing across the wind turbine’s steady
operating range, the HAWC2 model largely follows the trends observed in the SIMPACK model. However,
the agreement could likely be improved if the rotor mass center in the SIMPACK model were represented as
a function of the blade deflections. Differences in the response at the yaw bearing compared to the simple
HAWC2 model were observed, but these results must be interpreted with caution due to the limited num-
ber of tests conducted. Compared to the original simple model, the detailed representation significantly
increases the information obtained and offers a foundation for further fidelity improvements by incorporat-
ing additional features.

It must be noted that the implemented HAWC2 drivetrain model still relies on a number of simplifications
and assumptions. When transforming a three-dimensional drivetrain representation, such as the SIMPACK
model, into a one-dimensional beam-based structure, part of the geometric and stiffness-related information
is inevitably lost. This reduction becomes particularly problematic for components that are not rotationally
symmetric, as their anisotropic stiffness and mass distributions cannot be adequately represented by simpli-
fied beam elements. Moreover, the applied modeling approach is unable to capture the complex behavior of
the gearbox, including its multiple stages, internal inertias, and the combination of flexible and rigid parts,
which further limits the accuracy of the drivetrain representation. For instance, in SIMPACK, similar to a real
gearbox, only the shafts of the first and last stages are directly connected to the neighboring drivetrain com-
ponents. All other gearbox parts are supported internally by bearings and, ultimately, by the gearbox housing.
In contrast, in the HAWC2 model, the simplified gearbox representation causes the mainshaft to connect di-
rectly to the entire gearbox body and consequently its full weight.

Other major limitations arise from the given set of predefined HAWC2 connection constraints between beams.
In particular, the inability to directly assign stiffness values to constraints necessitated the use of additional
support beams. While an adequate implementation of these auxiliary elements allows the flexibility proper-
ties of the reference constraints to be included, some unintended side effects remain. As observed in Phase
111, the implemented support structures exhibited different response frequencies compared to their SIMPACK
counterparts. To improve the model’s accuracy, particularly to enable a reliable determination of damage
equivalent and fatigue loads, a method for matching these frequencies has to be found.

Modeling the drivetrain remains a complex task, and the reliability of any HAWC2 implementation strongly
depends on the available data from the SIMPACK reference model. While the SIMPACK model provided a
valuable guideline, a deeper understanding of its structure, assumptions, and limitations would have been
beneficial and could have facilitated the model comparison. In this context, special attention must be paid
to the residual loads present in the SIMPACK drivetrain model. For a more accurate verification of the im-
plemented HAWC2 drivetrain structure, a detailed analysis of these pre-stresses and the effects of driveshaft
rotation on them is required.

Another limitation involves the fact that non-rotating components, such as the gearbox housing, stator, gen-
erator housing, and nacelle housing, are represented in the model. As a result, their associated masses are
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not included. Furthermore, neglecting the flexibility of the mainframe introduced an additional simplifica-
tion that reduces the fidelity of the model.

Regarding computational expense, experiments indicate that the detailed model requires approximately twice
the simulation time of the simpler configuration, which may limit its applicability in scenarios with con-
strained computational capacities. Finally, although each implementation step was performed carefully,
errors, incorrect assumptions, or inaccuracies cannot be entirely ruled out, particularly given the inherent
complexity of wind turbine drivetrain dynamics.

5.2. Future work

Building on these findings and limitations, several approaches for potential model improvements and future
work were identified. Direct and relatively straightforward improvements include correcting the 0.4 m offset
of the connection point between the main shaft and the gearbox to match the SIMPACK reference model.
Furthermore, certain characteristics identified during the development process could be incorporated to ob-
tain more accurate estimates of the main bearing loads. These include fine-tuning the exact location of the
gearbox center of gravity and integrating a coupling beam element with the exact stiffness terms to connect
the main shaft and the gearbox, similarly to the approach used for the generator-gearbox coupling. Addition-
ally, implementing the precise torsional stiffness for the generator—-gearbox coupling could further improve
the agreement with the SIMPACK model.

More challenging enhancements that could increase the fidelity of the HAWC2 drivetrain representation in-
clude incorporating mainframe flexibility to capture additional structural dynamics and developing a more
detailed model of the gearbox. However, enhancing the complexity often leads to longer calculation times,
necessitating a careful trade-off between model accuracy and computational efficiency.

Apart from the model adjustments, further analysis using the developed model would be beneficial. However,
as discussed above, this requires a deeper understanding of the SIMPACK reference model, determining the
exact origin of the detected residuals, and flexible adjustments of the rotor CG, depending on the blade de-
formations. Subsequently, conducting additional simulations and performing a more detailed analysis of the
results could reveal valuable insights regarding both the capabilities and limitations of the developed model.
Moreover, using an existing drivetrain as a reference for the applied implementation methods and compar-
ing the outcomes with real measurement data would provide a great opportunity to test the accuracy of the
developed concepts. At the same time, the methods used should be critically evaluated, and entirely different
modeling approaches should also be considered.

Potential research questions that build on the findings of this project could be:

* How does the integration of the more realistic drivetrain structure in HAWC2 affect the dynamic re-
sponse of the entire turbine for different design load cases, and how does it contribute to improving
the fidelity of HAWC2 simulations?

* Does the inclusion of additional flexible drivetrain components have an impact on the natural fre-
quencies of the turbine tower or the blades?

* To what extent can a more accurate wind turbine model in HAWC2 help to bridge the gap between
overall system-response calculations and specific high-fidelity tools used to design and analyze indi-
vidual components, by facilitating the transfer of simulation results?

69



6. Conclusion

The main objective of this thesis was the development of an enhanced drivetrain model in HAWC2 to en-
able the analysis of drivetrain loads, with a particular focus on main bearing loads. Furthermore, the goal
was to improve the capability to capture dynamic coupling effects in modern wind turbines using HAWC2.
For this purpose, the study was guided by a set of research questions that helped to structure the four major
project phases: the Initialisation and Research phase, the Model Preparation phase, the Model Implementa-
tion Phase, and the Model Verification phase.

In the first phase, a detailed literature study was conducted to analyze the prevailing trends, essential
components, and key characteristics of modern wind turbine drivetrains, as well as to identify existing mod-
eling approaches. The core findings included the importance of holistic modeling strategies, the growing
necessity to account for flexibility effects in drivetrain calculations, and the increasingly complex demands
oflarge, modern wind turbines.

Second, in the Model Preparation phase, the DTU 10 MW RWT and the corresponding SIMPACK drive-
train model were identified as reference models for the project, fulfilling the previously defined requirements
regarding availability and suitability. Subsequently, the underlying theoretical concepts and the associated
software environments were studied.

The implementation phase was subdivided into five steps. Each of these contributed to accurately re-
producing the dynamic behavior of the drivetrain while striving for consistency with the reference model. In
the Model Structure Derivation step, an initial drivetrain beam model was derived in HAWC2, representing
the main components and support structures of the guideline model. This was followed by the next step,
the Cross-Platform Model Translation, in which effective methods were established to transfer the geometric
specifications and material properties of the SIMPACK drivetrain to the corresponding HAWC2 beam ele-
ments. Depending on the available data of the component, the required parameters were either directly
implemented or obtained using a cross-sectional analysis.

The third step involved the structural tuning of the essential drivetrain support structures, the main bear-
ings, the torque arms, and the gearbox-generator coupling. An approach was found to assign the joint stiff-
ness terms from the SIMPACK model to newly introduced three-beam models, using the longitudinal and
torsional stiffness properties of Timoshenko beam elements. The related damping properties were then iter-
atively tuned to obtain similar characteristics.

In implementation step IV, adjustments were made to the simplified HAWC2 drivetrain to enable comparison
with the new model. By assigning the mass and inertia properties of the individual components to their re-
spective location in the simple model, good levels of agreement between the models were obtained. Finally,
the stiffness of the gearbox beam in the detailed drivetrain model was adapted to ensure consistency with the
first torsional eigenfrequency of the reference models.

The developed enhanced HAWC2 model demonstrated high accuracy in capturing main bearing loads

under steady conditions and provided reasonable estimates in turbulent simulations. The torque arm re-
sponse showed reduced agreement, mainly due to the simplified representation of the gearbox. Despite these
limitations, the model successfully enhanced the fidelity of the drivetrain response compared to the original
HAWC2 setup. It further revealed differences in the yaw bearing response compared to the simplified config-
uration, suggesting that the detailed drivetrain structure influences the overall turbine behavior.
The main challenges encountered in this project were the identification of a suitable division of the com-
plex SIMPACK drivetrain model, the transfer of three-dimensional component characteristics into a one-
dimensional beam representation, and the integration of the dynamic properties of key support structures
such as the main bearings and torque arms. While potential approaches to address these challenges were
explored, further work is required to refine the model. Nevertheless, the outcomes of this project provide a
solid baseline for future research, offering both technical challenges and valuable opportunities for deeper
insight into the understanding of coupling effects in wind turbine dynamics.
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Appendix
A. Extra Figures

=# Force Element Properties: $F_mainshaft_f_bearing_orig_values

Hame: $F_mainshaft_f_bearing_orig_values
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From Marker: $M_mainframe_to_mainshafi_f_bearing
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2: Mominal force iny: 0
3: Nominal force in z: 0
4; Mominal torgue in al: 0
5 Mominal torgue in be: 0
6: Nominal torgue in ga: ]
7: Transl. stiffress in x 3524500000
&: Transl. stiffness in y: 8924400000
9: Transl. stiffness in z: 12520000000
10: Rotat, stiffness in al; 0
11: Rotat, stiffness in be: 12710800000
12 Rotat. stiffness in ga: 862240000
13: Transl. damping in x: 3524500
14; Transl. damping in y; 8924400
15; Transl. damping in z: 12520000
16; Rotat, damping in al: 0
17: Rotat. damping in be: 1210800
18: Rotat. damping in ga: 862240
1% Input Function F_c(x): <Mot Set>
20 Input Function F_c(y): <Mot Set=

40 Nominal displacement inxc
471: Nominal displacement in y;
42 Nominal displacement in &
43: Nominal angle in al:

44: Nominal angle in be:

45: Nominal angle in ga:

46 Qutput force in To Marker:

MNo

Figure 67: SIMPACK main bearing force element - Bushing Cmp.
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Figure 68: Front main bearing residual forces and moments for the coupled drivetrain.
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Figure 69: Left torque arm residual forces and moments for the coupled drivetrain.
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Figure 71: Left TA forces and moments for the coupled drivetrain and different static external loads.
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Figure 72: Right TA forces and moments for the coupled drivetrain and different static external loads.

C7 - Impact of implemented joint characteristics - TAI
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Figure 73: Comparison of rigid and flexible drivetrain structure for left torque arm, a rigid tower, and rigid blades.
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C7 - Impact of implemented joint characteristics - TAr
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Figure 74: Comparison of rigid and flexible drivetrain structure for right torque arm, a rigid tower, and rigid blades.

Absolute comparison of converged loads across the turbine operating range - MBf
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Figure 75: Absolute comparison of MBf loads across turbine operating range, including the results from the adjusted HAWC2

model.

77



Fy [kN] Fyx [kN]

F, [kN]

Absolute comparison of converged loads across the turbine operating range - MBr
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Figure 76: Absolute comparison of MBr loads across turbine operating range, including the results from the adjusted HAWC2

model.

Blade deflection at tower location
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Figure 77: Blade deflection at the azimuthal position of the tower: § = TCygiq — TCf1ex (Vo)
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B. Extra Tables

Table 19: Comparison of DFIG with Partial Power Converter and PMSG with Full Power Converter [4]

Type DFIG with Partial Power Con- | PMSG with Full Power Con-
verter verter
Power Range Common for medium-sized tur- | Increasingly common for large
bines (3—-6 MW) turbines (5-10 MW)
Rotor Magnetic Field Generated using rotor currents Produced using permanent mag-
nets
Converter Type Partial power converter (30-40% | Full power converter (100% of to-
of total power) tal power)
Efficiency Lower due to rotor Joule losses Higher due to the absence of ro-
tor Joule losses
Maintenance Requires carbon brushes and slip | Avoids carbon brushes and slip
rings, which need frequent in- | rings, reducing maintenance
spection and replacement
Table 20: Applied aerodynamic models in HAWC2 [6]
Model Key Features

Dynamic Inflow

Accounts for fast changes in rotor load by correcting the induced veloc-

ity.

Skew Inflow

Implements corrections for skewed wake effects due to non-
axisymmetric inflow.

Shear Effect on Induction

Applies a linear interpolation of Ct to account for shear effects.

Effect from Large Blade De-
flections

Considers the impact on the dynamics if the rotor diameter changes due
to large blade deflections.

Tip Loss Accounts for the reduction in lift at the tip of the blades resulting from
pressure-driven air flow.

Dynamic Stall Considers non-linear effects caused by rapid changes in angle of attack
(stall separation lag, shed vorticity from the trailing edge, etc.).

Near Wake Model Combines lifting-line near wake model with far wake model from the

BEM theory to improve the dynamic blade loading under all conditions.
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