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ABSTRACT

Wind turbines are the most developed renewable energy prospects that are used to capture kinetic
energy from the wind and generate electricity. Modern large-scale wind turbines are subjected to
different sorts of failures, such as main bearings, gearboxes, and generators. Moreover, downtime
loss will make a huge impact on the cost of energy. Thus, the rapid development of the wind power
industry requires a gearbox with higher performance. The dynamic characteristics of gearboxes
study before and during the operation will decrease operation and maintenance (O&M) costs,
both of which would greatly reduce the economic benefit of wind power. The study of dynamic
characteristics of wind power gearbox works on the prevention of failures in the wind turbine. The
existence and application of modeling and analysis software will reduce the task and increase the
accuracy.

This thesis presents, the influence of variation of input rotational speed on the vibration signal of
SE7715 wind turbine drive train at Adama Wind Farm II. The dynamic model of the gearbox
transmission system is built into the ADAMS for simulation. The wind turbine gearbox vibration
signal is simulated to monitor the technical conditions of rotating components at three different
load cases with input rotational speeds at 10 rpm, 15 rpm, and 20 rpm. The gears vibration signal
of angular acceleration and gear force are considered in the simulation and the results are

analyzed through Fast Fourier Transform (FFT) by using ADAMS.

Depending on the simulation results, the vibration signal peak points of load case 3 (20 rpm) is
greater than other load cases and these indicate the vibration signal is dependent on the variation
of input rotational speed. As the rotational speed increases the vibrational signal also becomes
higher. The results also show the influence of input rotational speed on the gear force at the three
load cases, at the highest input rotation speed (20 rpm), the amplitude of gear force is higher than
the other load cases and at 10 rpm input rotational speed, the amplitude is lower than other load
cases. Therefore, input rotation variation has a great effect on vibration signal of gears and gear
force.

KEYWORDS: Wind turbine, Dynamic analysis, Vibration signal, Fast Fourier Transform (FFT)
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CHAPTER ONE

1. Introduction
1.1 Background

Energy plays a great role in human existence immediately after air, food, shelter and it is also one
of the necessities for socio-economic development. This development has changed people’s way
of life and these changes forced people to extract energy from the existing renewable and non-
renewable energy sources [1]. In addition, for the greenhouse effect, global energy crisis, and
environmental disasters, there is a worldwide agreement about the development of new and
renewable energy. These sources include solar energy, wind energy, geothermal energy, and so
on. In the past three decades, wind energy has become the most cost-effective of all currently
exploited renewable energy sources [2].

In ancient times, people were fascinated by the wind energy source to use it in their sailing boats
on the River Nile. Its first application as a force driving a windmill is estimated in the 7th century
A.D. Windmills were used for grinding grain and for pumping water, the horizontal-axis windmill
with a rotor perpendicular to the wind direction is believed to be the most widespread type from
those ages. Therefore, the usage of windmills became a major source of power since the 14th
century. Then the mature windmill design led to increased use of wind energy in the United States
from the mid-19th century. Finally, at the end of the 19" century, electricity arose and interest
increased in using wind power for its generation. The windmills connected to an electric generator
are further called wind turbines [3].

From around 1990, the main driver for the extraction and use of wind turbines was to generate
electrical power to lower CO, emissions and to help in the climate change. Then from around 2006
the very high oil price and concerns over the security of energy supplies led to a further increase
of interest in wind energy and a succession of policy measures were put in place in many countries
to encourage its use. In 2007 the European Union declared a policy that 20% of all energy should
be from renewable sources by 2020 [1].

Wind energy is one of the most developed renewable energy prospects. The world’s wind power
industry developed rapidly in recent years, and the total wind power capacity reached 432 GW by

the end of 2015. Chinese wind power capacity increases rapidly and becomes the largest one all



over the world. By the end of 2015, the total installed capacity reached 145 GW, accounting for
33.6 % of the world’s wind power capacity [4].

The world is using the resource either onshore or offshore to generate electricity. Wind energy has
been the fastest-growing renewable energy source in the world for some time. At the end of 2018,
the global total wind energy capacity had grown to approximately 590 GW, which is enough to
cover about 4% of the world's total electricity. The total global installed capacity of wind turbines
during 2001-2018 is shown in the below Figure 1.1.

Global wind power cumulative capacity(data-GWEC-2018)
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Figure 1.1 Global cumulative installed wind capacity 2001-2018(GWEC-2018)

The world’s wind power industry developed rapidly in recent years, in this rapid growth five
leading countries were having the major share of the world capacity of wind turbines and wind
power i.e., China, USA, Germany, Spain, and India; together they represent a total share of more
than 70 % of the global wind energy potential. The global Wind Energy Council (GWEC) released
its 2018 report till the end of December; the top ten countries with maximum cumulative wind
energy and Chinese wind power capacity increases rapidly and becomes the largest ones all over
the world. By the end of 2018, the total installed capacity reached 145 GW (GWEC-2018).

Being dependent on the imported petroleum is also insufficient to fill the gap between the demand
and supply of the electrical power of a nation since it costs foreign currency and also the sources
of the non-renewable energy are expected to deplete in decades. In contrast, the number of
industries is always increasing from time to time, thus a single watt of energy plays a difference

in the supply grid system.



A wind turbine is a variable dimension machine, depending on how much energy is desirable. This
system is used to complete the electricity produced at an electric power plant/station or for
autonomous consumption. Generally, a modern wind turbine consists of three main parts: a rotor
on a horizontal axis, a nacelle, and a tower. The unwanted motions that occurred, in one of these
parts, are transmitted to the other by the relative motions between the mechanical components such
as shafts, gears, bearings... Particularly, in the wind generator, the vibrations originate from the
gearbox situated in the nacelle. These unwanted motions are produced when gears and bearings
are subjected to irregular loads and when some components are not sufficiently rigid [5].

To come up with the maximum output of the wind energy from a wind farm, since the wind speed
is dynamic, dynamic analysis of wind turbine gearbox is crucial to the success of wind energy
efficiency. At the time being, due to the unavailability of an experimental laboratory and to save
time, the wind turbine gearbox dynamic analysis is conducted in computer programs, which are
specifically designed to simulate accurate predictions. Specialized multibody dynamics software
like ITI-SIM, SIMPACK, LMS Virtual. Lab Motion and MSC ADAMS allow modeling three-
dimensional gear bodies, tooth microgeometry, global and local tooth stiffness [6]. Among the
computer programs, MS-ADAMS (Automatic dynamic analysis of mechanical systems) is the
most commonly used tool for dynamic modeling and analysis of multi-body systems. ADAMS is
a computer program for simulating multi-body dynamics.

This dynamic analysis of wind turbine gearbox using ADAMS will greatly accelerate and facilitate
Wind Farm development and prevents early-stage failures. This will present detail about the effect
of naturally variable wind speed effects on the gearbox of a wind turbine.

In this Thesis, the data collected from the Adama I1 site Wind Farm will be used to formulate a
multibody dynamic model and simulate the dynamic analysis of the gearbox by ADAMS. The
dynamic characteristic of the SANY SE7715 wind turbine gearbox was analyzed under different

external excitation conditions (wind speed).

1.2 Problem Statement

Due to the harsh environment, modern large-scale wind turbines are subjected to different sorts of
failures, such as main bearings, gearboxes, and generators. Moreover, downtime loss will make
huge impact on the cost of energy. Thus, the rapid development of the wind power industry
requires a gearbox with higher performance. If the dynamic characteristics of gearboxes are not

studied before, and after the operation, the actual utilization of wind turbines will decrease and



operation and maintenance (O&M) costs will increase, both of which would greatly reduce the
economic benefit of wind power.

In the meantime, the Ethiopian government is engaged in a variety of projects to generate electrical
energy. The electrical energy generated from the abundant wind resource has got an emphasis to
fill the gap between the supply and the demand across the country. These projects incur huge
capital and require foreign currency; thus, a reasonable study shall be done before and after
investing huge capital and human resource. The study shall be carried out with the latest
technology and materials to come to a feasible result.

However, it is quite difficult and time taking to undertake the estimation manually. The existence
and application of modeling and analysis software will reduce the task and increase the accuracy.
As an example, Fig. 1.2 (a) shows the failure statistics of Chinese wind turbines from January 2011
to August 2011, in which 23,600 machine parts have suffered failures in operation and it happened
more than 40,000 times. It is also well known to be a similar situation in Europe and North
America, including some famous companies. As shown in Fig. 1.2(b), among other failures,
massive problems belong to the core parts of the energy transmission chain, i.e., inside the
gearboxes and the rotor systems [4]. Since, the gearbox is the major component, the operating of
which directly affects the normal operation of wind power system, and therefore, it is of great
significance to carry out the dynamic characteristics of wind turbine gearbox because its failure
has been the major cause of many reliability problems for the modern wind energy industry since
its inception [7].
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It has been also reported that gearbox failures account for the largest amount of downtime,
maintenance, and loss of power production. Reports from wind turbine industries in Germany
indicate that these costly failures of gearbox and its components can total 15-20% of the price of
the turbine [8].

As described above, the gearbox transmission system is one of the mechanical systems where
mechanism dynamic modeling and simulation is important because wind turbine components are
always affected by uncertain (stochastic) loads in nature. Due to these loads, the chances of failures
are higher for critical components, such as a gearbox. Among other areas, the gearbox in wind
turbines is commonly known to be the weakest link because it is exposed to highly dynamic and

variable loads [9].

In Adama Wind Farm II, the wind turbine’s performance should have to be understood before any
catastrophic failure happen, analyzing the dynamic characteristics of wind turbine gearbox
components before and after installation is an important procedure to maximize energy production

by preventing pre-failure.

1.3 Objectives of the study
The main objective of this project is to analyze the multi-body dynamics of the gear train system

for the wind turbine gearbox under dynamic loads at the Adama |1 site.
The specific objectives of this thesis

» To formulate a mathematical model for the planetary gear train system of wind turbine
gearbox by using lumped-mass parameter modeling

» To demonstrate the impact of input rotational speed variation on the acceleration and
angular acceleration vibration signal of all gears by using MSC ADAMS software

» To analyze the influence of input rotational speed variation on the dynamic gear force by
using MSC ADAMS software and

» To analyze angular acceleration and gear force vibration signals of all gears by Fourier

transform



1.4 Significance of the study

Ethiopia without its gas or oil reserves is turning to its significant renewable energy potential to
fuel its economic development including damming the Blue Nile and the southern Omo River.
However, the flow of the region’s rivers is subject to rainfall that is erratic to make hydropower
less reliable than other sources of clean energy. Ethiopia has an abundance of hydroelectric energy
sources, but during the dry season and when droughts happen the level of the dam decreases so
that the wind turbines are immune to the dry spells.

Since, the downtime and cost associated with the gearbox of a wind turbine is high, studying the
dynamic characteristics of the gearbox decreases the pre-failure of the gearbox components. It can
help to understand gearbox dynamics. In addition, the cost to do dynamic simulation is negligible
compared with that of doing experiments. Hence, the study of dynamic characteristics of wind

power gearbox works on the prevention of failures in the wind turbine.

1.5 Scope and limitation

This research work mainly focuses on the dynamic analysis of the most affecting external
excitation force on the wind turbine gearbox by ADAMS. There are two types of excitations low-
frequency excitation and high-frequency excitation. The low-frequency excitation is due to wind
fluctuations and the high-frequency excitation is due to static transmission. And in this thesis work,
low-frequency excitation is considered. Wind speed causes external (low-frequency) excitation

fluctuation.

The considered input rotational speeds are 10 rpm, 15 rpm, and 20 rpm. The work only focuses on
finding the effect of rotational speed variation on the vibrational signal of the planetary gear, and
the speed-up gear train. Then a comparison between the effects of rotational speed difference has
been made. The multi-body dynamic simulation in this work doesn’t consist of the changes in the
internal excitation forces’ effect on the gears and bearings. And it also doesn’t contain
environmental factors such as humidity because of it needs experimental verification.

1.6 Structure of the study

Following this introduction, the thesis is divided into six sections. The second chapter presents
literature reviews on the wind turbine components, multi-body modeling analysis, lumped

parameter modeling method & analysis of the gearbox by ADAMS software. Chapter Three



presents the methodologies of this thesis including the study design, study area, study variables,
data collection, processing, and analysis, describes multi-body models, and the methods followed
on ADAMS. Then under Chapter Four detailed mathematical model of the gearbox is presented.
Chapter Five presents the results of the model by ADAMS software. Chapter Six presents vibration
signal analysis through Fourier transform along with a discussion leading to the conclusion and

recommendation part in Chapter Seven.



CHAPTER TWO

2. Review of Relevant Literatures
2.1 Wind turbine drivetrain concepts
A wind turbine consists of a turbine rotor, a gearbox, a generator, a power electronic system, and
a transformer for grid connection, as shown in Fig 2.1, in which wind turbines capture the power
from wind through turbine blades and convert it to mechanical power. Since wind speed is mostly
lower, the gearbox is important to be able to convert its lower speed to the higher rotating speed

into the generator, whose gearbox plays the role of accelerator [10].
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Figure 2.1 General composition of a wind turbine [10]

A Wind turbine is a variable dimension machine, depending on how much energy is desirable.
This system is used to complete the electricity produced at an electric power plant/station or for
autonomous consumption. It consists of three main parts: a rotor on a horizontal axis, a nacelle,
and a tower [5].

Fig 2.2. Presents in detail a modern wind turbine and a cross-section through its nacelle. The
nacelle of a wind turbine refers in general to all the components installed on top of the tower,
except for the rotor blades and the rotor hub. The nacelle enclosure protects these components
against rain, dust, salt, and other harmful particles or objects in the air. All components are
connected to a bedplate [3]. The rotation of the support frame around the longitudinal axis of the
tower is called “yawing” and is driven by the yaw drives. These drives turn the complete nacelle

in the yaw bearing and keep the rotor always directed towards the wind.



Figure 2.2 Wind turbine nacelle [3]

1. Pitch drive 2. Main bearing 3. Main shaft 4. Gearbox 5. Brake disk

6. Generator 7. Nacelle enclosure 8. Bedplate 9. Coupling 10. Yaw bearing

11. Tower 12. Yaw bearing 13. Rotor hub
The generator is part of the drive train in a wind turbine and generates usually a three-phase
alternating current (AC), this current goes through a transformer which raises the voltage to the
level required by the local electrical grid. Generally, the wind turbine drivetrain converts high
torque on the main shaft to low torque on the high-speed shaft to meet the electromechanical

requirements of the generator [7].

2.2 Structure Description of Gearbox in Wind Turbine

The structure of the gearbox in a wind turbine depends on the type of generator and the size of
power needed. For a small power wind turbine, a conventional gear set is most preferable, as shown
in Figure 2.3 (a) two stages gear set, due to it is simple structure and lower manufacturing cost.
For medium power, however, megawatt level wind turbine, single-stage PGT, and multi-stage
PGT, or combined PGT with conventional gear set, as shown in Figure 2.3 (b), (c), (d), (e), are
usually applied in the wind turbines, because PGT offers the advantage of compactness and large
load capacity. A new configuration of gearbox compound epicycle gear train combined a
deferential gear train with a star wheel shown in Figure 2.3 (f), is created, which can raise the
power density greatly due to the configuration with closed PGT and multi-planet gears have the
characteristic of power divided [10].



Figure 2.3 The configuration of gear boxes (a) 2 conventional gear set; (b) 1 PGT; (c) PGT and 2 conventional gear
set; (d) 2 stage PGT; (e) 2PGT and 1 conventional gear set; (f) compound epicycle gear train [10]

Qingkai et al. also mentioned three types of gearboxes used in wind turbines, such as cylindrical
gearboxes, planetary growth boxes, and combined gearboxes. The wind turbine gearbox is mainly
composed of the housing shell, gear pairs, shafts, and bearings. The housing shell of the gearbox
should be sufficiently rigid to withstand the forces without deformation. The gears and the shafts

are important in the transmission chain of a wind turbine [4].

2.3 Modeling Methods for Dynamic Analyses

Many researchers focus on the dynamics of the gear transmission system. Zhu et al. show how the
dynamic performance of a megawatt wind turbine drive train significantly influences the operation
of an entire machine by subjecting it to theoretical and experimental dynamic analysis [11].
Najad et al. states that the dynamic behavior of wind turbine gearbox is determined using three
techniques namely pure torsional, rigid multi-body modeling, and flexible multi-body modeling.
And when the number of planet gears is greater than three, planetary gears can have unequal load

sharing among themselves [12].

2.3.1 Pure Torsional Modeling and analysis

Joris et al. presented 3 types of multibody models for the investigation of the internal dynamics of
adrive train in a wind turbine. The first approach was limited to the analysis of torsional vibrations
only. They also presented a rigid multibody model with a special focus on the representation of
the bearings and gears in the drive train. This generic model implementation can be used for
parallel as well as planetary gear stages with both helical and spur gears. And they also offered
some examples for different gear stages that describe the use of the presented formulations [13].
Todorov et al. were established a dynamic multi-body model where the wind turbine includes a

rotor, a drive train, and an electrical generator. The drive train has a three-stage gearbox which
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contains two high-speed parallel gear stages and a low-speed planetary gear stage. The model
consists of 10 bodies and has 8 degrees of freedom taking into account the stiffness of the engaged
tooth pairs. In this model, the aerodynamic torque is applied as an external load. The calculation
permits obtaining natural frequencies, mode shapes, time series of torsional oscillations, and
amplitude-frequency characteristics for an industrial wind turbine. Their results show that transient
loads in the gearbox are very high and need special attention [14].

Xing and Moan examined in detail the modeling and analysis of an important wind turbine gearbox
component, the planet carrier, in a multi-body setting. The planet carrier studied in this work comes
from the 750kW wind turbine gearbox. There results from this comprehensive study provide an
insight into the proper modeling of a wind turbine planet carrier in a multi-body setting [15]. Jin
et.al were also assessed the gearbox dynamic behavior through three multibody models based on
modal and dynamic behaviors. Three gearbox models of different complexity are presented, i.e.,
torsional rigid multi-body model, 6-DOF rigid multi-body model, and flexible multibody model
[12].

Daneshi et al. presented a dynamic model of a single-stage planetary gearbox. The model includes
non-linearities such as time-varying mesh stiffness, transmission error, and damping force.
Simulation results clearly show that electromagnetic torque and stator current of generator contains
mesh and rotating related frequencies of the gears in its spectra [16].

Li and Chen presented a method to simulate a wind turbine gearbox system with the multi-body
drivetrain dynamic analysis software. The dynamic performance of the wind turbine gearbox is
very important for measuring the integrated vibration and noise of the whole drivetrain system of
a wind turbine [17]. Al-Hamadani et al. were also presented system modeling of dynamic loads
experienced by key mechanical components within wind turbine gearbox under different
operational conditions by using MATLAB/Simulink. Two operational conditions of WTs are
considered; normal operation and shutdown, using torque spectrums measured from a field
operating wind turbine. The torsional dynamic loads under these conditions differ significantly;
during normal operation, the maximum torque ratio is below the recommended value however it
exceeds the recommended level during a shutdown [18]. Helsen et al. focus on the gearbox modal
behavior assessment using three more complex modeling techniques of varying complexity: the
purely torsional model, rigid six degrees of freedom with discrete flexibility, and flexible

multibody technique. They discussed both simulation and experimental results. Furthermore, the
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interaction between the structural modes of the planet carrier, and planetary ring flexibility with
the overall gearbox modes is investigated, resulting in the definition of two new mode categories:
the planet carrier modes and planetary ring modes [19].

Zhu et al. also proposed the drive train of a megawatt wind turbine dynamic model in which the
blades, the hub, the main shaft, and the speedup gearbox are assumed as flexibilities. The external
excitation due to the measured load spectrum and the internal excitations due to the time-varying
mesh stiffness, the transmission errors, and the meshing impacts within the gearbox are considered
to predict the dynamic response of the system. Results show that the most vibration energy occurs
at the speed-up gearbox, followed by the generator, and then the main shaft. An experimental
remote real-time system is developed to monitor the vibration performance of the drive train, with
which the accelerations of components are detected. The experimental results are following the
theoretical results [20].

2.3.2 Rigid Multi-body Modeling

Zhai et al. show a key component to adjust the speed and torque, Considering the base helix angle,
normal pressure angle, position angle, rotation of carrier, and the mesh of the ring gear and planet
gear, a coupled dynamic model for high-power wind turbine gearbox transmission system, which
consists of two helical planetary stages and one helical gear stage was established using the lumped
parameter method. By using the numerical integration method, the results show that the modal
frequencies for the system do not coincide with the gear mesh frequencies of the stages. Then, the
dynamic mesh forces of the 1st stage in different models are compared and analyzed in the
frequency domain. Finally, a comparison of two different modeling techniques are discussed for a
wind turbine’s drive train with a helical parallel gear stage and two planetary gear stages [21].
For wind turbine gearbox dynamic analysis, Zhao and Ji also studied the dynamic response under
different excitation conditions. They proposed a 4 degree-of-freedom (DOF) dynamic model, both
the external excitation due to wind and the internal excitation due to the static transmission error
were included to represent the gearbox excitation conditions. With the help of the time history and
frequency spectrum, the dynamic responses of wind turbine gearbox components are investigated
by using the numerical integration method. Furthermore, they observed that the external excitation
fluctuation has a large influence on the dynamic responses of both the gears and bearings [7]. Zhao
and Ji did this analysis again for the wind turbine gearbox having two planetary gear stages and

one parallel gear stage. They found the static transmission error has the least influence [22].
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2.3.3 Flexible Multi-body Modeling

Yi et al. show the coupled dynamic model, which contains helical gears-shafts-bearings for a wind
turbine gearbox transmission system, was built by considering nonlinear factors of the time-
varying mesh stiffness, the external varying load, and the dynamic transmission error. These
results provide useful theoretical guidelines for the design of parallel shaft gear systems in wind
turbines [23]. Tan et al. also show a rigid-flexible coupling dynamic modeling method and an
experimental method to study the modal characteristics of the doubly-fed wind turbine drivetrain
at start-up. The proposed model is validated by professional software. The proposed method can
be used to guide the drivetrain optimization and the experiment [24].

Bruce et al. developed a multibody dynamic gearbox model, used to determine maximum bearing
contact stresses from laboratory-measured shaft torque data during normal operation and shutdown
conditions. During normal operation, the maximum contact stress experienced by the planetary
stage bearings exceeded recommended levels by 1% and during shut down by 15%. High-speed
shaft bearings also exceeded recommended levels during shut down by 18% [25].

Jin et al. assessed the gearbox dynamic behavior through three multibody models of varying
complexity, which are assessed based on modal and dynamic behaviors. This work shows that the
fully flexible multibody dynamic model can better reflect the operating condition of the wind
turbine. However, due to high calculation precision, the fully flexible multibody dynamic model

consumes much time [9].

2.4 Multi-body dynamic modeling

As Najad et al. described, a multi-body dynamics system consists of solid bodies, or links, that are
connected to each other by joints that restrict their relative motion. l.e. it studies the dynamic
behavior of interconnected rigid or flexible bodies, each of which may undergo large
translational and rotational displacements. The MBS model is a powerful tool for the load and
dynamic response analysis of mechanical systems. A multi-body system is a collection of rigid or
flexible bodies connected by joints/constraints and has relative motion between them. Its
components are joints, force elements, global/local reference frame, points, markers (location and

orientation of an entity), rigid/flexible bodies, and motion [12].

Shi et.al also defined multibody dynamic modeling as the study of the motion of mechanical

systems caused by external forces and motion excitations acting on systems. Multibody dynamics
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techniques are commonly used to analyze the component loads in general dynamic systems [26].
Dariusz & Natarajan mentioned lumped parameter modeling (LPM) and finite element modeling
(FMM) are two commonly used techniques to model gear trains. A lumped parameter model is
one in which the components are considered to be solid with the masses concentrated at a set of
points. A finite element model discretizes a physical model into disjoint components of simple
geometry called finite elements and its system response is obtained by connecting or assembling

the collection of all elements [8].

A defining characteristic of all these systems is that they can undergo large overall motion that is
comparable to their dimensions. A mechanism constitutes a set of bodies/parts connected or
constrained with each other to perform a specified action under the application of force, torque or
motion. Multibody dynamic analysis and finite element analysis are used to analyze a system.

Their difference is,
Table 2-1 Difference between MBD and FEA
MBD FEA

System performance, like forces, a, v, T of joints Structural performance

The system is a usable collection of modeling entities = The system is a coordinate system

Abstract visualization Precise visualization

Faster Comparatively slower

Result accuracy is independent of mesh size Result accuracy is proportional to mesh size
Simple (mass, inertia, CG) Complicated (general mesh)

2.4.1 Equations governing MBD simulation

The equation of motion is used to describe the dynamic behavior of a multibody system. Each
multibody system formulation may lead to a different mathematical appearance of the equations
of motion while the physics behind is the same. The motion of the constrained bodies is described
using equations that result basically from Newton’s second law of motion. The equations are

written for a general motion of the single bodies with the addition of constraint conditions.

2.4.2 Multibody dynamic simulation types
There are some types of MBD simulation such as Kinematic simulation, dynamic simulation, static

simulation, quasi-static simulation, linear simulation, and complex simulation.
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Kinematic simulation: A model with zero DOF is defined as kinematic and position, velocity, and
acceleration analyzed through a purely geometric study. Its solutions are uncoupled displacement,
velocity, and acceleration. Motion specified needs to be time-based and forces calculated as a
consequence of mation. The non-linear algebraic equations solved by Newton-Raphson and the
solution of differential equations are relatively robust. Its application is in mechanism design, robot

design & task planning, cam profile design.

Dynamic simulation: It is a study of a system as a consequence of applied forces and applies to
models with one or more DOF. In a dynamic simulation solution, the applied force affects
acceleration, the accelerations are integrated to velocities, the velocities are also integrated to give
displacements. Its improving product function and quality across a wide range of industries.

Static simulation: It is a study of the equilibrium conditions of a system at rest. In the static
simulation, the system velocities and accelerations are zero, solve the static force balance problem
and governing equations are algebraic. Its application is to calculate the force on the system at rest.

Quasi-static simulation: It is the study of the equilibrium conditions of a slowly moving system.
In this type of simulation, forces are a function of time or there are motion inputs, velocity and
inertia forces are ignorable, solve the static force balance problem at each point in time, and the
governing equations are algebraic. It uses in suspension design, stability analysis, steady-state

simulations, and so on.

Linear simulation: It is the study of the vibration modes of a system at any operating point and
evaluation of the system transfer function at any specified operating point. Linear simulation
linearizes equations of motion at a point and solves the eigen value problem to obtain system
frequencies and mode shapes. Its application areas are stability analysis, Noise vibration and
harshness (NVH), plant models for control system design, etc.

2.4.3 Multi-body dynamics modeling in MD ADAMS

S. Ana mentioned MSC Software as the worldwide leader of multidiscipline simulation solutions
that help companies improve quality, save time and reduce costs associated with designing and
testing manufactured products. MSC Software works with thousands of companies worldwide to
develop better products faster with simulation technology, software, and services. Using this

toolkit solution, design engineers achieve higher accuracy during predictive simulations of system
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dynamics and loading of components. The results include the total force, the loading of the

elements, and their loading conditions [27].

ADAMS is a powerful multidisciplinary (MD) modeling and simulation environment that was
developed to build, simulate, refine and optimize diverse mechanical systems [28]. The basic code
was originally developed at the University of Michigan with an ADAMS/solver product that solves
nonlinear numerical equations from models in text format. Further developments included other
modules that allow users to build, simulate and examine results in a single environment. As any
simulation tool, ADAMS has a postprocessor module known as Adams/View having a graphical
user interface for general modeling. Using this module, it is possible to plot the results and carry
out, among others, Fourier analysis on the results. The software package (ADAMS) is getting a
wide application and research interest because it represents one of the powerful tools for the

implementation of the virtual prototyping process based on the process depicted in Figure 2.4.

Modeling design using bodies, forces, contacts, joint, and modern
generators

Build

Test |:> Testing design using animations, measures, simulators &plots

@

Review Reviewing model by adding fraction, force functions, flexible parts & N
\ controls
Improve |:> Improve design using parameterization, iterations & optimizations

Figure 2.4 The virtual prototyping process in ADAMS

2.5 Literature summary

This chapter reviewed several past works on wind turbine gearbox dynamic analysis including
wind turbine drivetrain concepts, the structure of wind turbine gearbox, pure torsional dynamic
analysis, rigid multi-body dynamic analysis, and flexible dynamic analysis. Many researchers
have been worked on the impact of internal and external excitation forces on the dynamic
characteristics of gearbox components found in different types of gearboxes by using different
types of software. Therefore, for wind turbine gearbox dynamic analysis, the internal excitation
forces have the least influence and observed that the external excitation fluctuation has a large
influence on the dynamic responses of both the gears and bearings.
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2.6 Research Gap

Taking the above literature concepts into consideration, this thesis aims to conduct a dynamic
analysis of the Adama wind turbine gearbox at external excitation force by using MSC ADAMS
software. The developed 3D model of the gearbox is simulated by motions and forces and the

observed dynamic responses are discussed and analyzed through Fourier transform.

Some gaps are identified based on which aim for further study has been decided. Some are
e Most of the researches are worked for internal and external excitation force influence
comparisons and there are less works done on variation of external excitation force.
e Most of the researches are also worked for the application of the specific areas and there is
no dynamic analysis worked on the Adama wind turbine gearbox performance.

e Insufficient work has been done on the Adama wind farm mechanical gearboxes.
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CHAPTER THREE

3. Methodology

3.1 General methodology
The general methodology used in this thesis is given in the flow diagram in Fig. 3.1.

Collect data from different source like; Journal, article, books,
web pages, etc.

<

Literature review

O

Identify research gap, set objectives and methodology

R
Mathematically model the gearbox by lumped mass
parameter modeling

a2
Modeling the gearbox by ADAMS using bodies, force
contacts, joints and forces

~~
Apply different rotational speeds to the carrier of the gearbox

U U v

10 rpm 15 rpm 20 rpm

J 4 J

Simulate for components acceleration and gear force ADAMS/view

U

Analyze the vibration signals through Fast Fourier transform

U

Draw conclusion and give recommendation for future work

Figure 3.1 Flow diagram of thesis methodology



3.2 Study area

Adama, also known as Nazareth, is a city in central Ethiopia and the previous capital of the Oromia
Region. Adama forms a Special Zone of Oromia and is surrounded by Misraq Shewa Zone. It is
located at 8.54°N 39.27°E at an elevation of 1712 meters, 99 km southeast of Addis Ababa.

e
°®

= o

Figure 3.2 Adama Wind Farm [1]

The 153 MW Adama wind farm is the largest in sub-Saharan Africa to date. As shown in Fig. 3.2,
there are 102 wind turbines with 70 m high Chinese-built turbines are situated in a range of rocky
hills in the Ethiopian highlands in the southeast of the capital Addis Ababa [29].

3.3 Specifications of Adama wind turbine gearbox

In principle, one single wind turbine gearbox could be designed for one specific site. However,
this would not lead to a cost-efficient production of wind turbine gearboxes. Therefore, wind
turbine gearbox manufacturers offer in general a limited range of products suitable for a broad
range of sites. The specifications of each of these wind turbine gearboxes are a summary of the

requirements at different sites. However, the generalization of the designs has also limitations.

19



Power(kW)

1600

1400

Wind speed(m/s)

Figure 3.3 Power Curve [30]

The above Fig. 3.3 shows the power curve of three wind turbines which are found in the Adama
wind farm. All wind turbines produce about 1.5 MW. The selected wind turbine is SE7715 and its

technical specifications are given in Table 3.1.

Table 3-1 Technical specifications of gearbox

Model SE7715
Wind class IEC 2
Rated power (kW) 1500
Rotor diameter (m) 77.7
Swept area (m?) 47.36
Rated speed (rpm) 19
Rated wind speed (m/s) 115
Cut-in wind speed (m/s) 3
Cut-out wind speed (m/s) 25
Hub-heights (m) 67/70/80
Rotor weight (t) 33
Nacelle weight (t) 56

3.4 Study variables

In this thesis, the analysis will be conducted for different wind conditions such as 10 rpm, 15 rpm,
and 20 rpm. The dependent variables are the gear forces, acceleration, and angular acceleration.
Generally, vibrations consist of vibration signals in three axes — x, y, and z. The basic parameters

which are calculated for vibrations are trajectory, velocity and angular velocity, acceleration, and
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angular acceleration [31]. AIll these aspects are simulated and then analyzed in the

MSC.Adams/Postprocessor module.

3.4.1 Wind speed

Wind speed, or wind flow speed, is a fundamental atmospheric quantity caused by air moving from
high to low pressure, usually due to temperature change. Wind direction is usually almost parallel
to isobars (and not perpendicular, as one might expect), due to Earth's rotation.
Wind speed affects weather forecasting, aviation, and maritime operations, construction projects,

growth, and metabolism rate of many plant species, and has countless other implications.

The variation of wind speed influences the power production of the farm since the rotational speed
of the rotor will also vary as the speed changes from time to time. For instance, in the SE7715
wind turbine, the wind speeds below the cut-in speed, 3 m/s, the rotor will stop rotation. This
shows the power output is zero. But, when the wind speed is above 3 m/s the power output
increases until the speed rate is 11.5 m/s, that is the rated wind speed. Due to the limitation on the
capacity of the wind turbine components, the power ceases to increase in the range between 11.5

m/s and 25 m/s. Finally, the turbine shuts off itself, for a speed above 25 m/s for safety reasons.

3.4.2. Angular acceleration

Angular acceleration refers to the time rate of change of angular velocity. As there are two types
of angular velocity, namely spin angular velocity and orbital angular velocity, there are naturally
also two types of angular acceleration, called spin angular acceleration and orbital angular
acceleration respectively. Spin angular acceleration refers to the angular acceleration of a rigid
body about its center of rotation, and orbital angular acceleration refers to the angular acceleration
of a point particle about a fixed origin, i.e., the time rate of change of its angular velocity relative
to the origin. Spin angular acceleration is independent of the choice of origin, in contrast to the

orbital angular acceleration.

3.4.3 Torque
Torque is the measure of force that can cause an object to rotate about an axis. Hence, torque can
be defined as the rotational equivalent of linear force, the point where the object rotates is called

the axis of rotation.
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As any rotating mechanical system, a wind turbine torque (z) is a function of the transmitted power

(P) and the rotational speed (), expressed as
T= P/a) Egn. 3.1

where the power produced by the selected wind turbine is: P = 1500 kW, i.e., 1.5 * 10® Nm/s.

For the three rated speed cases considered in this study, the angular speeds are calculated as

follows:

Case 1: rated speed, n2 = 15 rpm > @2 = n2 * 21/60 = 1.571 rad/s

Case 2: rated speed, n3 =10 rpm = @z = n3 * 21/60 = 1.047 rad/s

Case 3: rated speed, n1 =20 rpm > w1 = n1 * 21/60 = 2.0106 rad/s

Inserting these values for the angular speeds in Eq. 3.1, the following torques are obtained:
71 =9.549 * 10° Nm; 7 = 1.432* 10° Nm and 73 = 7.539 * 10° Nm, respectively.

These torque values are used as inputs for the dynamic analysis of the gearbox in MSC. Adams.

3.4.4 Gear force

Gear force between mating gears develops normal to the contacting surfaces. This normal force
can be decomposed into axial force, radial force, and tangential force. The normal force is
distributed along the contact line, which moves as the gears rotate. Although the force is
distributed, the operating pitch circle can be taken as an approximation to the average location for
the point of contact. And by considering the projection of the normal force in the transverse plane,
the tangential force is one component; the other component is the radial force. Therefore, in this

thesis, the selected gear force for analysis is the radial gear force.

3.5 Methods of modeling the wind turbine gearbox vibrations

Modeling and simulation are the activities related to making models of real-world objects and
experimenting with these models. Modeling and simulation (M&S) are the use of models (e.qg.,
physical, mathematical, or logical representation of a system, entity, phenomenon, or process) as

a basis for simulations to develop data.
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MSC. Adams (Automatic Dynamic Analysis of Mechanical System) is a computing software used
for modeling, analyzing, and optimizing mechanical systems called MBS (Multi-Body System). It
supports static, kinematic, and dynamic analyses of the model. In other words, this software is
based on a physical model describing the model specified by relevant ideal objects (mass,

rotational inertia, length, kinds of joints, etc.)

MSC Adams consists of several different modules, such as Adams/View, Adams/Car,
Adams/Chassis, Adams/Driveline, etc. In this work a universal module MSC. Adams/View is used

for modeling the wind turbine gearbox vibrations and analysis of the results.
The basic steps for modeling and simulating in the MSC Adams/View module are as follows:

e Creating models and bodies - geometrical shapes (length, width, depth, dimension, the
distance among shafts, etc.),

e Selecting physical characteristics — rotational inertia, mass, dynamic friction coefficient,
etc.,

e Creating structures — kinematics definition (translation, rotation, etc.)

e Run a simulation — make motion forces, observe model behavior,

e Record and analyze results in MSC. Adams Postprocessing

3.5.1 Model of the wind turbine gearbox
Parts of the gearbox define the objects in the model that have mass and inertia properties and can
move. All forces and constraints that are defined in the model act on these parts during a

simulation. This section explains the creation of parts in the gearbox.

The model of the gearbox describes the three stages of the gearbox and, the first stage is the
planetary gear stage that includes three rotating components: planet carrier arm, planet gears, and
sun pinion. In this dynamic model, the gearbox housing, planet carrier arm, and bedplate are
assumed to be rigid, and it is assumed that there are no relative movements or transmission of
forces between gearbox shafts. The planet carrier arm with shafts and bearing supports (revolute
joint) the planets, thus the planets can rotate freely with respect to the planet carrier arm, and to
reduce the load transmitted at each gear mesh the planets split the input load. A parallel gear stages;

in the first and second gear stages, the gears and pinions are also mounted between bearings
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(revolute joint). MSC Adams/View was used to model the gears tooth wheels and bearing

structures.

This wind turbine gearbox is used to increase rotational speed from a low-speed rotor to a higher-
speed electrical generator. The ratio is 90:1, with a rate of 19 rpm input from the rotor to 1,500

rpm output for the generator.

ADAMS provides machinery components that are used to model different types of gears by
specifying the common parameters such as module, number of teeth for all gear pairs, face width,
and gear tooth thickness. The design parameters of the gearbox considered in this study are given
in Table 3-2, while the bearing specifications are given in Table 3-3.

Table 3-2 Basic geometrical data of tooth wheels of the mechanical gearbox of the wind turbine

Name of parts Number of teeth Module Types of gear
Sun gear 21 10 Helical
Planet gear 39 10 Helical
Ring gear 99 10 Helical
Drive gear of 1% stage 82 8 Helical
Driven gear of 1% stage 23 8 Helical
Drive gear of 2" stage 76 55 Helical
Driven gear of 2" stage 23 55 Helical

Table 3-3 Bearing’s specifications

Name of bearings Number
15t stage bearings SKF NU 1014
2"d stage bearings SKF NU 208

3.5.2 Selection of physical characteristics

The gears in the gearbox are made from steel SAE-AISI 1045, whose physical properties are:
density, p = 786 Kg/m3, modulus of elasticity, E = 210 GPa, and poison’s ratio, v = 0.3. The
necessary variables for defining the contact of the gears include static friction coefficient (),
Static transonic speed (V;), Dynamic friction coefficient (ng), and Dynamic transonic speed (V).

And their values are 0.1, 1 mm/s, 0.08, and 10 mm/s respectively.
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3.5.3 Description of the gearbox joints

ADAMS/View provides a variety of idealized joints from which you can choose. Idealized joints
are mathematical representations of joints that have physical counterparts, such as a revolute
(hinge) or translational joint (sliding dovetail). Idealized joints connect two parts. The parts can be
rigid bodies, flexible bodies, or point masses. Idealized joints can be placed anywhere in the model
(A). ADAMS/View supports two types of idealized joints: simple and complex. Simple joints
directly connect bodies and including translational joints, cylindrical joints, spherical joints, planar
joints, etc.

In the working condition of the virtual wind turbine gearbox model simulation, the first assumption
is that the tooth wheels are attached to the countershaft with the shaft designated as a “fixed joint”.
Three shafts in relation to each other are placed by rotation joints designated as “Revolute joint”.
Single shafts are positioned in ball bearings that are connected with the base of the transmission

system. It enables the vibration signal to be transmitted through these bearings to the gearbox.

3.5.4 Simulation conditions

Simulation condition is a process of performing MSC ADAMS/View module during which the
wind turbine is replaced by its model. This process aims to obtain information about the examined
dynamic system and find whether its behavior corresponds to reality. Simulation is a process
during which a virtual gearbox model is created. The model becomes similar to a real gearbox with
the properties observed during the operation. In the case of simulation of vibrations, it consists of
vibration signals in three axes — X, y, and z. The basic parameters which are calculated for

vibrations are trajectory, velocity and angular velocity, acceleration, and angular acceleration [31].

All these aspects are simulated and then analyzed in the MSC Adams/Postprocessor module. The
gearbox is used to increase the wind speed from the rotor. In the process of operation, it could
suffer from heavy stimulation of the wind turbine rotor, the axles, and other sources such as oil,
backlash, and clearance. These stimulations cause complex dynamic load which is the main reason
for vibrations, impact, noise, and other signs. The designated operating conditions are based on

the working characteristics of the wind turbine gearbox:

i.  Three different rotation speeds n = 10 rpm, 15 rpm, and 20 rpm are applied on the carrier
of the planetary gear stage for three simulations;
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ii.  The load torque calculated from the maximum power of the generator used on the wind
turbine (7.54 = 105 Nm, 9.88 * 10> Nm, and 1.432 = 10° Nm)
iii.  Other parameters are applied as follows:
e Simulation time (end time) = 1 s,

e Simulation step (step size) = 0,001.

3.6 Analysis of the simulation results

3.6.1 Algorithms for the dynamic simulation

MSC Adams has four types of solvers (the Gstiff, Wstiff, Dstiff, and Constant-BDF) to solve the
Differential-Algebra Equation (DAE) for the multi-body dynamic simulation. All solvers custom
multi-step, variable order algorithms and apply one of these three integration formats counting the
Index3 (13), Stabilized Index 1 (SI1), and Stabilized Index 2 (S12) [32].

The Gstiff and Wstiff use a variable step and fixed coefficients. Both solvers calculate faster and
with higher accuracy than Dstiff and Constant-BDF, but when calculating velocity, an error will
occur that might stimulate discontinuities in acceleration. For this reason, the error has to be

controlled by limiting the maximum step during the simulation.

The Dstiff is stable and can be modified according to variable steps without any accuracy loss. But
it involves more calculation time than Gstiff. Its algorithm is the same as Wstiff, but only allows
the integration format Index3. The Constant-BDF algorithm customs fixed steps, which makes it
necessary when SI2 format is selected with a short step. But the calculation time is slower than
Gstiff and Wstiff. It has also high accuracy with less sensitivity to the discontinuity of the

acceleration and force as the Gstiff [32].

There are different types of Integration formats, such as Sl1, SI2, and SI3. The SI1 displays all
state variables such as displacement, velocity, and Lagrange multiplier by presenting the velocity
constrained equations instead of acceleration constrained equations. Therefore, it’s accurate but
it’s sensitive to the models with friction and contact problems. The SI3 displays displacement
errors and other state variables of the differential equations, but not the velocities and constrained
reaction forces. Therefore, its accuracy when calculating velocities, acceleration, and constrained

reaction forces is less than others. Unlike the SI1, the SI2 can control the errors of Lagrange
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multiplier and velocity constrained equations, so accurate results could be obtained for the velocity

and acceleration computation.

Therefore, depending on the above discussion about the solvers and integration formats, the Wstiff
solver with SI2 integration is adopted for the dynamic simulation of the wind turbine gearbox

simulation.

3.6.2 Algorithm analysis of the contact force

Because the function of contact force is periodic, a FFT will be used to decompose it into a sum
of simple harmonic functions, namely sines and cosines. Theoretically, the FFT can be defined as
follows [11]:

x(t) = ag + Yne1(ay cos? + b, sin @) Eqn. 3.2

Where x(t) is the function of contact force with period T, a, and b,, are constants called the

coefficients of the transform and given by the Euler formulas.

T
ag = %f_¥;2x(t) dt Eqn. 3.3
T
a, = %f_&x(t) cos@dt, n=123,.. Eqn. 3.4
b =3fT/2 x(t) sinZ2dt, n=1,23 Eqn. 35
n T_T/Z T ) 1Ly e an. o.

However, in practice, the function of contact force is a set of data with discrete and finite values
x, (n=1,2,..). To perform the analysis using these finite values of discrete data, the discrete

Fourier transform (DFT) should be applied:

1 _ i
Xy = 5 Xk=g xxe PN nm = 02,2, . N — 1 Eqn. 3.6

Where N is the number, x,, in a constant interval At & x,, , is called DFT of the discrete values

Xg) X1y e XN=1-

The next equation will transfer correspondingly finite values on the time axis to the discrete spectra

on the frequency axis. DFT can also use real numbers instead of complex ones,

_ 1 oN-1 2nnk
Ay = £ 3= i cos
1 oN-1 . 2mnk Eqn. 3.8
Bn=ﬁZk=0 Xi SIN—— n=012,.., N—1,
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Where x,, = A, + jB,.

In this work, a window function is used to change the discrete values to continuous and periodic.
Discontinuities are “filled in” by forcing the function of contact force to be equal to zero at the

beginning and the end of the calculated period.

MSC Adams/post-processor provides some windowing functions such as Rectangular (no

window was used), Gaussian, Hamming, Blackman, and Hanning.

2nn 41Tn

w[n] = 0.723 — 0.498 cos—+ 0.0792 cos — Eqn. 3.9

After many trials, the Blackman windowing function was chosen to analyze the results that are

found after the simulation.
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CHAPTER FOUR

4. Modeling of the Gearbox

4.1 Structure and components of Adama wind farm wind turbine gearbox

At the Adama wind farm-2, there are 102 wind turbines. The selected wind turbine is SE7715. Its
gearbox consists of three stages high-speed gear stage which is connected with the generator,
intermediate parallel gear stage, and low-speed planetary gear stage that absorbs the aerodynamic
loadings from the rotor. So that, by taking the assumption into account the input load for the Adama
wind turbine gearbox dynamic model is limited to torsional load only, and this torsional load is
going to be applied directly to the planet carrier arm and it transmits the load to the planet gears

and the sun pinion.

Figure 4.1 ADAMS model of the gearbox

Figure 4.1 is a model of the gearbox that describes the three stages of the gearbox and the first
stage is the planetary gear stage that includes three rotating components: planet carrier arm, planet
gears, and sun pinion. In this dynamic model, the gearbox housing, planet carrier arm, and bedplate
are assumed to be rigid, and it is assumed that there are no relative movements or transmission of
forces between gearbox shafts. The planet carrier arm with shafts and bearing supports (revolute
joint) the planets, thus the planets can rotate freely with respect to the planet carrier arm, and to

reduce the load transmitted at each gear mesh the planets split the input load. A parallel gear stages;
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in the first and second gear stages, the gears and pinions are also mounted between bearings

(revolute joint).

4.2 Mathematical equation of the gearbox

Wind turbine gearbox components are modeled to predict the dynamic responses.
Assumptions

e The non-torsional loads that are applied to the gearbox are assumed to be uncoupled.

e The gearbox housing, planet carrier arm, and bedplate are assumed to be rigid.

e There are no relative movements or transmission of forces between gearbox shafts.

e There is equal load sharing between planets that rotate freely with respect to the planet
carrier arm.

e The low-frequency excitation is considered (wind speed causes the external excitation
fluctuation).

e The planet carrier arms are connected with planets by a revolute joint.

e All parallel gears and pinions are also mounted between bearings.

The time-varying gear mesh stiffness, damping, and the static transmission error represent a
lumped-parameter model of a ring-planet-sun gear-pair, the gear deformation during tooth meshes.
The ring gear, sun gear, planet gear, and parallel gears are all helical gears. Therefore, the helical
angle and pressure angle of each gear tooth remaining constant, and are allowed to rotate freely

during turbine operation. The geometry of gears is determined by Eqgn. 4.1.

Thy = 1, COS Eqgn. 4.1

Where 1;,,,-base radius of gears, r,- pitch radius of gears, and a- pressure angles.
Base radius of the sun gear
Ths =TysCOSa, Tys = Ngx M
Where N; = number of teeth of the sun gear, M = module
Tys = 21 %10 = 210mm

Tps = 210mm * cos 20 =197.3 mm
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Base radius of planet gears
Thp = Tup COS A, Typ = Ny * M

Where N,, = number of teeth of planet gear, M = module
The pitch radius of planets, ,,,, = 39 * 10 = 390 mm
Then the base radius of the planets, r;,,, = 390 * cos 20 = 366.48 mm
Base radius of gear-1

Thgt = Tug1 COS A, Tygr = Ngg * M
The pitch radius of gear-1, 1,4y = 82 x 8 = 656 mm
Then the base radius of the gear-1, 15,4, = 656 * cos 20 = 616.4 mm
Base radius of gear-2

Thg2 = Tug2 COS A, Tygy = Ngy * M
The pitch radius of gear-2, 1,5, = 23 * 8 = 184 mm
Then the base radius of the gear-2, 1,5, = 184 x cos 20 = 172.8 mm
Base radius of gear-3

Thgs = Tug3 COS A, Tygz3 = Ngz x M
The pitch radius of gear-3, 1,43 = 76 * 5.5 = 418 mm
Then the base radius of the gear-3, 15,43 = 418 * cos 20 = 392.8 mm
Base radius of gear-4

Thga = Tuga COS A, Tygs = Nggu* M
The pitch radius of gear-4, 1,54 = 23 * 5.5 = 126.5 mm

Then the base radius of the gear-4, 13,44 = 126.5 * cos 20 = 118.9 mm
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The equivalent transverse displacement of the gearbox components along the line of action, caused

by their rotational displacement is,
Vi, = 19464 Eqn. 4.2
Then the relative displacement of sun-planet gear mesh on the line of action, caused by rotation is,
Vspn o = (Vs — Von —Ve)cos Bs Eqn. 43
The relative displacement of sun-planet gear mesh on the line of action caused by the translational

motions can be given by:

Vopnr =1{ Xssina — Ygcosa — Xpp sina =Y, cosa — X.sina — Y. cosa } cos B, + (Zs —
Zpn — Z¢) Sin fs Eqn. 4.4

By combining (3) and (4), yields the total relative displacement of sun-planet gear mesh on the

line of action:

V;pn = (Vspn_e - V:spnr) Eqn. 4.5
The same process can be done for planets 2 and 3 but the number of planet gears is three, planetary

gears have equal load sharing among themselves. So relative displacement of sun-planet gear 1

mesh is the same as planet gear 2 and 3.

The relative displacement of ring-planet gear mesh on the line of action, caused by rotation, can

be written as
Vipno = (Vpn —Ve)cos Bs Ean. 4.6
The relative displacement of ring-planet gear mesh on the line of action, caused by the translational
motions, can be expressed as,
Vipnr = Xpnsina — Y, cos a — X, sina =Y, cos a) cos By, + (Zpn — Z) Sin P Eqn. 4.7

By taking into account the static transmission error of the ring-planet gear mesh, the total relative

displacement is

Vipn rpn.6 — Vrpn, — €rp Eqn. 4.8

The relative displacement of the gear pair at the intermediate parallel gear stage, caused by

rotation, can be calculated as:
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Vo=V, =V, Egn. 4.9

The relative displacement of the gear pair at the intermediate parallel gear stage, caused by
rotation, can be expressed by:

V1,2_9 = (VZ _Vl)COS ﬁg Eqn. 410

The relative displacement of gear-pair, caused by the translational motions, is given by:

Vizr = Xzsina —Y,cosa — X, sina —Y; cos a) cos B, + (Z, — Z1) sin s Eqn. 4.11
By considering the static transmission error between the gear and pinion, the total relative
displacement is:

Vig=Vigg—Vipr—e1, Eqn. 4.12

The relative displacement between the gears g2 and g3 can be obtained by:

V2’3 - V3 - VZ Eqn. 413
For the high-speed parallel gear stage, the relative displacement of the gear mesh on the line of
action, caused by rotation, can be written as:
V3,4_9 = (V4 _V3)COS ﬁg Eqn. 4.14
The relative displacement of gear pairs on the line of action, caused by the translational motions,
can be expressed by:
Vi4r=Xssina—Y,cosa— Xgsina—Y;cosa)cos B, + (Z, — Z3) sin fs Eqn. 4.15
By including the static transmission error between the gear and pinion, the total relative
displacement is:
Vag=V340—V3sr—e34 Eqn. 4.16

The gear pairs meshing forces of the wind turbine gearbox can be obtained from the relative
displacements of gear meshes V; (V; represents Vipn, Vepn, Vi andVs,, (n = 1,2,3). By
considering the gear backlash, the meshing forces of gear pairs (e.g., F.,,, between the ring-planet
gear mesh) can be recalculated by next Equation 4.17, where k,.,, represent the gear meshing

stiffness of the ring-planet gear pairs, and fv; given and it is the vector form of the nonlinear gear
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mesh displacement function (no gear backlash exists on shafts). Damping forces can be calculated

similarly;
By, = krprj ;n=123 Eqn. 4.17
Vi—=bV;>b
f(Vj) =20,-b<V;<bh Eqn. 4.18
Vi+b,V;<—b

The equations of motion of the gearbox components can be obtained by applying Newton’s laws.

For the planet carrier, the equations of motion are given by:

(Ic + 3m120)éc + Z%:l(kspf(vspn) + Csstpn) cos .Bs Tpe + Z?L:l(krpf(vspn) +
CrpVepn) €0S Bs e = T; Eqn. 4.19

mcjéc + [Zfl:l(kspf(v.;pn) + Csstpn) + Z%:l(krpf(vrpn) + Crerpn)] cos ﬁs sina — kcxxc -
Cexxe. =0

mcj}c + [ %:1(kspf(vspn) + Csstpn) + Z%:l(krpf(l/;pn) + Crp[};pn)] cos ﬁs cosa — kcyYC -
Ccyyc =0

mczc + [Z%:l(kspf(v;pn) + Csstpn) + Z%:l(krpf(vrpn) + Crerpn)] sin ﬂs - kczxc -
Ceyz. =0

For the sun pinion, the equations of motion are:

Isés + Zi:l(kspf(vspn) + Csstpn) cos Bs1ps + (ksglvsgl + nglvsgl) cos fs Tps = Tin Eqn. 4.20
msjés + Z%:l(kspfa/;pn) + Cspl};pn) cos .Bs sina + ksxxs + Csxxs =0

msj}s + Z?z:l(kspf(vspn) + Cspl};pn) cos ﬁs cosa + ksyys + Csyys =0

mszs + Zi:l(kspf(vspn) + Csstpn) sin ﬁs + kszxs + Cszzs =0

For the planet gears, the equations of motion are given by:

Ipépn + (krpf(Vrpn) + Crerpn) cos ﬁs + kspf(v;‘pn) + Cspﬁspn) =0 Eqn. 4.21

MpXpn + [(krpf(vrpn) + Crerpn) - (kszif(VSpn) + CSpf’Spn)] €os S sin & + KpxXpy +
Cprcpn =0

My Ypn + [(krpf(vrpn) + Crerpn) - (kszif(Va‘pn) + Cszvﬁszon)] cos s cos a + kypyYpn +

CpyYpn =0
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MpZpy + [(krpf(vrpn) + Crerpn) - (kspf(Vspn) + Csp'.’spn)] Sinfs + kpzXpn + Cpzipn =
0

For the gear at the intermediate parallel gear stage g,, the equations of motion are written as:
L6, + (k1,2f(V1,2) + C1,2V1,2) cos g 1p1 + (ks1Vs1 + Cs1051)751 = 0 Eqn. 4.22
my %y + (kyof (Vig) + Ci2Viz) cos By sina — kyyx; — Coy¥y = 0

myy, + (k1,2f(V1,2) + C1,2V1,2) cos Bgcosa —ky;y; —Cy1y, =0

myZ; + (kl,zf(Vl,Z) + C1,2V1,2) sinfg —kz12y — C712, =0

For the pinion at the intermediate parallel gear stage g,, the equations of motion are expressed as:
1,6, + (k1,2f(V1,2) + C1,2V1,2) €oS g + Ky 37pz + Ka 3053 + Co3023)12 = 0 Eqn. 4.23
myX, + (k1,zf(V1,z) + C1,2V1,2) cos Py sina — kyyx; — CypX%, =0

myy, + (k1,2f(V1,2) + C1,2V1,2) cos By cos a — ky,y, — Cyy, =0

myZ; + (k1,2f(V1,2) + C1,2V1,2) sin ,Bg — Ky22y — Cpp2; =0

For the gear at the high-speed parallel gear stage g5, the equations are obtained as:

1565 + (k3,4f(V3,4) + 63,4173,4) €oS Pg T3 — (k3023 + Co3023)Tp3 = 0 Eqn. 4.24
msX; + (k3,4f(V3,4) + C3,4V3,4) cos ﬁg Sina — Kky3x3 — Cy3x3 =0

msys + (k3,4f(V3,4) + 63,4173,4) cos g cos a — kyzy; — Cy3y3 =0

mgZz + (k3,4f(V3,4) + C3,4V3,4) Sinfg — ky323 — Cy323 =0

For the pinion at the high-speed parallel gear stageg,, the equations of motion are obtained as:
1464 + (ksaf (Vsa) + C3,4V5,4) €0S By Tpa = Tour Eqn. 4.25
My, + (k3,4f(V3,4) + C3,4I'/3‘4) cos g sina — kyyxq — CyaXy =0

myys + (k3,4f(V3,4) + 63,4173,4) cos fgcos a —kysys — Cyuys =0

MyZy + (k3,4f(V3,4) + C3,4V3,4) SiNPg = KzaZy — CpyZy =0

Substituting the relative displacements of the gear meshes given by equations 4.3 to 4.18 into

equations 4.19 to 4.25 yields the transverse and translational displacements of gears.

The damping of the teeth mesh ¢; is expressed by
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G = 25;\/kjmgearmpinion/(mgearmpinion) Eqn. 4.26
Where k; is the mesh stiffness of the gear pair, ¢ is the damping ratio of the tooth mesh (varies

between 0.03 and 0.17), mgeq, aNd My ipion.

4.3 Developing the ADAMS model of the gearbox
In order to describe the gearbox, the input carrier, first stage shaft, second stage shaft, gears, and

the bearing structures are constructed by using MSC.Adams. In ADAMS units are set
appropriately as millimeters, newton, kilograms, and seconds (MMGS). The density/material of
each part is defined. The material properties for the components are defined in Table 4-1. AlSI

1045 Steel is used for all components in the assembly.

Table 4-1 Material Properties

Material SAE-AISI 1045
Mass density 7.86 x 107 Kg/mm?
Stiffness 210 GPa
Poison’s ratio 0.3

Since this study is on rigid multi-body dynamic analysis, the mesh stiffness of the gears doesn’t
vary with time. Therefore, the AISI 1045 steel stiffness value is used as an input for gearbox

components.

4.3.1 Joints and Constraints

Wind turbine gearbox contains housing, shaft splines, shaft keys/keyways, as well as bearings to
locating the parts in the proper location. These additional features will add higher-order dynamics
to the system. There are a variety of methods to model, analyze or compensate for such system
dynamics, pure model is created with simple revolute joints connecting each part relative to each

other. The revolute joint for the full system is defined in Table 4-2.

Table 4-2 Joint properties in ADAMS

Stage Type Body 1 Body 2 Location (centered)
1 Lock ring Ground ring center
Revolute Carrier Ring carrier Pin axis
Planet 1 Carrier carrier Pin axis
Planet 2 Carrier carrier Pin axis
Planet 3 Carrier carrier Pin axis
2 Lock Support Ground Ground
Revolute Gear 1 Support Ground
Pinion 1 Support Ground
3 Lock Support Ground Ground
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Revolute Gear 2 Support Ground
Pinion 2 Support Ground

In arigid joint, revolute joint dynamics is simplified to a single rotational degree of freedom, which
doesn’t allow for any flexibility or compliance between the gears and the shaft in which they are
joined to. These joint locations mean the location of the shaft and bearing between the gear body
and its central shaft. Without bearing dynamics, the gear spinning only around the central axis of
the axis shaft and there is no movement outside the plane. It is determined that under standard
operations, a uniform lateral load to the gear teeth over a cycle produces negligible out of the
bending moments of the plane.

Table 4-2 also shows, the lock joints created between the ring gear and the first stage support. The
lock-joint on the support is used to show gears that would be realistically supported by the housing.

The ring gear is designed to be fixed with the chosen gear ratio.

4.3.2 Contact and interactions
The interactions between the gear teeth are modeled in ADAMS as a contact force between each
body. The contact force represents the gear teeth mesh and must be created between each meshing

or contacting body in the system. The body contact forces are shown in Table 4-3.
Table 4-3 . Solid-body contacts in Adams

Stage Body 1 Body 2
Stage 1 Sun gear Planet gear 1
Planet gear 2
Planet gear 3
Ring gear Planet gear 1
Planet gear 2
Planet gear 3
Stage 2 Intermediate gear (gear 1) Intermediate pinion (pinion 1)
Stage 3 Output gear (gear 2) Output pinion (pinion 2)

Table 4-3 shows the contact location between each meshing body in the system. These contact
forces are modeled as an Impact type contact. The necessary input variables for defining the
contact of the gears include static friction coefficient (pg), Static transonic speed (V;), Dynamic
friction coefficient (uq), and Dynamic transonic speed (V/;). And their values are 0.1, 1 mm/s, 0.08,

and 10 mm/s respectively.
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4.3.3 Gear force function in Adams
The gear pairs meshing forces of the wind turbine gearbox can be obtained from the relative

displacements of gear meshes V; (V; represents V., Vipn, V12, and Vs 4, (n = 1,2,3).

Frpn = krpfy,in =123

V; —b,V; > b
f(v)={0-b<V<b
Vi +b,V; < —b

In order to model this force in Adams the STEPS5 function is used. It is used most often to represent
a smooth transition between two functions.
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CHAPTER FIVE

5. Result and Discussion

5.1 Introduction

The dynamic model of a wind turbine gearbox was developed by MSC ADAMS to determining
the dynamic characteristics of the system for the different types of input rotational speeds. In this
chapter, the gearbox components such as the planetary gear train, the first and second speedup gear
stages, and the bearings dynamic characteristics are demonstrated under the selected external
excitation (wind speeds). To analyze the dependence of a vibration signal on the rotational speed
of the planet carrier, the selected three input carrier revolutions are (10, 15, and 20 rpm).

The wind load acting on the rotor blade is nonstationary. Since the type of load in a wind turbine
is nonlinear nonstationary, huge fluctuation in angular velocity, angular acceleration, and gear

forces of the gearbox components are noticed from the time domain responses.

s “RpRl cet A camier MOBKER 12
&

] dege fotace

-
/
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Figure 5.1 Drive train components
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5.2 Impact of Input Rotational Speed on the Vibrational Signal of Gears

In order to analyze the dependence of a vibration signal on the number of revolutions, the planet
carrier rotational speeds are selected i.e., 10, 15, and 20 rpm. This number of results is adequate
for expressing the dependence. to express the simulation results, the selected acceleration values

in vertical axis y which is perpendicular to the axis of mechanical gearbox rotation.

Graphical solutions were obtained through dynamic analysis by using ADAMS/view. The gear
model in this study calculated all values from the inputted gears geometry. To capture a sufficient
number of mesh frequencies. To analyze the dependence of a vibration signal on the number of
revolutions, their planet carrier rotational speeds are selected i.e., 10, 15, and 20 rpm. These results
are adequate for expressing the dependence. To express the simulation results, the acceleration
values in vertical axis y are selected because it is perpendicular to the axis of mechanical gearbox

rotation.

5.2.1 Load Case-1 (rotational wind speed 15 rpm and t; = 9.549 * 10> Nm)

The rotational vibration acceleration of all gears at input rotational speed in the time domain is
shown in the following sections. The obtained vibration signals of first stage speed-up gears,
second stage speed, and planetary gears are all the output of the ADAMS at the rotational speed
of 15 rpm and torque 9.549 * 10° Nm discussed.

5.2.1.1 First stage speed-up gears
This sub-section shows translation and angular acceleration vibration signals of the first stage of
the speed-up gear train at the input rotational wind speed and torque. As shown in Fig. 5.2(a) the

translational acceleration of the gearl increased and decreased periodically with time.

The radial acceleration of the first stage gears is shown in Fig. 5.2(a), the first gear with a rotational
speed of 15 rpm has maximum radial acceleration (4.53 = 10~7mm/s?) under load case 1. The
pinion 1 also has maximum radial acceleration (1.479 mm/s?) as depicted in Fig. 5.3(a). As the

rotational speed of the pinion increase, the radial acceleration is also higher.
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Figure 5.3(a) The translation acceleration of the gear-2 (b) Angular acceleration of the gear-2

The above Figs. 5.2(b) and 5.3(b) also show that the vibration signal of the angular acceleration of
gear 1 and gear 2 in the time domain. Angular acceleration along the rotational axis is produced
mainly due to the geometrical effect. As shown in Fig. 5.2 (b), the angular acceleration of gear 1
at 15 rpm and load case 1 has a maximum point of 3.97 * 1077 rad/s? and in Fig 5.3 (b) the
maximum angular acceleration point of the first stage pinion is 3.49 * 107° rad/s?. Gear 2 is
subjected to the constant angular velocity, but there is an acceleration due to gear 1. The gear-2
will accelerate and decelerate frequently due to the jamming effect, which means there is no free
play.

5.2.1.2 Second stage speed-up gears

The radial accelerations of the second stage gears are shown in Figs. 5.4(a) and 5.5(a), respectively
while the figures for angular acceleration are depicted in Figs 5.4 (b) and 5.5 (b). As given in Fig.
5.4(a) and (b), the gear-3 with 15 rpm has a maximum radial acceleration of 1.119 = 10™°> mm/s?

under load case 1, and the maximum angular acceleration of gear-3 is 3.486 * 107° rad/s?.
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As shown in Figs 5.5(a) and 5.5(b), the second stage pinion has a maximum radial acceleration of
25.56 mm/s? and maximum angular acceleration of 2.67 * 107> rad/s%. The angular
acceleration of gear-4 along the axis of rotation is higher than gear-3. Since the rotational speed of

the pinion is higher. In addition, the angular acceleration is less than the tangential acceleration of

the pinion.
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5.2.1.3 Planetary gears

In this sub-section, the rotational vibration signals of the planet gears and sun gear are shown
graphically. The obtained signals are non-linear. The vibration signal is nonstationary from the
fact that at a wind turbine site, the wind load acting on the rotor blade is nonstationary. So, a huge

fluctuation in vibration acceleration is noticed from the time domain responses.

Fig 5.6(a) and 5.6(b) show that the vibration signal of radial acceleration and angular acceleration
of the planet gear 1 in the time domain. As shown in Fig. 5.6(a), the angular acceleration of the
planet gear 1 at 15 rpm and case 1 load has a maximum point of 3.98 x 10°> mm/s? and in fig

5.6(b) the maximum angular acceleration point of the planet gear 1 is 4.99 * 10° rad/s?.
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Figure 5.6(a) The translation acceleration of the planet gear-1 (b) Angular acceleration of the planet gear-1

As can be seen in Fig 5.7(a) and (b), the vibration signal of radial acceleration and angular
acceleration of the planet gear 2 in the time domain history the angular acceleration of the planet

gear 2 has a maximum point of 4.25 * 10°> mm/s? and maximum angular acceleration point is
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5.99 x 10° rad/s? respectively. Since, acceleration of the gear is the measure of vibration of the

gears, the obtained values from case 1 are optimum when compared with case 2 and case 3.
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Figure 5.7 The translation acceleration of the planet gear-2 (b) Angular acceleration of the planet gear-2
As shown in figs 5.7(a) the planet gear 2 acceleration is higher because there is high wind speed

fluctuation at the input carrier. As depicted in fig 5.7(b), the angular acceleration is also higher at

the start and decreases through time.
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Figure 5.8 The translation acceleration of the planet gear-3 (b) Angular acceleration of the planet gear-3

Fig 5.8(a) and 5.8(b) also show the radial acceleration and angular acceleration vibration signal of
the planet gear 3 in the time domain. As shown in Fig. 5.8(a), the angular acceleration of the planet
gear 3 at 10 rpm and load case 2 has a maximum point of 3.98 = 10°> mm/s? and in fig 5.8(b) the

maximum angular acceleration point of the planet gear 3 is 4.0 * 10° rad/s?.
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Figure 5.9 (a) The translation acceleration of the sun gear (b) Angular acceleration of the sun gear
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As depicted in Fig 5.9(a) and 5.9(b), vibration signal of radial acceleration and angular acceleration
of the sun gear in the time domain. As shown in Fig. 5.9(a), the angular acceleration of the sun
gear at 15 rpm and case 1 load has a maximum point of 1.31 * 1072 mm/s? and in fig 5.9(b) the

maximum angular acceleration point of the sun gear is 3.99 = 107 rad /s?.

5.2.2 Load Case-2 (rotational wind speed 10 rpm and 7, = 1.432 * 10° Nm)

The rotational vibration acceleration of all gears at input rotational speed in the time domain is
shown in the following sections. The obtained vibration signals of first stage speed-up gears,
second stage speed, and planetary gears are all the output of the ADAMS/ view at the rotational

speed of 10 rpm and torque 7, = 1.432 * 10® Nm discussed.

5.2.2.1 First stage speed-up gears

This sub-section shows translation and angular acceleration vibration signals of the first stage of
the speed-up gear train at the input rotational wind speed and torque. As shown in Fig. 5.10(a) the
translational acceleration of the gearl increased and decreased periodically with time. The radial
acceleration of the first stage gears is shown in Figs. 5.10 (a) and 5.11 (a) respectively while the
figures for angular acceleration are also shown in Figs 5.10 (b) and 5.11(b). As given in Fig. 5.10
(@), the first gear with a rotational speed of 10 rpm has maximum translational acceleration (4.9

10~8mm/s?) under load case 2 and angular acceleration (5.9 * 10~7rad/s?).

Gearbox_wt
1.0E-07 (a)
\ — gear_fixed. Translational_Acceleration.Y ‘ ‘

5.0E-08 ‘

0.0 |.“\| \l ||| | || ‘l ||| |I‘ |I_‘I|II|.III| ”.| \“| I |.| | .| ‘..l ||| ||‘ ||-‘.||-|-”.| il |\‘ | \l ||| |‘.| ‘I| [ | ||-‘.|'-‘.”.|.”.|"‘ | 1l
- |||\‘|H|II|II‘I|‘I||||\||||||U|H|I||II‘I|‘I||||‘|||'||\|U|H|I||I|"|‘||||‘|||'||

-1.0E-07 - ‘
0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 10

Analysis: Last_Run Time (sec) 2021-06-15 02:55:36

-5.0E-08

Acceleration (mm/sec*2)

47



Gearbox_wt (b)

_ 10E-06
g“ — .gear_fixed Angular_Acceleration.Z ‘
]
w
T  S5.0E-07
]
s | I
® O e e e R S ey e Amtrbgepdgier L
§ T 1 H’ L] 1' | Ll hl ' [ nrY T La T
[}
8
T 50E07
5
=2
[=:]
c
<
-1.0E-06 T T T T T ;
0.0 0.1 0.2 03 0.4 05 0.6 0.7 0.8 0.9 1.0
Analysis: Last_Run Time (sec) 2021-06-15 02:55:36
Figure 5.10 (a) The translation acceleration of the gear 1 (b) Angular acceleration of the gear 1
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Figure 5.11 (a) The translation acceleration of the gear 2 (b) Angular acceleration of the gear 2
As shown in Figs 5.11 (a) and 5.11 (b) at the 10 rpm and load case 2, the maximum acceleration
point is 0.257 mm/s? and also the second gear (pinion) has a maximum angular acceleration of

6.21 x 10~ 7rad/s?. As the rotational speed of the pinion increase, the angular acceleration is also
higher.
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5.2.2.2 Second stage speed-up gears

At rotational wind speed 10 rpm and 7 = 1.432 x 10® Nm, the second stage of the gearbox
vibrational signals are shown in Figs 5.12 and 5.13. As depicted in Fig 5.12(a), the acceleration of
gear 3 has amaximum point of 2.25 * 10™° mm/s? and maximum angular acceleration of 1.49 x
107° rad/s?. The pinion has also higher acceleration 5.37 mm/s? and angular acceleration 1.5 =
107 rad/s?.

Gearbox_wt
2.5E-05 — @)

2.0E-05
1.5E-05
1.0E-05
5.0E-06
0.0
-5.0E-06
-1.0E-05
-1.5E-06

-2.0E-05 . | . | | ‘ |
0.0 0.1 0.2 03 0.4 05 0.6 0.7 0.8 0.9 1.0

Analysis: Last_Run Time (sec) 2021-06-15 04:55:08

— gear_fixed.Translational_Acceleration.Y |

Acceleration (mmisec**2)

Gearbox_wt (b)

— .gear_fixed Angular_Acceleration.Z

Angular Acceleration (rad/sec**2)

0.1 02 03 04 05 06 0.7 0.8 0.9 1.0
Analysis: Lasi_Run Time (sec) 2021-06-15 02:55:36

Figure 5.12 (a) The translation acceleration of the gear 3 (b) Angular acceleration of the gear 3
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Figure 5.13 (a) The translation acceleration of the gear 4 (b) Angular acceleration of the gear 4

5.2.2.3 Planetary gears

To analyze the dependency of acceleration and angular acceleration vibration signal on the number
of input revolutions, in this section, the selected input carrier revolution is 10 rpm and case2 load.
The graphs show the three planet gears and sun gear vibration signals. To express the simulation
results in this section also the chosen acceleration values are vertical axis y which is perpendicular

to the axis of wind turbine gearbox rotation.
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Figure 5.14 (a) The translation acceleration of the planet gear 1 (b) Angular acceleration of the planet gear 1

As shown in Fig 5.14(a) and (b), show the acceleration and angular acceleration vibration signal
of the planet gear 3 at case 2. These graphical results have a maximum acceleration point of 8.75 *
10* mm/s? and angular acceleration point 6.1 * 10° rad/s?. The angular acceleration is higher

at the first rotations and gradually decreases through time.
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Figure 5.15 (a) The translation acceleration of the planet gear 2 (b) Angular acceleration of the planet gear 2
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As shown in Figs 5.15 and 5.16, the vibration signal of acceleration and angular acceleration of
the planet gear 2 and 3 respectively. The vibration signals of planet gear 2 and 3 are the same as
planet gear 1 due to equal load sharing capacity between planets. In the second case, the planets
are subjected to 10 rpm rotational speed and a load of a wind turbine. Though the planet’s

acceleration is higher due to the load of the turbine.
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Figure 5.16 (a) The translation acceleration of the planet gear 3 (b) Angular acceleration of the planet gear 3

Figs 5.17(a) and (b) show that the sun gear has a minimum acceleration and angular acceleration
vibration signal. The maximum point is 2.57 * 1073 mm/s? and 6.53 x 1077 rad /s>
respectively. In addition, the sun gear is subjected to 10 rpm rotational speed and it meshes with
the planet gears that are subjected to a wind turbine load. Though the sun gear accelerates due to

the dynamic effect of the planet gears.
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Figure 5.17 (a) The translation acceleration of the sun gear (b) Angular acceleration of the sun gear

5.2.3 Load Case-3 (rotational wind speed 20 rpm and 3 = 7.54 * 10> Nm)

In this section, the rotational vibration acceleration of all gears simulated at input rotational speed
of 20 rpm and 73 = 7.54 * 10° Nm by using ADAMS/ view. The graphs are shown in the
following sections. The obtained vibration signals of first stage speed-up gears, second stage

speed, and planetary gears are all in time domain spectra.

5.2.3.1 First stage speed-up gears

This sub-section shows translation and angular acceleration vibration signals of the first stage of
the speed-up gear train at the case 3 input rotational wind speed and torque. As depicted in Fig.
5.18(a) the translational acceleration of the gearl increased and decreased periodically with time.
The radial acceleration of the first stage gears is shown in Figs. respectively while the figures for
angular acceleration are also shown in fig. As given in Fig. 5.18(b), the first gear with the rotational
speed of 20 rpm has maximum translational acceleration (7.5 * 10~7mm/s?) and maximum
angular acceleration of 7.71 * 10~ 7rad/s? under load case 3. The second gear (pinion) also has

a maximum acceleration point of 2.1 mm/s? and angular acceleration 2.85 * 10~°rad/s?. As
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depicted in graphs of figs 5.18 and 5.19, as the rotational speed of the pinion increase, the angular

acceleration also becomes higher.
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Figure 5.18 (a) The translation acceleration of the gear 1 (b) Angular acceleration of the gear 2
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Figure 5.19 (a) The translation acceleration of the gear 2 (b) Angular acceleration of the gear 2

5.2.3.2 Second stage speed-up gears

At rotational wind speed 20 rpm and 73 = 7.54 * 10° Nm, the second stage gears vibration signals
are shown in Figs 5.20 and 5.21. As depicted in Fig 5.20(a), the acceleration of gear 3 has a
maximum point of 5.27 mm/s? and maximum angular acceleration of 2.78 « 1075 rad/s2. The

pinion has also higher acceleration 41.1 mm/s? and angular acceleration 1.04 = 10™* rad/s?.
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Figure 5.20 (a) The translation acceleration of the gear 3 (b) Angular acceleration of the gear 3

55



Gearbox_wt
450

— . gear_fixed. Translational_Acceleration.Y

35.01
250
15.01
5.0
28
-15.01
-25.0]
-35.01
-45.0-

Acceleration (mm/sec**2)

0.0 01 02 03 04 05 06 07 08 09
Analysis: Last_Run Time (sec)

10
2021-06-15 04:55:08

Gearbox_wt
1.5E-04

(b)

—.gear_fixed Angular_Acceleration.Z

1.0E-04

5.0E-05

PSSR I Y P s ptasdol N " U P I 1
.H,. il Y L oy vt e ool

0.0 ety "[ll" T !I ooy

Angular Acceleration (rad/sec*2)

-5.0E-05
0.0

01 02 03 04 05 06 07 08 08
Analysis: Last_Run Time (sec)

10
2021-06-15 04:55:08

Figure 5.21 (a) The translation acceleration of the gear 4 (b) Angular acceleration of the gear 4

5.2.3.3 Planetary gears

In this sub-section, in case 3 the planetary gear train gears rotational vibration sig

nals are shown

in Figs 5.22 to Fig. 5.25. As depicted in Fig 5.22(a) and 5.22(b), the vibration signal of radial

acceleration and angular acceleration of the planet gear 1 in the time domain responses. As shown

in Fig. 5.22(a), the angular acceleration of the planet gear 1 at 20 rpm and load case 3 has a

maximum point of 6.26 * 10> mm/s? and in Fig 5.22(b) the maximum angular acceleration point

of the planet gear 1 is 1.0 * 107 rad /s?.
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Figure 5.22 (a) The translation acceleration of the planet gear 1 (b) Angular acceleration of the planet gear 1

As shown in Figs 5.23(a) and (b), the vibration signal of acceleration and angular acceleration of
the planet gear 2 and 3 respectively. The acceleration vibration signal has maximum point at 6.26 *
10° mm/s? which is equal with planet gear 1. But the angular acceleration vibration signal has a
maximum value of 1.127 = 107 rad/s? which is greater than planet gear 1. In this case, the
planets are subjected to 20 rpm rotational speed and in case 3 load of wind turbine, the planet gears

angular acceleration vibration signal may vary as the input rotation speed increases.
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Figure 5.23 (a) The translation acceleration of the planet gear 2 (b) Angular acceleration of the planet gear 2
Figs 5.23(a) and (b) show planet gear 3 vibration signals. The angular acceleration has maximum
point at 1.75 = 107 rad/s? at the first rotations and decrease through time. The acceleration
vibration signal has maximum point at 6.26 * 105 mm/s? which is the same as planet gear 1 and
2. The acceleration vibration signal has equal values for three planet gears due to equal input
rotational speed but the angular acceleration vibration signal may vary between planet gears.
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Figure 5.24 (a) The translation acceleration of the planet gear 3 (b) Angular acceleration of the planet gear 3

Figs 5.25 (a) and (b) show that the sun gear’s acceleration and angular acceleration vibration signal
at case 3. The maximum point is 2.11 * 1072 mm/s? and 8.49 = 107° rad/s? respectively. In
addition, the same as in other cases the sun gear is subjected to 20 rpm rotational speed and it
meshes with the three planet gears that are subjected to a wind turbine load. Though the sun gear
accelerates due to the dynamic effect of the planet gears.

Gearbox_wt
0.025 — (@)

0.02 — gear_fixed Translational_Acceleration. Y

0.015
0.01
0.005
0.0
-0.005
-0.01
-0.015
-0.02

-0.025 T T " : . .
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Analysis: Last_Run Time (sec) 2021-06-15 04:55:08

Acceleration (mmisec**2)

Gearbox_wt
1.0E-05

— gear_fixed Angular_Acceleration.Z

5.0E-06

0.0

Angular Acceleration (rad/sec*2)

-5.0E-06
0.0

01 02 03 0.4 05 06 07 08 08 1.0
Analysis: Last_Run Time (sec) 2021-06-15 04:55:08

Figure 5.25 (a) The translation acceleration of the sun gear (b) Angular acceleration of the sun gear
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5.2.4 Summary of the impact of rotational speed on vibration signal of the gears

In order to analyze the dependence of a vibration signal on the number of revolutions, the selected
three input revolutions are 10 rpm, 15 rpm, and 20 rpm with three cases, 71 = 9.549 * 10° Nm; =
=1.432 * 105 Nm and z3 = 7.539 * 10° Nm. This number of results are adequate for expressing the
dependence. The speed variation is performed so that the vibration signature pattern can be
determined for all gears in the drive train. The speeds selected for these three simulations are within
the range of operation of the SE7715. A speed of 15 rpm, is in the mid operating range of the
SE7715. And an input speed of 10 rpm, this is the initial operating range of the SE7715. An input
speed of 20 rpm is within one the high end of the operating range during high-speed operations of
the SE7715. As shown in Fig. 5.26, the vibration signal peak points of load case 3 is greater than
load case 2 and load case 3, and the case which indicates the vibration signal is dependent on the
variation of input rotational speed. As the rotational speed increases the vibrational signal also

becomes higher.

1.2E-04

B Atsom 1.80E+07 4 B At15mpm A
A | @ Atomm 1.65E+07 2 2; ;8 rpm
rpm
TR A Az0mm 1.50E+07 4
1.35E+07 4
g % 1.20E+07 o A
g B 1058407
] Brosaor] 4
S 6.0E-05 & 9.00E+06
< @
2 2 7.50E+06
< aom0sg 6.00E-+06 | m
]
A A = 4.50E+06 .
208051 3.00E+06 |
‘ A 1.50E+06 o
0-0Fr00- R R * R 0.00E+00 L ® [ ]
Gear 1 Gear 2 Gear 3 Gear 4 sun gear Planet Gear 1 Planet Gear 2 Planct Gear 3
Gears Gears

Figure 5.26 Comparison between input rotation speed on the gears angular acceleration

5.3 Impact of Rotational Speed on Gear Force

In this section, the drive train gears force was simulated in three different cases. These three cases
are 10 rpm,15 rpm, and 20 rpm rotational speeds with different load cases. All cases are analyzed
to determine the impact of rotational speed on the dynamic force of the gears model by the
simulation created in Adams/view. The benefit of the wind turbine gearbox model allows for the
analysis of the system according to what is expected to be the dynamic behavior of the system
instead of using a simple static system approximation. The dynamic force was compared between

the three cases at all gears in the drive train. The dynamic force shows variation in different cases.
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5.3.1 Load Case-1 (rotational wind speed 15 rpm and t; = 9.549 * 10> Nm)
In this section, the impact of rotational speed on gears dynamic force is simulated at 20 rpm and

7, = 7.54 * 10> Nm. All results are the output of ADAMS/view.

5.3.1.1 First stage speed-up gears

As shown in Fig. 5.27(a), the first stage gear has maximum radial force on a point of 1.01 = 108 N
and there are also some peaks shown to occur when the meshed gear tooth comes into contact with
the other rigid pinion. In addition, as depicted in Fig. 5.27(b) the pinion has also a maximum radial
force at 1.35 * 107 N. As the gear tooth meshes, the contact force increases between the gear and

pinion but the contact force on the other mesh location decreases.
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Figure 5.27 (a) Gear 1 radial force on a point (b) Gear 2 radial force on a point
5.3.1.2 Second stage speed-up gears

As depicted in Figs 5.28 (a) and (b) the second stage speed-up gears have more peak points than
the first stage gears due to the speed increase creates more gear contact between gear and pinion.
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In addition, the plotted graphs show the gear and pinion total force on a point at y-direction, the

maximum peak points are 4 = 107 N and 4.2 = 107 N respectively.

Gearbox_wt

(@)

4 5E+07
2 5E+07 ] | — Gear_3_Ref_1.Total_Force_On_Point.Y

2 5E+071
1.56+07
5.0E+06 I
0.0
-5.0E+061
1.5E+07]
-2 5E+07]
-35E+07]

el
RS

Force (newton)

-4.9E+07
0.0 0.1 0.2 03 0.4

Analysis: Last_Run

05
Time (sec)

0.6 0.7 038 0.9 10
2021-06-14 05:29:12

Gearbox_wt

(b)

4 5E+07
2 5E+07 ] | — Gear_4_Ref_1.Total_Force_On_Point.Y

2.5E+071
1.5E+071
5.0E+06 ]
0.0
-5.0E+06 |
1564071
-25E+07 |
-35E+07

Ilu ]'“|||' i I"Llli!j‘l'l‘” r

Force (newton)

-4.5E+07 T
0.0 01 02 03 0.4

Analysis: Last_Run

0.5

Time (sec)

06 07 08 09 10
2021-06-14 05:29-12

Figure 5.28 (a) Gear 3 radial force on a point (b) Gear 3 radial force on a point

5.3.1.3 Planetary gears

Figs. 5.29 show the contact force over one revolution of the sun and planet gears in the first stage

within the drive train. The peaks shown happen when the meshed sun gear tooth comes into contact

with the other rigid planets. As the tooth meshes, the contact force increases between the sun gear

and that particular planet but the contact force on the other three mesh locations decreases.
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Figure 5.29 (a) Planet gear 1 radial force on a point (b) Planet gear 2 radial force on a point (c) Planet gear 3
radial force on a point

In this case, all planet gears have almost the same maximum total gear force on a point of 1.8 *
108 N due to optimum load sharing between them. As depicted in Fig 5.30 the result creates an
average force between the contact force (5.25 = 107 N) to be relatively the same within the
accuracy of the force measurement. The force profile is steady and consistent through a full

rotation. This is shown in Fig. 5.30.
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Figure 5.30 Sun gear radial force on a point

5.3.2 Load Case-2 (rotational wind speed 10 rpm and 7, = 1.432 * 10® Nm)

In this section, the impact of rotational speed on gears dynamic force is simulated at 10 rpm and

7, = 1.432 * 10 Nm. All results are the output of ADAMS.

5.3.2.1 First stage speed-up gears

Fig. 5.32(a) and (b) show the first stage gears’ total radial force on a point. The maximum points
of gear 1 and gear 2 radial forces are 7.5 * 107 N and 1.0 * 107 N respectively. There are also
some peaks shown to occur when the meshed gear tooth comes into contact with the other rigid
pinion. In addition, as depicted in Fig. 5.30 the gear and the pinion have equal and opposite
maximum radial force applying on each other. As the same as case 1, gear tooth also meshes the
contact force increases between the gear and pinion but the contact force on the other mesh location
decreases.
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Figure 5.31 (a) Gear 1 radial force on a point (b) Gear 2 radial force on a point

5.3.2.2 Second stage speed-up gears

As shown in Figs 5.32 (a) and (b), in load case 2 the second stage speed-up gears have also more
peak points than the first stage gears due to the speed increase creates more gear contacts between
the gear and pinion. In addition, the plotted graphs show the gear and pinion maximum (peak) total

force on a point at y-direction are 7.1 * 10° N and 8.12 * 10° N respectively.
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Figure 5.32 (a) Gear 3 radial force on a point (b) Gear 4 radial force on a point
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5.3.2.3 Planetary gears

Figs. 5.33 (a), (b), and (c) show the planet gears’ total force on point over one revolution of the
sun and planet gears in the first stage within the drive train. The same as the other cases the peaks
points of the graph are shown to occur when the meshed sun gear tooth comes into contact with
the other three rigid planets. The maximum planet gears force happens at the start of rotation and
reduces instantly, three planet gears have maximum peak points at 2.0 * 108 N, 9.1 = 107 N, and
2.98 = 108 N respectively. As the tooth meshes, the contact force increases between the sun gear

and that particular planet but the contact force on the other three mesh locations decreases.
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Figure 5.33 (a) Planet gear 1 radial force on a point (b) Planet gear 2 radial force on a point (c) Planet gear 3

radial force on a point

As depicted in Fig 5.34 peaks occur when the meshed sun gear tooth comes into contact with the
other rigid planet gears. As the sun gear tooth meshes, the contact force increases between the sun
gear and that particular planet but the contact force on the other three mesh locations decreases.

The sun gear has maximum total force on a point at 7.01 * 10° N.
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Figure 5.34 Sun gear radial force on a point

5.3.3 Load Case-3 (rotational wind speed 20 rpm and 3 = 7.54 * 10° Nm)
In this case, the impact of rotational speed on gears dynamic force is simulated at 20 rpm and
73 = 7.54 x 10° Nm. All results are the output of ADAMS/view.

5.3.3.1 First stage speed-up gears

As shown in Fig. 5.35 (a) and (b) the first stage gears total radial force on a point is simulated by
ADAMS. The maximum radial force points of gear 1 and gear 2 are 6.124 x 10’ N and 6.01 *
107 N respectively. In this case, there are also some peaks occur when the two meshed gear tooth
comes into contact with the other rigid pinion. As depicted in Fig. 5.34 the gear and the pinion
have equal and opposite maximum radial force applying on each other. As the same as other cases,
gear tooth also meshes the contact force increases between the gear and pinion but the contact

force on the other mesh location decreases.
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Figure 5.35 (a) Gear 1 radial force on a point (b) Gear 2 radial force on a point

5.3.3.2 Second stage speed-up gears

In Figs 5.36 (a) and (b) the plotted graphs show the second stage gear and pinion have a maximum
(peak) total force on a point at a y-direction are 6.9 * 107 N and 5.5 = 107 N respectively. As the
same as other cases, the second stage speed-up gears have more maximum peak points than the

first stage gears due to the speed increase creates more gear contacts between the gear and pinion.
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Figure 5.36 (a) Gear 1 radial force on a point (b) Gear 2 radial force on a point

5.3.3.3 Planetary gears

Figs. 5.37 (a), (b), and (c) show the three planet gears total force on a point, maximum peak points
are 2.126 « 108 N, 2.1 « 108 N, and 2.0 = 108 N respectively. These are planet gears’ total force
on point over one revolution of the sun and planet gears in the first stage within the drive train.
The same as the other cases the peak points of the graph are shown to occur when the meshed sun
gear tooth comes into contact with the other three rigid planets. The maximum planet gears force
happens at the start of rotation and reduces instantly, As the tooth meshes, the contact force
increases between the sun gear and that particular planet but the contact force on the other three

mesh locations decreases.
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Figure 5.37 (a) Planet gear 1 radial force on a point (b) Planet gear 2 radial force on a point (c) Planet gear 3
radial force on a point
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Figure 5.38 Sun gear radial force on a point

The sun gear total force on a point has plotted the series of planet gear contact locations as shown
in Fig. 5.38. These include all contact definitions within the Adams model created. The contact
force between the sun gear and planet gears teeth is the dynamic force model by the simulation

created in Adams. In load case 3 the sun gear has maximum total force on a point at 1.9 * 108 N.
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As the gear tooth meshes, the contact force increases between the sun gear and that particular

planet gear but the contact force on the other three mesh locations decreases.

5.3.4 Summary on the impact of input rotational speed variation on gear force

In this sub-section, the speeds selected for these three simulations are within the range of operation
of the SE7715. A speed of 1.508 rad/sec is equivalent to 15 rpm, this is in the mid operating range
of the SE7715. And an input speed of 1.0053 rad/s is equivalent to 10 rpm, this is the initial
operating range of the SE7715. An input speed of 2.0106 rad/sec corresponds to 20 rpm which is
within one the high end of the operating range during high-speed operations of the SE7715. This
number of results is adequate for expressing the dependence. As shown in Fig. 5.39, The results
comparison is expressed by the selected maximum peak points of force values at vertical axis y
for all gears with different input rotation speeds. At input rotation of 20 rpm, there are higher
maximum peak points than other input rotational speeds. The higher the number of input carrier

revolutions, the higher the total gear force on a point of gears.
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Figure 5.39 Summary of the impact of input rotational speed variation on gear force
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CHAPTER SIX

6. Vibration Analysis through FFT

6.1 Introduction

The wind turbine gearbox dynamic simulation graphs are analyzed through Fast Fourier
Transform, FFT, which is a method of signal analysis that filters an input signal and outputs its
frequency components. An FFT takes an incoming signal, usually a signal in time, and uses a
mathematical algorithm to isolate individual sinusoidal signals and display them in frequency
space. In this chapter, the first section is about the gear mesh frequencies of components of the
gearbox. The second and third section demonstrates the impact of rotational speed on acceleration
and force vibration signal. The input rotational speeds are 10-rpm (1.0053 rad/s), the 15-rpm
(1.508 rad/s), and 20-rpm (2.0106 rad/s) with three load cases.

6.2 Gear Mesh Frequencies (GMF)

In addition to their fundamental rotational frequencies, meshing gears produce a vibration which
is the product of the number of teeth and their rotational frequency and it’s also an indication of
the gearbox conditions. Generally, GMF also called “tooth mesh frequency” is the rate at which
gear teeth mesh together in a gearbox. It is equal to the number of teeth on the gear times the

rotation speed of the gear.

fm=N=x*T Eqn.6.1

Where, f,, is gear mesh frequency, N is the rotational speed of the first and second stage speed up

gear, T is the number of teeth.

For planetary gear mesh frequency,

NO = Ns/((Tr/Ts) + 1) Eqn.6.2
N, = No(T./Tp) Eqn.6.3
Then, fml = TS(NS - No) = T‘l" * NO = Tp * Np Eqn.6.4

Where Ny, Ny, and N, are input carrier, sun gear, and planet gear rotational speeds, T., Tp, and Ty

are the number of teeth of the ring gear, planet gear, and sun gear respectively.
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The number of teeth on the drive gear multiplied by the speed of the drive gear must equal the
number of teeth on the driven gear times the speed of the driven gear. As the pinion rotates against
the driven gear, the individual cycles of the frequency generated are a profile of the individual
teeth meshing. Gear mesh frequencies of gears in the gearbox were calculated as follows.

Table 6-1 The GMF at the 10-rpm (1.0053 rad/s) input on the planet carrier

Description Gear Number of teeth Gear mesh frequency values

Planetary gear system Sun 21 fn1 = 99.54 Hz
Planet 39
Ring 99

15t stage gears Drive gear 82 fn, = 471 Hz
Driven gear 23

2" stage gears Drive gear 76 fnz = 1556.3 Hz

Driven gear 23

Table 6-2 The GMF at the 15-rpm (1.508 rad/s) input on the planet carrier

Description Gear Number of teeth Gear mesh frequency values

Planetary gear system Sun 21 fn1 = 149.31 Hz
Planet 39
Ring 99

15t stage gears Drive gear 82 fn2 = 706.53 Hz
Driven gear 23

2nd stage gears Drive gear 76 fn3 = 2334.5 Hz

Driven gear 23

Table 6-3 The GMF at the 20-rpm (2.0106 rad/s) input on the planet carrier

Description Gear Number of teeth Gear mesh frequency values

Planetary gear system Sun 21 fn1 = 199.08 Hz
Planet 39
Ring 99

1t stage gears Drive gear 82 fm2 = 942 Hz
Driven gear 23

2nd stage gears Drive gear 76 fn3 = 3112.6 Hz

Driven gear 23
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6.3 Varying input speed vibration signal tests

6.3.1 Speed-up gear stage

The first set of simulations in ADAMS were performed at steady-state conditions using an input
velocity at the first stage of 1.0053 rad/sec, 1.508 rad/sec, and 2.0106 rad/sec. The same analysis
was performed on the model at three different speeds above and below 1.508 rad/sec. The speeds

chosen were 1.0058 rad/sec and 2.0 rad/sec.

The first model to be observed is a first stage and second stage gears model. The model was
simulated for one-quarter turn on the input over 1000 steps with an input speed of 1.0053 rad/sec,
1.508 rad/sec, and 2.0106 rad/sec. This input speed corresponds to 10 rpm, 15 rpm, and 20 rpm
those remain from the low-side to high-side operating range during its low-speed to high-speed
operations. This generates over one full revolution on the output of the gears. The three outputs
were plotted and used to generate the FFT for acceleration in the frequency domain. These plots
are shown as Fig. 6.1 to Fig. 6.8.
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Figure 6.1 Record of a frequency spectrum by the number of revolutions for gear 1

It can be seen in Fig. 6.1 on the above results that it can be hypothesized that the higher the input
shaft revolutions, the higher the amplitude in the frequency spectrum. The larges peak occurs at
the highest input rotational speed. These were all also calculated from the carrier input speed of

74



1.0053 rad/sec, 1.508 rad/sec, and 2.106 rad/sec multiplied by the number of teeth on the gear 1,

82 teeth, for the first stage speed-up gears in the drive train.
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Figure 6.2 Record of a frequency spectrum by the number of revolutions for gear 2

As shown in Fig. 6.2 (a), (b), and (c) the first stage pinion also behaves the same as gear 1. The
higher the input speed revolutions, the higher the amplitude in the frequency spectrum. This
specific trend is probably the result of the assumption that the higher the number of input speed

revolutions, the higher the gearbox oscillation.
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Figure 6.3 Record of a frequency spectrum by the number of revolutions for gear 3

Fig. 6.3 and Fig 6.4 demonstrate frequencies of the vibration pattern generated by such a system
at the second speed-up stage of the gearbox. The most significant impact that can be seen visually
in figures corresponds to the amplitude change with a change in input rotational speed. As shown
in both figures the 20-rpm input speed has the largest peak as well as change in amplitude between

the other input speeds.
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Figure 6.4 Record of a frequency spectrum by the number of revolutions for gear 4

6.3.2 Planetary gear stage vibration analysis

The measurement of gearbox vibration frequency is to simulate an acceleration at each stage on
the gearbox system by ADAMS/view. This allows for a measurement of the acceleration of the
system over time which can then be input to generate an FFT. Gearbox vibration frequency FFTs
can indicate the impact of input rotational speed in the system through a difference in amplitudes.
As represented in Fig.6.5 to Fig. 6.8, each different frequency occurrence is associated with a

particular input rotational speed difference which includes 10 rpm, 15 rpm, and 20 rpm.
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Figure 6.5 Record of a frequency spectrum by the number of revolutions for planet gear 1

Fig. 6.5 shows that the planet gear 1 frequency spectrum at the three different rotational speeds,

the higher the input speed revolutions, the higher the amplitude in the frequency spectrum.
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Figure 6.6 Record of a frequency spectrum by the number of revolutions for planet gear 2
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Figure 6.7 Record of a frequency spectrum by the number of revolutions for planet gear 3

As mentioned above the gearbox model was simulated for one-quarter turn on the input over 1000
steps with input speeds of 1.0053 rad/sec, 1.508 rad/sec, and 2.106 rad/sec. These input speeds
correspond to 10 rpm, 15 rpm, and 20 rpm. This generates over one full revolution on the sun gear
output. The output frequency was plotted and used to generate the FFT for acceleration in the
frequency domain. This plot is shown in Fig. 6.8. The largest peak occurs at a higher input speed
(20 rpm).
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Figure 6.8 Record of a frequency spectrum by the number of revolutions for the sun gear

78



6.3.3 Summary of the rotational speed variation impact on the angular acceleration of
gears

In this section, the dependence of a vibration signal on the number of revolutions is shown in the
frequency spectrum by using FFT, the selected three input revolutions are 10 rpm, 15 rpm, and 20
rpm with three cases, 73 = 7.54 * 10° Nm; 7 = 9.549 * 10° Nm and = = 1.432 * 10° Nm. The
speed variation is performed so that the vibration signature pattern is transformed to the frequency

domain for all gears in the drive train.
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Figure 6.9 Comparison of gears angular acceleration peak points

The speeds selected for these three simulations are within the range of operation of the SE7715.
As shown in Fig. 6.9, the angular acceleration vibration signal peak points at 20 rpm have higher
amplitudes than other input rotational speeds. At input rotational speed of 10 rpm, the angular
acceleration amplitudes are lower. This indicates the vibration signal is dependent on the variation
of input rotational speed. As the rotational speed increases the vibrational signal also becomes

higher.

6.4 Impact of rotational speed on gear force

6.4.1 Speed-up gear stage

By means of an FFT function on an ADAMS/view the simulated signals are isolated to produce a
frequency versus amplitude plot shown as the Fig. 6.10 to 6.13. The practice of FFT in gear
condition analysis can be significant since gear contact occurs at specific frequencies unique to the
gear system designed. In the simulations used for the following analyses, the FFT plot is created
using the contact force between the gears for a specified period. The FFT is used to distinguish the
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relationship between the input rotational speed and contact force vibration pattern for the planetary

gearbox.
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Figure 6.10 Record of a frequency spectrum by the number of revolutions for gear 1

As shown in Fig. 6.10 and 6.11, the first stage gears vibration frequency FFTs can indicate the
dependence of rotational speed on the contact force of the system through a difference in
amplitudes. Each different frequency occurrence is associated with a particular rotational speed.
Based on the first stage figures results, the higher the input shaft revolutions, the higher the
amplitude in the frequency spectrum.
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Figure 6.11 Record of a frequency spectrum by the number of revolutions for gear 2
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Figure 6.12 Record of a frequency spectrum by the number of revolutions for gear 3
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Figure 6.13 Record of a frequency spectrum by the number of revolutions for gear 4
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6.4.2 Planetary gear stage vibration analysis

The gearbox model was simulated for one-quarter turn on the input over 1000 steps with input
speeds of 1.0053 rad/sec, 1.508 rad/sec, and 2.106 rad/sec. That corresponds with 10 rpm, 15 rpm,
and 20 rpm. This generates over one full revolution on the planet and sun gear output. The output
force was plotted and used to generate the FFT for force in the frequency domain. These plots are
shown in Figs 6.14 and 6.15.
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Figure 6.14 Record of a frequency spectrum by the number of revolutions for planet gear 1

It can be seen in Fig. 6.14 that the FFT exhibits a peak at a very specific location throughout the
frequency band ranging from 0 to 2000 Hz and the amplitude increases as the input rotational
speed increases. The peak occurs at that the expected GMF frequency. The frequencies reveal the
vibration pattern created by such a system at the planetary stage of the gearbox. In the case of
planet gear 2 and planet gear 3, their frequency spectrum is the same as planet gear 1. The three
planet gears FFT contains equal peak points which indicate and are associated with their equal
load sharing capacity between them. The planet gear 2 and 3 FFT plot is in Appendix B.
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Figure 6.15 Record of a frequency spectrum by the number of revolutions for the sun gear

The input speed at three different simulations corresponds to 10 rpm, 15 rpm, and 20 rpm, those
remain on the low to the high-side operating range during its low speed and high-speed operations.
This generates over one full revolution on the sun gear output. The output force was plotted and
used to generate the FFT for force in the frequency domain. This plot is shown in Fig. 6.15. As
depicted in the higher the input shaft revolutions, the higher the force amplitude in the frequency

spectrum.

6.4.3 Summary of the rotational speed variation impact on gear force

In this sub-section, the summary of the impact of rotational speed variation on the gear force is
discussed in the frequency spectrum. The speeds selected for these three simulations are within the
range of operation of the SE7715. A speed of 1.508 rad/sec is equivalent to 15 rpm, this is in the
mid operating range of the SE7715. And an input speed of 1.0053 rad/s is equivalent to 10 rpm,
this is the initial operating range of the SE7715. An input speed of 2.0106 rad/sec corresponds to
20 rpm which is within one the high end of the operating range during high-speed operations of

the SE7715. This number of results is adequate for expressing the dependence.
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Figure 6.16 Comparison of the impact of rotational speed variation on gear force
As shown in Fig. 6.16, the comparison of the impact of rotational speed variation on gear force is
expressed by the selected maximum peak points of gear force on the frequency spectrum. At input
rotation of 20 rpm, there are higher maximum peak points than other input rotational speeds (10
rpm and 15 rpm). Therefore, the higher the number of input carrier revolutions, the higher the total
gear force on a point of gears.
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CHAPTER SEVEN

7. Conclusion and Recommendation

7.1 Conclusion

In this study, the vibration signal of the SE7715 wind turbine gearbox is simulated to monitor the
technical conditions of rotating components at three different load cases (at input rotational speeds
(10 rpm, 15 rpm, and 20 rpm and torques z = 7.539 * 10° Nm; 7 = 9.549 * 10° Nm and » =
1.432 * 10° Nm) of Adama wind farm. The gears vibration signal of angular acceleration and gear

force are considered in the simulation and the results are analyzed through FFT.

The first process is creating accurate bodies, determining physical values, creating proper motions,
setting software for simulation, and presenting the simulation results by using ADAMS. The speed
variation is performed and the vibration signature pattern determined for all gears in the drive train.
Based on the vibration signal results, at the input speed of 10 rpm, it is recorded the lowest
amplitude in time-domain and at the input speed of 20 rpm, there is a higher amplitude in the time-
domain. The vibration signal peak points of load case 3 (20 rpm) is greater than load case 2 (10
rpm) and load case 3 (15 rpm), and these cases indicate the vibration signal is dependent on the
variation of input rotational speed. As the rotational speed increases the vibrational signal also

becomes higher.

The ADAMS is also used to determine the influence of input rotational speed in the gear force at
the three load cases. Depending on the simulation results, at the highest input rotation speed (20
rpm), the amplitude of gear force is higher than the other load cases and at 10 rpm input rotational
speed, the amplitude is lower than other load cases.

All vibration signals of gears are analyzed by Fourier transform to change the time domain
spectrum into frequency domain spectrum. The three sets of simulations in ADAMS were
performed at steady-state conditions using an input rotational speed of 10 rpm, 15 rpm, and 20
rpm. As a result of the change in input speed, the GMF of each gear changed accordingly to the
expected base GMF for the three systems. At the highest input speed rotation (20 rpm), the
recorded force amplitude is higher than the other load cases in the frequency spectrum.

Based on the vibration signal results, it can be concluded that the higher the input speed revolutions
of the gearbox, the higher the amplitude in the frequency spectrum. In wind turbines, studying the
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dynamic characteristics of the gearbox decreases the pre-failure of the gearbox components. It can
help to understand gearbox dynamics. In addition, the study of dynamic characteristics of wind

power gearbox works on the prevention of failures in the wind turbine.

7.2 Recommendations

With the methods developed in this thesis, it is hopeful that further research can be conducted into
gearbox health monitoring with a variety of different types of conditions and the developed
mathematical model can be simulated with other software for further research. The model for the
SE7715 gearbox is developed based on specifications of wind turbine with limited information

provided, in the expectation of creating a model which can represent the real SE7715 gear system.

Therefore, further works involving more detailed information and validation of the simulation
results with real values can improve the developed simulation model. This research work leaves a
wide scope for future research work to analyze the dynamic characteristics of wind turbine
gearbox. The recommendations for future work include:
e Study the flexible multi-body dynamic analysis of the gearbox and compare the results
with this rigid multi-body dynamic analysis.
e Possibility of using the developed mathematical model to simulate with other software for

the analysis and compare results.
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APPENDICES

Appendix A. Creation of gearbox components in ADAMS
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3D model of the geartrain
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Appendix B. Simulation graphs
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