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Introduction

1.

Introduction

Since the industrial revolution the need for energy has always increased and as a consequence Green House
Gas (GHG) have reached dangerous levels for the World ecosystem. From 1971 to 2017 𝐶𝑂2 emission has
grown from 14 Gt/year to 32 Gt/year [1] [2]. The almost totality of researchers say that Anthropocene is the
cause for the increased temperature (around 1° 𝐶 2° 𝐶 between 1850 and 2019) [3] [4].
Since 1992, when United Nations Framework Convention on Climate Change (UNFCCC) was founded in Rio
de Janeiro, more and more people in the World have understood that climate change is a real problem and
they have begun to find ways to reduce GHG emissions. After this summit, other summits have followed, the
most important were held in Kyoto 1997 and in Paris in 2015. During the Paris summit world countries agreed
to keep the global temperature rise well below 2° 𝐶 above pre-industrial levels and to pursue efforts to limit the
temperature increase to 1,5° 𝐶 [5] [6].
More and more countries, especially in Europe, started to invest money in order to find better ways to produce
green energy in order to replace fossil energy sources. Wind turbines have an important role in the
decarbonization context because they are the most suitable green energy resource and their environmental
impact and operational life have a small effect on the ecosystem. However, the state of art of the wind turbine
is not enough to satisfy the global demand of energy. The wind energy market value now (2019) is around
45.000 million dollars for the capacity value of 440,475 MW [7]. The cheaper technology is still the gearbox
configuration, its cost is around 300 thousand euro per Megawatt [8] against the 450 thousand euro per
Megawatt of the direct drive (DD) generator. Nevertheless, during the last period the cost of the energy from
these two configurations is always getting closer to each other. For high reliability the direct drive concept is
better than the gearbox concept and is more and more used for offshore wind turbine. The actual gap in cost
between the offshore wind energy and the onshore wind energy is around 100 dollars/MWh whereas in 2012
when the gap was around 200 dollars/MWh [8].
The main difference between the gearbox configuration and the direct drive configuration is that in the first
case the generator is fair to the main stress load, as the wind load and the bladed weight and the main problem
in this configuration is the gearbox’s vibrations, while in the second case there aren’t vibrations from the gear
box but the generator is directly in touch with the external loads. The main problem in the direct drive
configuration is that the optimal distance between stator and rotor is 1/1000 times of the air gap diameter (for
instance if the air gap diameter is 5 m the clearance between stator and rotor should be 5 mm). Every change
out of this clearance will cause a decrease in the efficiency of all machine. If the stator and rotor get in touch
the generator will rapidly get damaged. Due to that, the DD generator must have a very stiff structure and
bearing arrangement in order to stabilise the air gap. Therefore, the bearings in DD concept have a
fundamental role.
The aim of this thesis is to analyse how the air gap changes in a 3.6 MW inner rotor wind turbine.
Chapter 2 describes how wind turbines work and what their physical limits are. It goes on to describe the wind
turbine market as a good investment and the two most important technologies fort wind turbines with horizontal
axis as well as their advantages and disadvantages. The chapter closes with an introduction to the topics of
this thesis, the main loads that affect a direct drive wind turbine during its operation and their negative effect
on the efficiency of the system as well as the safety. The three kinds of loads that will be analysed are the
aerodynamic wind load, the magnetic pull and the gravity.
Chapter 3 explains the mathematical theory used to conduct these tests. First of all, it explains the finite
elements method (FEM) which is used to analyse the generator in ABAQUS and a static analysis of it, then it
describes the different properties of each finite element and an ABAQUS implementation of it. Then it focuses
on the multibody simulation (MBS) and SIMPACK software. At the end the modal assurance criterion (MAC)
and how ABAQUS and SIMPACK models have been compared in order to make sure that the static and dynamic
1
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analysis are substantial is showed
Chapter 4 presents the model construction beginning with a global overview of the geometrical and mechanical
characteristics of the wind turbine under exam. Then a mesh convergence study is introduced together with
an explanation on which kind of mesh have been chosen for each component. Finally, the Auto MAC matrix
is introduced so that each FEM model is consistent with itself and the MAC matrix to make sure that each
MBS model is consistent with its own FEM model. At the end the whole FEM and MBS model are showed.
Chapter 5 shows the results of the analysis: first of all, the results of the static analysis for three different load
configurations (the first one considers the gravity, the second one adds the wind load and the last one adds
the magnetic pull between generator-stator and generator-rotor). Then the results of the MBS simulations are
shown. At the end of the chapter the results of MBS are commented and compared.
The last section is dedicated to the comparison between the different outputs of each analysis and to extra
results like the Bode diagram.

2

State of Art and Background

2.

State of the Art and Background

This chapter explains first of all why wind turbine technology had a rapid market growth in the last few years,
why the economic market has invested more and more in this sector and why countries have decided to push
forward these investments. Then it explains the physical process by which the wind turbine generates power,
different kinds of wind turbines, advantages and disadvantages of direct drive generators and different kinds
of concepts. The end of the chapter focuses on the causes of air gap displacement in a direct drive generator
and describes the main factors, which have an impact on the generator air gap deflection.

2.1

Economic and Political Background

Since 1992, when UNFCCC was founded, the global warming problem has attracted the interest of
researchers from all over the world. The Kyoto protocol [5] in 1998 represents the first step countries have
made to follow researchers’ suggestions to reduce human impact on the ecosystem. Other political meetings
followed but the most important is the Paris Agreement in 2015. Its main points are a long-term goal of keeping
the increase in global average temperature to well below 2 °𝐶 above pre-industrial levels and to limit the
increase to 1.5 °𝐶 (article2.1.(a)) and of peaking global emissions as soon as possible (article 4) [6].
Companies are encouraged to invest in clean energy resources, for instance General Electric (GE) in 2018
made the most powerful offshore direct drive wind turbine in the world, Haliade-X 12MW. It is 200 m high,
each blade is longer than 100 m and its rotor has a 220 m diameter, GE estimates that Haliade-X 12MW can
produce energy for 16000 houses. GE is also going to invest 400 million USD to empower development and
deployment of its turbine during the next 3-5 years [9].

Figure 2.1: Global new investment in clean energy by sector [10]

Figure 2.1: Global new investment in clean energy by sector shows the investment for each quarter from 2005
until the second quarter of 2018. It is evident that the wind energy market is growing, the trend in the clean
energy sector is positive, solar energy seems to have a very bright future. Nevertheless, each market operates
to satisfy its own demand that’s why the stream of money is very different for each market. In North, Central
and South America investments in clean energy are worth around 20 billion USD and more than a half are
3
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dedicated to wind energy. In Europe companies invest less than in America, the European market is worth
around 15 billion USD. Wind is the favourite energy source in Europe. The best market for clean energy is
the Asia Pacific, during the second quarter of 2018 more than 40 billion USD have been spent to improve its
renewable source of energy. In Asia Pacific the most used form of energy is the solar one, but the wind energy
market is worth around 20 billion USD, like the American market and more than the European one [10].
The rapid growth of the wind turbine sector is also witnessed by the fact that wind energy has become less
expensive during the last years. Since 2015 the global capacity of wind turbine farms has grown to around 50
GW thus reducing the cost of wind energy [8]. Global installations at present have reached 592 GW (169 GW
from Europe [8]) 23 of which are produced offshore. The following graph represents the historical development
of levelized cost of energy LCOE. It is evident that the onshore solution produces less expensive energy than
the offshore solution.

Figure 2.2: Figure 2.2 LCEO - Historic development [10]

This difference in cost is due to the different environment in which the turbines must work. The offshore solution
operates in the sea, so this kind of turbine needs more manufacturing, its production process is more complex
and as a consequence more expensive. Nevertheless, offshore wind turbines are a very good solution
because they don’t take up space on the ground and they operate in very windy environments, so they should
produce more energy than their onshore counterparts. For this reason, technology needs to be improved in
order to reduce their construction and maintenance costs as well as their efficiency and related energy losses.
As it is possible to see in Figure 2.2 all efforts made until now produced a rapid decrease in the LCEO and the
trend seems to be good. This could be possible thanks to the direct drive system whose production is very
expensive but whose operational life is cheap, especially when it comes to the offshore solution. Every report
made by official research centres has established that the wind market has also an important societal impact.
During 2016 more than one million employees in the world have worked in the wind turbine field and the
employment trend is increasing [11]. China expects that the number of jobs will increase up to 300,000 by
2020, for a total of 800,000 workers [7]. In America the wind turbine field is the second fastest-growing job
with more than 100,000 workers [7]. In Europe the wind industry provides jobs for 260,000 people, 160,000 of
them only in Germany [7]. The economic impact on society in 2017 has been more than 45 billion USD [7].
The following table shows the capacity of each country as regards estimated job and economic impact in 2017.
4
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Country
China

Capacity (MW)
188˙390

Estimated numbers of jobs
507˙000

Economic impact (million dollars)
---

United States

88˙973

105˙500

11˙000

Germany

55˙876

160˙200

15˙245

Spain

23˙092

22˙468

2˙710

United Kingdom

19˙836

2˙000

---

France

13˙488

19˙000

---

Canada

12˙239

---

1˙116

Italy

9˙496

26˙000

3˙927

Sweden

6˙691

---

---

Portugal

5˙513

3˙250

1˙348

Denmark

5˙503

>30˙000

---

Mexico

3˙942

1˙300

---

Ireland

3˙368

3˙400

---

Austria

2˙828

1˙490

408

Korea

1˙165

2˙424

943

75

---

39

440˙475

>870˙000

>45˙000

Switzerland
Total

Table 2.1: Capacity (MW) in relation to estimated jobs and economic impact, 2017 [7]

The data reported in Table 2.1 confirm the first place of Germany in the European wind sector. They also
highlight the importance of this market for all other European countries. Spain, France Italy and Denmark have
more than 20,000 workers and still have a lot of growth potential.

2.2

How Wind Turbines Generate Electricity

Man has always used the kinetic energy derived from wind to simplify his lifestyle. Ancient communities began
to use wind energy to pump water, sail ships, grind grain or move presses. Modern wind turbines convert the
wind’s kinetic energy into electrical energy by means of a power converting machine [12, 13].
First of all, the wind turbine converts the wind’s kinetic energy into mechanical energy. The kinetic energy (Ek )
is defined as:
1
Ek = mu̅2
2

Equation 2.1

m is the mass of the air flow [𝑘𝑔]
u̅ is the wind average speed [𝑚/𝑠]
Using a derivative equation respect to time wind power (Pw ) can be obtained as
Pw =

dEk 1
= ṁu̅2
dt
2

Equation 2.2

ṁ is the mass flow rate [𝑘𝑔/𝑠]
The global mass involved in this process is equal to
𝑚̇ = Au̅𝜌

Equation 2.3

A is the section area through which the mass flow rate passes [𝑚2]
5
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𝜌 is the density of the air [𝑘𝑔/𝑚3 ]
𝑢̅ is the wind average speed [𝑚/𝑠 2 ]
Hence, the ideal power ( Pw ) that could be produced by a generator is equal to
1
Pw = A𝜌u̅3
2

Equation 2.4

Where 𝐴, the blades’ swept area, can be calculated from the formula
A = π [( l + r )2 − r2 ] = π l ( l + 2r)

Equation 2.5

r is the radius of the wind turbine rotor [𝑚]
And, according to the equation of state and the hydrostatic equation, the density (𝜌) of the air can be written
as
𝑔

𝑐 𝑧 −𝑐𝑅+1
𝜌 = 𝜌0 (1 + )
𝑇0

Equation 2.6

𝜌0 is the density of the air in state 0 [𝑘𝑔/ 𝑚3 ]
𝑐 is the heat capacity [𝐽/𝐾]
𝑧 is the altitude of the body [𝑚]
𝑇0 is the temperature of the air in state 0 [𝐾]
𝑔 is the gravitational acceleration and it is equal to 9.81[m/ 𝑠 2 ]
𝑅 is the gas constant and it is equal to 8.2057 [𝑚3 𝑎𝑡𝑚 /𝑚𝑜𝑙 𝐾]
Looking at the Equation 2.4 and Equation 2.5, it is clear that in order to obtain higher power we need to have
higher wind speed, longer blades and higher air density.
However, due to the various aerodynamic losses in the system (blade-tip, blade root, profile, turbulence, …)
it isn’t possible to extract all the wind power during this first stage. It is therefore necessary to introduce the
power coefficient (𝐶𝑃 ) which is defined as the ratio of the actual drawing power divided by the wind power into
the turbine [13], as
𝐶𝑃 =

𝑃𝑚𝑒,𝑜𝑢𝑡
𝑃𝑚𝑒,𝑜𝑢𝑡
=
𝑃𝑤
0,5 𝜌 𝐴 𝑢̅3

Equation 2.7

𝑃𝑚𝑒,𝑜𝑢𝑡 is the actual electrical power produced [𝑊]
𝑃𝑤 is the wind power into turbine [𝑊]
First Lanchester in 1915 and then Betz in 1920 [13] have proved that it is impossible for one ideal wind turbine
(a turbine with no hub and no resistance on the blades) to convert more than 59,26% of wind’s kinetic energy
into mechanical energy. This limited efficiency is due to the braking effect of the wind from its upstream speed
V1 to its downstream speed V2, while allowing a continuation of the flow regime [14].
By referring to Figure 2.3, considering the case without change in the air speed right across the wind blades
with the pressure far upstream and downstream from the wind equal to the static pressure of the undisturbed
flow, it is possible to calculate the Lanchester-Betz limit.

6
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Figure 2.3: Pressure and speed variation in an ideal model of wind turbine [13, 14]

To recap:
•
•
•

𝑢̅1 and 𝑢̅4 are mean velocities upstream and downstream from the wind turbine
𝑢̅2 and 𝑢̅3 are mean velocities just in front and back of the blades. Hypothetically, 𝑢̅2 = 𝑢̅3
Hypothetically 𝑝1 = 𝑝4 = 𝑝, the pressure upstream and downstream from the wind turbine are equal to
the static pressure of the undisturbed airflow

Hence with this simplification it can be derived that
𝑝2 − 𝑝3 = 0,5 𝜌 (𝑢̅12 − 𝑢̅42 )

Equation 2.8

𝑢̅2 = 𝑢̅3 = 0,5 (𝑢̅1 − 𝑢̅4 )

Equation 2.9

Rewriting the Equation 2.4 in a better way, the mechanical power (Pw ) that the blades could draw is equal to
[13]
1
1
Pw = A 𝜌 𝑢̅2 (𝑢̅12 − 𝑢̅42 ) = A 𝜌 𝑢̅13 4 𝑎 (1 − 𝑎)2
2
2

Equation 2.10

A is the area swept by the rotor blades [𝑚2 ]
𝜌0 is the density of the air in state 0 [𝑘𝑔/ 𝑚3 ]
Where a is the axial induction factor, it is defined as follows
𝑎 =

𝑢̅1 − 𝑢̅2
𝑢̅1

Equation 2.11

Introduce the axial induction factor in the Equation 2.7,
𝐶𝑝 = 4 𝑎 (1 − 𝑎)2

Equation 2.12
7
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𝑑 𝐶𝑝
= 12 𝑎2 − 8 𝑎 + 4
𝑑𝑎

Equation 2.13

So, it is possible to deduce that when the axial factor is equal to 1/3 the power coefficient reaches its maximum
value of 16/27, 59.26% [13]. The behaviour of the power coefficient with respect to the axial induction factor
is explained in Figure 2.4.
However, in wind turbines there are other losses of energy that must be considered. The other main losses
are due to [13]:
•

the gearbox, of course there aren’t this kind of losses in a direct drive wind turbine, 𝜂𝑔𝑒𝑎𝑟 .

•

the generator, all electrical and mechanical losses in a generator such as iron, friction, and other
miscellaneous, 𝜂𝑔𝑒𝑛 .

•

the electric system, it encompasses all combined electric power losses in the converter, switches,
controls and cables, 𝜂𝑒𝑙𝑒 .

Figure 2.4: Power coefficient as a function of axial induction factor [13]

Hence, the total efficiency factor (𝜂𝑡 ) of each wind turbine is equal to
𝜂𝑡 = 𝐶𝑝 𝜂𝑔𝑒𝑎𝑟 𝜂𝑔𝑒𝑛 𝜂𝑒𝑙𝑒

Equation 2.14

𝐶𝑝 is the power coefficient
At the state of the art, the total efficiency factor is around 45% [15]. In a lot of studies, it can be possible to
show the effect of the Tip Speed Ratio (TSR)
𝑇𝑆𝑅 = 𝜆 =

𝑠𝑝𝑒𝑒𝑑 𝑜𝑟 𝑟𝑜𝑡𝑜𝑟 𝑡𝑖𝑝
𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑

Equation 2.15

on the wind turbine’s efficiency [13, 15, 14, 16]. Figure 2.5 shows the relation between the power coefficient
and the TSR in different kinds of wind turbines. The average 80 m wind speed in the world is around 5,9 m/s
[17] so the most efficient rotor configuration is the three-bladed one. The most important wind farms (Roscoe
Wind Farm USA, Gansu Wind Farm China, Stateline Wind Farm USA, …) use this kind of configuration.
However, in the windiest places on earth the most efficient designs are the two-blade and the one-blade rotor.
They are both more efficient than the three-blades rotor when the wind speed is over 9 m/s. However, this
kind of systems are very rare, and they don’t have many applications. It is not possible to build three-blade
turbines too close to city centres since they are too big, and the wind speed isn’t high enough. Hence the need
to adopt solutions like the Darrieus or Savonius turbine, even if their power coefficient is inferior to the threeblades ones. [15]
8
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Figure 2.5: Power coefficient as a function of TSR [15]

2.3

Differences between Direct Drive and Gear Box Generators

The main difference between the direct drive generator and the gearbox one is that in the first case the hub is
directly connected to the rotor, so that the rotor operates at the same speed as the turbine’s blades, while in
the latter the hub is connected to a gearbox, in order to increase rotational speed from a low-speed rotor to a
higher speed electrical generator. The necessity to remove the gearbox comes from the need to increase the
turbine’s reliability (more than 50 % of the wind turbines’ failures are due to a combination failure of both the
gearbox and the bearings [18]), especially in the case of offshore systems where the manufacturing is very
frequent and expensive. But the downside to using direct drive instead of a gearbox system has been twofold:
cost and weight. Figure: 2.6 shows the comparison in cost between two different kinds of 3MW turbine, DFIG
3G (Doubly-fed induction generator) with gearbox and PMSGG DD (Permanent Magnet Synchronous
Generator) without gearbox.

Figure: 2.6 Cost of 3 MW DFIG 3G and PMSGG DD [36]

Figure 2.7 shows the different configurations of gearbox and direct drive systems.
9
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Figure 2.7: Gearbox and Direct Drive wind turbines [37, 38]

The generator is bigger in the second one and this can be one of the main problems in the direct drive wind
turbine. In the gearbox wind turbine, the generator is isolated from external loads, wind loads, blades’ weight
and it is only subjected to centrifugal and magnetic loading and gearbox vibrations. For this reason, the
structure of the stator and of the rotor aren’t supposed to support big stress. In the direct drive wind turbine,
the generator is subjected to extremely high dynamic loadings: wind loads, blades’ weight, magnetic force,
tower shadow effects, wind shear and turbine eccentricity, and their influence on the generator’s structure is
very high. For this reason, the direct drive generator must be built with materials which increase the generator’s
stiffness in controlling air gap displacements, but it means that the mass of the generator must be very high.
The ideal distance between the rotor and stator is 1/1000 of the air gap diameter, for instance with a 5m
diameter air gap the distance between stator and rotor should be 5 mm. It is impossible to avoid an air gap
displacement, but it is extremely important that the stator and the rotor are isolated from each other and that
their relative distance doesn’t become bigger than 20 % of this clearance. Otherwise the air gap flux density
might vary significantly and thus affect electromagnetic forces and possibly add magnitude from other forces
[19].

2.4

Main Cause of Air Gap Displacement

The main causes of air gap displacement are:
•
•
•
•
•
•
•

Wind load
Static and dynamic eccentricity
Magnetic force
Increase of temperature
Centrifugal force
Manufacturing /installation /material defect
Gravity

2.4.1

Wind load

The wind load is the operative force in the wind turbine, so it is extremely important to evaluate it with precision.
There are a lot of factors that make such evaluation extremely difficult (turbolence, air density, air temperature,
environmental effects, geometry of the blades, ...)
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Figure 2.8: CFD model of wind turbine rotor

To study the loads from the wind the the most powerfull theory is the CFD (Computational fluid dynamics )
theory. The idea of this theory is to subdivide the flow filed into small volume elements and solving the
conservative equation for each element. It is clear that the output result in function of the input theory. For
instance Euler equations has no boundary layers but has spatially transiently motion, Euler equation with
boundary layers equation can analys the laminar and turbolent flow but it has not flow separation, NavierStocks equations can studie laminar and turbolence flow, and the result depend about the turbulence model (
it is very accurated model but also very expansive). Wind shear and tower shadow are both external
disturbances which come from wind power variations due to a periodic reduction of mechanical torque at the
frequency called 3p frequency. The 3p frequency is a source of vibration due to rotational sampling as each
blade passes the tower. It could be dangerous if it is too close to the frequency range associated with interarea, it might be a source of forced oscillations than can exite system resonance [20]. They can be calculated
as [21]
𝑟
𝛼(𝛼 − 1) 𝑟 2
𝛼(𝛼 − 1)(𝛼 − 2) 𝑟 3
𝑣𝑚 (𝑟, 𝜓) = 𝛼 ( ) cos(𝜓) +
( ) 𝑐𝑜𝑠 2 (𝜓) +
( ) 𝑐𝑜𝑠 3 (𝜓)
ℎ
2
ℎ
6
ℎ
𝑣𝑡 (𝑟, 𝜓, 𝑥) =

𝑎2 (𝑟 2 𝑠𝑖𝑛2 (𝜓) − 𝑥 2 )
(𝑟 2 𝑠𝑖𝑛2 (𝜓) + 𝑥 2 )2

Equation 2.16
Equation 2.17

𝑣𝑚 is the wind shear vatiation [𝑚/𝑠]
𝛼 is the empirical wind shear exponent
𝑟 is the blade length [𝑚]
ℎ is the height of tower [𝑚]
𝜓 is the blade azimuthal angle [𝑟𝑎𝑑]
𝑣𝑡 is the tower shadow disturbance [𝑚/𝑠]
𝑥 is the distance of blade origin from the tower midline [𝑚]
𝑎 is the tower radius [𝑚]
The first one is the wind shadow variation speed and the second one is the tower shadow disturbance speed.
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Figure 2.9: Wind speed and torque on the tower as function of the blade azimuthal angle under the effect
of tower shadow and wind shear [21]

Is not difficult to understand that the wind shear effect decreases when the tower’s height increases and the
tower shadow effect is present only in a range between 90° < 𝜓 < 270° .
In this thesis, I have compared the static effect of gravity, wind load and the magnetic force with and without
the contribution of the bearings. The second step has been a multi body dynamic analysis with the wind shear
and the tower shadow effect. The result is showed I n the following chapter.

2.4.2

Static and Dynamic eccentricity

The eccentricity is the misalignment between the rotor and stator axis, there are two kinds of eccentricity: static
eccentricity and dynamic eccentricity, Figure 2.10. Static eccentricity happens when the rotor turns around its
own rotation axis but it’s dislocated with respect to the stator axis. Dynamic eccentricity happens when the
centre of the rotor‘s axis is the same as the stator’s one, but it does not correspond to the rotation axis of the
rotor. Of course these two phenomena can exist together [22].

Figure 2.10: Static and dynamic eccentricity

Eccentricity in wind turbines could be dangerous for two reasons, first of all it increases vibration of the system
which could cause a critical failure in the system. Then the air gap could be modified due to a change in the
air flux density. An increase of 20% of the density brings an increase of 44% of unbalanced magnetic Pull
(UMP) in the direction of the smallest air gap [22]. For this reason, eccentricity must remain under a certain
limit. Other result of rotor eccentricity is bearing wear it means that the real operation life of the bearing could
be less than the project operation life.
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2.4.3

Magnetic Force

The interaction between the permanent magnets on the rotor’s surface and the iron of the stator produces an
attractive force between the rotating and static parts of the generator. This kind of force acts perpendicular
and tangential to the air gap. The magnetic force can be calculated in its normal and tangential components
by the Maxwell’s stress tensor theory as a function of the magnetic field strength between stator and rotor as
[23]

𝜎𝐹 = 0,5 µ0 𝐻2

Equation 2.18

2
𝜎𝐹𝑛 = 0,5 µ0 (𝐻𝑛2 − 𝐻𝑡𝑎𝑛
)

Equation 2.19

𝜎𝐹𝑡𝑎𝑛 = µ0 𝐻𝑛 𝐻𝑡𝑎𝑛

Equation 2.20

𝜎𝐹 is the stress due to the magnetic field [𝑁/𝑚2 ]
𝜎𝐹𝑛 is the normal component of the stress due to the magnetic field [𝑁/𝑚2 ]
𝜎𝐹𝑡𝑎𝑛 is the tangential component of the stress due to the magnetic field [𝑁/𝑚2 ]
µ0 is the permeability of free space, it is equal to 4 𝜋 10−7 [𝑁/𝐴−2 ]
𝐻 is magnetic field strength [𝑚/𝐴]
𝐻𝑛 is normal component of magnetic field strength [𝑚/𝐴]
𝐻𝑡𝑎𝑛 is tangential component of magnetic field strength [𝑚/𝐴]

Figure 2.11: Generic section with normal stress, across the airgap [24]

When a large airgap flux density is used, like in a direct drive wind generator, the normal stress is about ten
times than the tangential stress, it means that the tangential stress can be neglected [24].
To regard Figure 2.12Figure 2.11 in the first case the UMP should be equal to zero because the air gap has
symmetical distribution around all generator, in the other case, Figure 2.12.b, in the yellow region the distance
between statro and rotro is smaller than in the other region, due to it born a magnetic force from the center to
the rotor to the air gap’s smallest region in radial direction [25]. This force (𝐹𝑈𝑀𝑃 )can be calculated as [25]
𝐹𝑈𝑀𝑃 =

𝜗
𝐷𝐿 2
𝐵𝑚 𝛿(𝑥) ∫ 𝑠𝑖𝑛(𝜗)2 𝑑𝜗
4µ0
0

𝛿(𝑥) = 𝑒/𝑔

Equation 2.21
Equation 2.22

𝐷 is the air gap diameter [𝑚]
𝐿 is the air gap length [𝑚]
𝐵𝑚 is the magnetic field [𝑇] or [𝑘𝑔 𝑠 −2 𝐴−1]
𝜗 is the angular position on the air gap regard to Figure 2.12 [𝑟𝑎𝑑]
𝑒 is the distance of rotor centre from stator centre [𝑚]
𝑔 is the air gap size in the symmetrical configuration [𝑚]
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Figure 2.12: UMP in: symmetrical machine (a); with rotor displaced vertically downwards [25]

2.4.4

Increase of temperature

The generator is a machine that generates energy, so it also generates heat (first thermodynamically law).
The heat leads to a temperature rise in different machine parts, all these temperature rises, falls and different
rates of change can produce differential thermal expansion and contraction. Heat can be transferred from one
place to another by three methods: conduction (it happens when two surfaces with different temperature are
in touch, it is a physical process without movement of material), convection (it is the heat transfer due to the
bulk movement of molecules within fluids such as gases and liquids, it is a physical process with movement
of material) and radiation (it is the transfer of energy by means of photons in electromagnetic waves).
Obviously, the convection is the main method of heat transfer in the air gap. In Figure 2.14 is shown the impact
of the temperature rise in an inner-rotor generator. Newton’s laws and the displacement of air gap can as [23]
[24].
𝛷𝑐𝑜𝑛𝑣 = − 𝑘 𝛥 𝑇

Equation 2.23

𝛥 𝐿 = 𝐿0 𝑘 𝛥 𝑇

Equation 2.24

𝛷𝑐𝑜𝑛𝑣 is the heat flux [𝑊/𝑚2 ]
𝑘 is the heat transfer coefficient [𝑊/(𝑚2𝐾)]
𝛥 𝑇 is the difference in temperature between the two surfaces [𝐾]
𝛥 𝐿 is the air gap displacement due to the temperature [𝑚]
𝐿0 is the initial length between stator and rotor [𝑚]

Figure 2.13: Expansion due to temperature rises in the stator (ΔTs) and rotor (ΔTr) in a radial flux machine

In the research [23] the authors have studied the temperature of a stator in a 2,5-kW outer rotor direct drive.
14
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Figure 2.14: Stator temperature distribution in an outer rotor direct drive 2,5 kW [23]

They have found that the differential temperature of the component could be around 10 Celsius degree, with
the maximum temperature in the bars of the stator, Figure 2.14 shows their results.

2.4.5

Centrifugal force

The magnitude of the centrifugal force (𝐹𝑐 ) cab be calculated by the second law of Newton and the definition
of angular velocity (𝜔), as
Equation 2.25

𝐹𝑐 = 𝑚 𝑎𝑐
𝑎𝑐 = 𝑣 𝜔 =

𝑣2
𝑟

Equation 2.26

𝑚 is the mass of the rotor [𝑘𝑔]
𝑎𝑐 is the centrifugal acceleration [𝑚/𝑠 2 ]
𝑣 is the rotor velocity in radial direction [𝑚/𝑠]
𝜔 is the rotor angular velocity [𝑟𝑎𝑑/𝑠 2 ]
𝑟 is the rotor radius [𝑚]
Putting together the Equation 2.25 and the Equation 2.26, it is possible to write the centrifugal force as
𝐹𝑐 = 𝑚 𝑣 𝜔 =

𝑚 𝑣2
𝑟

Equation 2.27

Figure 2.15: Effect of centripetal force in a radial-flux machine [24]
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In the Figure 2.16 is shown the impact of the centrifugal force on the airgap.

Figure 2.16: Centrifugal force on the rotor surface and rotor deflection

However, a normal direct drive wind turbine works with a speed around 12 rpm (1,5708 rad/s) [16], this
rotational velocity leads to a centrifugal force that acts on the rotor surface and it is perpendicular to the air
gap. However, the centrifugal force in a gear-less wind turbine has not a high impact on the behaviour of the
air gap, in the following figure it is evident that the rotor’s deflection is only2,713 103 𝑚𝑚.

2.4.6

Gravity

Gravity acts vertically during operation and its acceleration is equal to 9,81 m/s and of course, the stronger
⃗⃗⃗𝑔 ) can be determined by Newton’s second law as
the gravity force the higher the mass. Gravity force (𝐹
⃗⃗⃗𝑔 = 𝑚 𝑔
𝐹

Equation 2.28

𝑚 is the mass of the wind turbine [𝑘𝑔]
𝑔 is the gravitational acceleration, it is equal to 9.81 [𝑚/𝑠 2 ]
Nevertheless, the wind turbine generetor’s axis makes an angles to the horizontal (normaly it is egual to 5
degree), it means that gravity acts on the generator in two ways: there is a major and a minor component as
shown in Figure 2.17.The two different components of the gravity force can be calculated as
𝐹𝑔,𝑥 = 𝑚 𝑔 𝑠𝑖𝑛(𝛹)

Equation 2.29

𝐹𝑔,𝑥 = 𝑚 𝑔 𝑐𝑜𝑠(𝛹)

Equation 2.30

𝐹𝑔,𝑥 is the x component of gravity force [𝑁]
𝐹𝑔,𝑦 is the y component of gravity force [𝑁]
𝛹 is the angle between x and y components [𝑟𝑎𝑑]

16

State of Art and Background

Figure 2.17: The major and the minor component of gravity [24]

2.4.7

Manufacturing/ Installation defect

The failures due to the manufacturing defect are very difficult to predect, it is imposible to make a mathematical
model of the human error. In the Figure 2.18 is showed the percentaul of the possible failure and their own
consequence.

Figure 2.18: Failure Causes & Failure consequences [41]

It is clear that the manufacturing defect is the main cause of failure ( 36%) and its consequence is often the
shutdown of the system ( 63.1%). Regard to the air gap the main problem of the manufacturing is the
disalineament between the stator and rotor axis because a different distance betwenn stator and rotor means
a decrese in efficency.
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3.

Mathematical theory

This chapter explains the mathematical theories that are been implemented by the calculator in order to
resolve the static and dynamic problem. The first section is focused on the Finite Elements Method (FEM)
which is been used to modulation the geometry of the generator in ABAQUS in order to make the static analysis
and to prepare the model for the freedom reduction in SIMPACK. Then the Multi Body Simulations theory (MBS)
is explained, this mathematical theory is been used to study the dynamic problem. At the end of this chapter,
it is explained the Modal Assurance Criterion (MAC), it is showed how to import a FEM model from ABAQUS in
a MBS model in SIMPACK.

3.1

Finite elements method

The finite elements method is a mathematical tool designed to simplify the geometry of the structure which
has to be studied in order to find an approximate solution of problems of various physical nature, and that
lends itself well to being automated. The basic concept is to cut the structure in a finite number of elements
(pieces of the structure), whose geometry is simpler than the geometry of the beginning model, the properties
of the different elements are explained at the end of this section. Then the equations that describe the
behaviour of the body are solved for each element, the equations are solved for each node of the element.
This process results in a set of simultaneous algebraic equations that describe the approximated behaviour of
the real system. In this thesis the FEM. theory was used only for describe be displacement of the structure, so
it follows only the mathematical theory for the displacement behaviour.

Figure 3.1: Steps to create a FEM system: CAD, partition CAD, meshing

The potential elastic energy (𝛷, Equation 3.1) the kinetic energy (𝐸𝑘 , Equation 3.2) and the potential energy
(𝑈, Equation 3.3) can be expressed as [26]
1
𝛷 = ∫ {𝜎̅}𝑇 {𝜀̅} 𝑑𝑉
2 𝑉

Equation 3.1

1
𝐸𝑘 = ∫ {𝑢̅̇} 𝑇 𝜌 {𝑢̅̇} 𝑑𝑉
2 𝑉

Equation 3.2

𝑈 = − (∫ {𝑢̅}𝑇 {𝑋̂𝑣 }𝑑𝑉 + ∫ {𝑢̅}𝑇 {𝑋̂𝑆 }𝑑𝑆)
𝑉

Equation 3.3

𝑆

𝑑𝑉 is an infinitesimal volume of integration [𝑚3 ]
𝑑𝑆 is an infinitesimal surface of integration [𝑚2]
{𝜎̅} is the stress strain vector [𝑁/𝑚2 ]
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{𝜀̅} is the strain components vector
{𝑢̅} is the displacement of the body in the space [𝑚]
{𝑢̅̇} is the velocity of the body [𝑚/𝑠]
𝜌 is the density of the body [𝑘𝑔/𝑚3 ]
{𝑋̂𝑣 } is the volumetric constant elastic [𝑁/𝑚3]
{𝑋̂𝑆 } is the surface constant elastic [𝑁/𝑚2 ]
The last equations can be discretized for each element as
1
𝛷 (𝑒) = {𝑞̅(𝑒) }𝑇 [𝐾 (𝑒) ]{𝑞̅(𝑒) }
2

Equation 3.4

1
(𝑒)
𝐸𝑘 = {𝑞̅̇(𝑒) }𝑇 [𝑀(𝑒) ]{𝑞̅̇(𝑒) }
2

Equation 3.5

𝑈 (𝑒) = {𝑞̅(𝑒) }𝑇 {𝐹 (𝑒) }

Equation 3.6

Where:
•
•
•
•

the stiffness matrix, [𝐾 (𝑒) ] Equation 3.7, contains the geometric and material behaviour information
that indicates the resistance of the element to deformation when subjected to loading [26].
the mass matrix, [𝑀(𝑒) ] Equation 3.8, contains the information about the mass whose is concentrated
at the element nodes [26].
the force vector, {𝐹 (𝑒) } Equation 3.9, representing a distributed nodal load on the basis of work
equivalence [26].
the generalized coordinates vector, {𝑞̅(𝑒) }, representing the degrees of freedom of the system.
Equation 3.7

[𝐾 (𝑒) ] = ∫ [𝐵(𝑒) ]𝑇 [𝐶 (𝑒) ] [𝐵(𝑒) ] 𝑑𝑉
𝑉 (𝑒)

[𝑀(𝑒) ] = ∫

Equation 3.8

𝜌 [𝑁 (𝑒) ]𝑇 [𝑁 (𝑒) ] 𝑑𝑉

𝑉 (𝑒)

{𝐹 (𝑒) } = ∫
𝑉 (𝑒)

𝜌 [𝑁 (𝑒) ]𝑇 {𝑋̂𝑣 } 𝑑𝑉 + ∫

𝑆 (𝑒)

[𝑁 (𝑒) ]𝑇 {𝑋̂𝑆 } 𝑑𝑉

Equation 3.9

{𝑋̂𝑣 } is the volumetric constant elastic [𝑁/𝑚3]
{𝑋̂𝑆 } is the surface constant elastic [𝑁/𝑚2 ]
[𝐶 (𝑒) ] is the matrix of the elastic stiffness coefficient for every elements
[𝐵(𝑒) ] is the matrix that connects the linear part of the strain array to the displacement
[𝑁 (𝑒) ] is the interpolation matrix
{𝐹 (𝑒) } is the force vector for every elements [𝑁]
Using the Lagrange’s equation, Equation 3.10, it can be possible obtained the equation of motion, Equation
3.11
(𝑒)

𝜕 𝜕𝐸𝑘
𝜕𝛷 (𝑒)
𝜕𝑈 (𝑒)
(
)
+
+
=0
𝜕𝑡 𝜕{𝑞̅̇(𝑒) }
𝜕{𝑞̅(𝑒) } 𝜕{𝑞̅ (𝑒) }

Equation 3.10

[𝑀(𝑒) ] {𝑞̅̈(𝑒) } + [𝐾 (𝑒) ] {𝑞̅(𝑒) } + {𝐹 (𝑒) } = 0

Equation 3.11

However, the degree of freedom of this kind of system are too many and the calculation time is too expansive.
Through the rotation matrix [𝜆] it can be possible reduce all equations in an only global reference system and
then it can be made the assembly of all information from each element. Following the global matrix needed
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for the assembly and the equation of motion in the global coordinates system.
[𝑀] = [𝜆]𝑇 [𝑀(𝑒) ] [𝜆]

Equation 3.12

[𝐾] = [𝜆]𝑇 [𝐾 (𝑒) ] [𝜆]

Equation 3.13

{𝐹} = [𝜆]𝑇 {𝐹(𝑒) }

Equation 3.14

[𝑀] {𝑞̅̈} + [𝐾] {𝑞̅} + {𝐹} = 0

Equation 3.15

[𝜆] is rotational matrix
[𝑀] is the mass matrix of the whole system
[𝐾] is the stiffness matrix of the whole system
{𝐹} is the forces and torques vector of the whole system
For the static general problem ABAQUS use the concept of the “minimum total potential energy” [27]. It states
that “Of all displacement states of a body or structure, subjected to external loading, that satisfy the geometric
boundary conditions (imposed displacements), the displacement state that also satisfies the equilibrium
equations is such that the total potential energy is a minimum for stable equilibrium “ [26]. Hence,
𝜕П
𝜕 𝑞̅
𝜕П
𝜕 𝑞̅

=

𝜕(𝛷+𝑈)
𝜕 𝑞̅

= [𝐾]{𝑞̅} + {𝐹} = 0

{𝑞̅} = −[𝐾]−1 {𝐹}

Equation 3.16

is the partial derivate of potential energy

𝛷 is the potential elastic energy [ 𝐽 ]
𝑈 is the poten
For the modal analysis the external loads are neglected, {𝐹} = 0, that means the Equation 3.15 becomes as
[𝑀] {𝑞̅̈} + [𝐾] {𝑞̅} = 0

Equation 3.17

To determine the natural frequencies and mode shapes of the system’s vibration modes, the generalized
coordinate vector ({𝑞̅}) is supposed to be an exponential function as
{𝑞̅} = {𝐴𝑞 }𝑒 𝑖 𝜔 𝑡

Equation 3.18

{𝐴𝑞 } is the mode shape vector
𝜔 is the natural frequency of the system
Replacing the Equation 3.18 in the Equation 3.17 it gets the formula for free non-damped oscillation
(−𝜔𝑗2 [𝑀] + [𝐾]) {𝐴𝑞 }𝑗 𝑒 𝑖 𝜔 𝑡 = {0}

Equation 3.19

Where 𝜔𝑗 is the j-th natural frequency of the system and {𝐴𝑞 }𝑗 is the mode shape vector for the j-th natural
frequency.

3.1.1

Type of elements

The FEM elements can be divided in two categories: the quadratic elements (second order) and the linear
elements (first order). This last two categories can be divided in three other categories: Tetrahedral elements,
Wedge elements and Hexagonal elements. In the Table 3.1are posted all the possible combination between
these categories.
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Element

Order

Number of nodes

Sigla

Tetrahedral

1st

4

C3D4

2nd

10

C3D10

1st

6

C3D6

2nd

15

C3D15

1st

8

C3D8

2nd

20

C3D20

Wedge

Hexagonal

Geometry

Table 3.1: F.E.M. elements in ABAQUS

A removed mid-side node implies that the edge is and remains straight, resulting in a corresponding increase
in the stiffness. It is recommended that elements with removed nodes be used only in transition regions and
not where simpler linear elements with added shape functions will do.
With the same number of elements one mesh with Hexagonal elements given best result than one mesh with
Tetrahedral elements but the Hexagonal elements can’t be used when the geometry of the component is too
complex, in that case the Hexagonal elements give a mesh distortion too high. The main problem in the 1st
order elements is that due to the missed nodes during the deformation the energy going into the shearing the
element rather than bending, this behaviour is called Shear locking. In the 2nd order elements there isn’t the
Shear locking because the element edges can assume a curved shape, that means the angle between the
deformed isoperimetric lines remains 90𝑜 . For this regains the 1st order elements must not use in regions
dominated by bending. In Figure 3.2 is showed the comparison between the Hexagonal elements 1st order
and 2nd order loaded by a bending moment.

Figure 3.2: Shear locking: 1st order element γ_xy=0 σ_xy=0; 2nd order element γ_xy≠0 σ_xy≠0

The 2nd order normally has less problem than the 1st order: it goes quickly to convergence, it minims the shear
and volumetric locking, it is robust during finite deformation and it uniforms contact pressure that means it
allows to model contact accurately.
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Figure 3.3: Convergence analysis for the finite elements mesh [26]

In Figure 3.3 it is showed a convergence analysis to a mesh of a beam stuck on one side and charge in the
other side with a load equals to 3000 N. It is clear the high stiffness of the 1st order elements, the beam’s
displacement with a mesh of 1st order elements is very less than the beam’s displacement with the same
number of elements in the mesh but with 2nd order elements. It is also clear that the 2nd order elements go to
convergence fast, whereas the 1st order elements go to convergence very slowly.

3.2

Multi Body simulation

A multi body system consist s of mass-inherent rigid bodies, which are connected by joints, springs, damper
and positioning elements. The main propose of the multi body simulation is to find the minimal model deep
that realise the physical processes in a system with the smallest number of degrees of freedom and
parameters possible, in order to make the interpretation of the simulation results quite easy. In the first section
of this chapter are describe the model elements, after the Lagrange equation of 1𝑠𝑡 kind and the eigen
behaviour are described and the last part the different possibility to make a flexible body in SIMPACK are
illustrated.

3.2.2

Model elements

In the Figure 3.4 is showed a general multi body system with all kind of model elements possible.
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Figure 3.4: Example of Multi Body System [28]

The rigid body is the model elements responsible for the mass and the moment of inertia of the physical
system. It can be punctiform or it can have a geometrical extension, but in both cases the all mass of the
system is concentrated in the centre of mass and it is a scalar quantity. The moment of inertia can be
represented by a scalar quantity only if the system is 2D in the other case it must be represented by a tensor.
Every rigid body has each own reference system that displays the spatial position and orientation of the body
(ex. Reference system 1 in Figure 3.4). The constraint elements enforce certain motion the body and they
locked some degrees of freedom of the system and they cause force within the system indirectly in form of
reactions. Some example of constraint elements are bearings, prismatic pairs, revolute pairs, frame joint
rotational joint and massless connecting road. The constraint elements cab be described by the constraint
function, which establish the correlation between the coordinates system of two bodies. By the constraint
function it is possible describe the position and the orientation of the fully bodies in the multi bodies system.
The constraint can the classified as [28]:
•

•

geometrical and kinematic constraints. The geometrical constraint locks the position of the system, it
can be display as Equation 3.20. The kinematic constraint act on the velocity of the system, if it is not
zero and it can display as the Equation 3.21;
𝑔(𝑟, 𝑡) = 0

Equation 3.20

𝑔(𝑟̇ , 𝑟, 𝑡) = 0

Equation 3.21

single-sided and double-sided constraints. The Equation 3.20 and the Equation 3.21 are both doublesided constraints, a constraint is a single-sided if the system can quit the constraint in only one
direction. It means:
𝑔 < 0 or 𝑔 > 0

•
•

Equation 3.22

scleronomic and arheonomic constraints. If the constraint function is time-variant the constraint is
called arheonimic, if the constraint function is time-invariant the constraint is called
holonomic and non-holonomic constraints. A constraint is called holonomic if its constraint function is
depending on the position and on the velocity, but the velocity can be integrable. If the velocity is in
non-integrable form the constraint is called non-holonomic. It means that a kinematic constraint is
holonomic only it is possible to make the integer of its velocity.
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The interlinking element, opposite to the behaviour of the constraint elements, cause active force of the
system. The most commune interlinking elements are spring, damper and actuator. Active forces can depend
on the mass, or on the inertia respectively, and on the position or orientation of a body in a multibody system.
Additionally, they can depend on other physical quantities (for instance spring constant, damping constant,
acceleration due to gravity, electric field strength, magnetic flux) [28].

3.2.3

Lagrange equation 𝟏𝒔𝒕 kind

MBS software (as SIMPACK) studies the behaviour of the system by a set of different ordinary equation (ODE)
that are resolved by numerical solution. The most common method uses by calculator to describe the motions
of a mechanical system under the action of forces is the Lagrange equation of 1𝑠𝑡 kind [28].
Equation 3.23 define the position vector (𝑟𝑖 ) of a body in absolute coordinates and its derivates ( 𝑟̇ , 𝑟̈ )
𝑥̇
𝑦̇
𝑟̇𝑖,𝑡𝑟𝑎
𝑥̇
𝑟̇ = (
) = 𝛼̇
𝑟̇𝑖,𝑟𝑜𝑡
𝛽̇
( 𝛾̇ )𝑖

𝑥
𝑦
𝑟𝑖,𝑡𝑟𝑎
𝑧
𝑟𝑖 = (
)= 𝛼
𝑟𝑖,𝑟𝑜𝑡
𝛽
( 𝛾)𝑖

𝑥̈
𝑦̈
𝑟̈𝑖,𝑡𝑟𝑎
𝑧̈
𝑟̈ = (
) = 𝛼̈
𝑟̈𝑖,𝑟𝑜𝑡
𝛽̈
( 𝛾̈ )𝑖

Equation 3.23

Equation 3.24 and Equation 3.25 show the two equation at the base of each numerical method to study a
mechanical system nature, receptivity the Newton equation and the Euler equation.
𝑚𝑖 𝑣̇ 𝑠𝑖 = 𝑓𝑖 = 𝑓𝑖𝑒 + 𝑓𝑖𝑧

Equation 3.24

⃗̃𝑖 ⃗𝐼𝑖 𝜔
𝐿⃗ ̇ 𝑖 = 𝑚
⃗⃗ 𝑖 = 𝑚
⃗⃗ 𝑖𝑒 + 𝑚
⃗⃗ 𝑖𝑧 = 𝐼𝑖 𝜔̇⃗ 𝑖 + 𝜔
⃗𝑖

Equation 3.25

𝑚𝑖 is the mass of the body [𝑘𝑔]
𝑣̇ 𝑠𝑖 is the vector of the acceleration of the centre of gravity of the body [𝑚/𝑠 2 ]
𝑓𝑖 is the vector of total forces acting on the centre of gravity [𝑁]
𝐿⃗𝑖 is the vector of angular momentum of a rigid body relative to the centre of gravity [𝑘𝑔 𝑚2 /𝑠]
𝑚
⃗⃗ 𝑖 is the rate of change of the angular momentum of a rigid body relative to the centre of gravity
𝐼𝑖 is the inertial tensor
𝜔̇⃗ 𝑖 is the vector of the angular acceleration [𝑟𝑎𝑑/𝑠 2 ]
⃗̃𝑖 is the skew symmetric matrix of the angular velocity [𝑚/𝑠]
𝜔
⃗ 𝑖 is the vector of the angular velocity and 𝜔
𝑓𝑖𝑒 and 𝑚
⃗⃗ 𝑖𝑒 are the vector of external forces and torques [𝑁] [𝑁𝑚]
𝑓𝑖𝑧 and 𝑚
⃗⃗ 𝑖𝑧 are the vector of the internal force and torque [𝑁] [𝑁𝑚]
𝐸⃗ is the identity matrix
Writing the Equation 3.24 and the Equation 3.25 in matrix form (Equation 3.26) is achieved the equation of
motion for one body.
⃗
[𝑚𝐸
⃗0

𝑣̇
𝑓𝑒
0
𝑓𝑧
⃗
0
] { 𝑒} = { 𝑒} − { ⃗
} + { 𝑧}
⃗⃗ 𝑖
𝑚
⃗⃗
𝜔
̃𝐼𝜔
⃗ 𝑖
𝑚
⃗⃗
𝐼 𝑖 𝑚
𝑖

Equation 3.26
𝑖

Where
⃗
[𝑚𝐸
⃗
0

⃗0
⃗ 𝑖 𝑀𝑎𝑠𝑠 𝑚𝑎𝑡𝑟𝑖𝑥
] = 𝑇
𝐼 𝑖

Equation 3.27
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{

{

𝑣̇
} = 𝑟̈𝑖 𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑣𝑒𝑐𝑡𝑜𝑟
𝑚
⃗⃗ 𝑒 𝑖

𝑓𝑒
0
} − {⃗
} = 𝑒𝑖 𝑉𝑒𝑐𝑡𝑜𝑟 𝑜𝑓 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑓𝑜𝑟𝑐𝑒𝑠
𝑚
⃗⃗ 𝑒
𝜔
̃𝐼𝜔
⃗ 𝑖

Equation 3.28

Equation 3.29

𝑖

{

𝑓𝑧
} = 𝑧𝑖 𝑉𝑒𝑐𝑡𝑜𝑟 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟𝑐𝑒𝑠
𝑚
⃗⃗ 𝑧

Equation 3.30

𝑖

So, in a shorter form
⃗ 𝑖 𝑟̈𝑖 = 𝑒𝑖 + 𝑧𝑖
𝑇

Equation 3.31

Each body of the system is described by the Equation 3.31, in order to describe the behaviour of whole
bodies together the follow mathematical system must solve
⃗1 0
𝑇
⃗2
0 𝑇
⋮
[0 ...

𝑒1
𝑧1
0 𝑟̈1
⋮ 𝑟̈2
𝑒2
𝑧2
= ( )+( )
⋮
⋮
⋮
⋱ 0
𝑒
𝑧
⃗ 𝑛 ] 𝑟̈𝑛
𝑛
𝑛
0 𝑇
( )
…

Equation 3.32

Equation 3.32 is the equations of motion of the whole system. Each body has 6 equation that describe it, so
the dimension of the ODE system is very big and makes very hard solve it on the paper but the implementation
on the computer is not so hard.
By the definition of the constrain holonomic equation and its derivate (Equation 3.33, Equation 3.34, Equation
3.35) it is possible write the vector of the reaction forces (𝑧) as in Equation 3.36.
𝑔( 𝑟,𝑡) = 0

Equation 3.33

𝑔̇ ( 𝑟,𝑡) = 𝐺( 𝑟,𝑡) 𝑟̇ + 𝛾̅ ( 𝑟,𝑡) = 0

Equation 3.34

𝑔̈ ( 𝑟,𝑡) = 𝐺( 𝑟,𝑡) 𝑟̈ + 𝛾̅̅ (𝑟̇
⃗⃗⃗ ,𝑡) = 0

Equation 3.35

𝑇

𝑧 = 𝐺( 𝑟,𝑡) 𝜆

Equation 3.36

𝐺( 𝑟,𝑡) is the Jacobian matrix of the constraint
𝛾̅ ( 𝑟,𝑡) is the time partial derivate of the constraint’s vector
𝜆 is the Lagrange multiplier to scale the constraint forces
At the end the Lagrange of 1𝑠𝑡 kind could be writing as in Equation 3.37
⃗ 𝑟̈ = 𝑒 + 𝐺 𝑇 𝜆
𝑇

Equation 3.37

Hence the equation of motion in the differential algebraic from (DAE) is
⃗
[𝑇
−𝐺

−𝐺 𝑇 ] (𝑟̈ ) = (𝑒 )
⃗0
𝜆
𝛾̿

Equation 3.38
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3.2.4

Eigen behaviour

In order to study the eigen behaviour of the system the external forces are neglected, it means that the
equation of motion is
⃗⃗ 𝑥̈ + 𝑃⃗ 𝑥̇ + 𝑄
⃗ 𝑥= 0
𝑀

Equation 3.39

⃗⃗ is the mass matrix
𝑀
𝑃⃗ is the matrix of the velocity dependent forces
⃗ is the matrix of the position dependent forces
𝑄
𝑥 is the position vector and 𝑥̇ and 𝑥̈ are its time derivates
The general approach to solve Equation 3.39 is impose an exponential solution like
𝑥(𝑡) = 𝑥̃ 𝑒 𝜆𝑡

Equation 3.40

𝑥̇ (𝑡) = 𝜆 𝑥̃ 𝑒 𝜆𝑡

Equation 3.41

𝑥̈ (𝑡) = 𝜆2 𝑥̃ 𝑒 𝜆𝑡

Equation 3.42

Where 𝜆 are the eigen values of the system. And 𝑥̃ is a constant value. By making the substitution in the
Equation 3.39 the equation of motion became
⃗⃗ 𝜆2 𝑥̃ 𝑒 𝜆𝑡 + 𝑃⃗ 𝜆 𝑥̃ 𝑒 𝜆𝑡 + 𝑄
⃗ 𝑥̃ 𝑒 𝜆𝑡 = 0
𝑀

Equation 3.43

By making the simplification the finale equation to study the eigen behaviour is
⃗⃗ 𝜆2 + 𝑃⃗ 𝜆 + 𝑄
⃗ ]𝑥̃ = 0
[𝑀

Equation 3.44

To find the 𝜆 value associated at the system has to be solved the characteristic polynomial (𝑝(𝜆) )in Equation
3.45
𝑝(𝜆) =

1
⃗⃗ )
𝑑𝑒𝑡(𝑀

⃗⃗ 𝜆2 + 𝑃⃗ 𝜆 + 𝑄
⃗) = 0
𝑑𝑒𝑡(𝑀

Equation 3.45

The solutions of Equation 3.45 are imaginary solution, it means that each solution has it conjugate, so the
solutions are like
𝜆𝑘 = 𝑅𝑒 + 𝑖 𝐼𝑚 = −𝛿𝑘 + 𝑖 𝜔𝑘

Equation 3.46

𝜆̅𝑘 = 𝑅𝑒 − 𝑖 𝐼𝑚 = −𝛿𝑘 − 𝑖 𝜔𝑘

Equation 3.47

The system behaviour can be studied by the damping of the eigen mode (𝛿𝑘 ), there are three possible case:
1. 𝛿𝑘 < 0 the system is INSTABLE
2. 𝛿𝑘 = 0 the system is CRITICAL STABLE
3. 𝛿𝑘 > 0 the system is STABLE (all −𝛿𝑘 must be positive, for every eigenmode)
Once evaluated the behaviour of the system is possible to find the eigenvector that describe the motion of the
system in case of no external excitation, as
⃗⃗ 𝜆2 𝑘 + 𝑃⃗ 𝜆𝑘 + 𝑄
⃗ ]𝑥̃𝑘 = 0
[𝑀

Equation 3.48

In Equation 3.48 the value of 𝜆𝑘 is known and the vector 𝑥̃𝑘 has to be assessed.
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3.2.5

SIMPACK flexible body

In SIMPACK there are three possible way to model flexible bodies [29]:
•
•
•

SIMBEAM with Euler-Bernoulli theory:
SIMBEAM with Timoshenko theory:
FlexModal

Both SIMBEAM model use a flexible beam element between the two nodes and with six degrees of freedom
per node. The difference between these two ways is that SIMBEAM with Euler-Bernoulli theory doesn’t include
shear effect shear effects and, therefore, under predicts deflections and over predicts eigenfrequencies. the
’Euler-Bernoulli’ type is suggested in cases where 𝑙 ∕ 𝑑 > 10, where 𝑙 is the overall length of a beam and 𝑑 is
a typical cross section diameter, on the contrary, SIMBEAM with Timoshenko theory is an advance beam
theory and includes the effects of transverse shear strain in the beam, as well as the effects of rotational
inertia, The ’Timoshenko’ type is suggested in cases where 10 > 𝑙 ∕ 𝑑 > 5, where 𝑙 is the overall length of a
beam and 𝑑 is a typical cross section diameter [29]. The bodies that can be modelled by SIMBEAM elements
normally have a simple geometry and they are define directly in SIMPACK. The FlexModal need to a *.fbi file
that contains the finite element model (the finite element model is made with other software as AAQUS,
IPERMESH, SOLIDWORKS, …) with the geometry and the material property, so this kind of model is better when
the flexible body that want to be analyse has a complex geometry and if it is an assembly of more components.

3.3

Modal assurance criterion

The modal assurance criterion is a statistical indicator to compare the mode shapes come from two different
simulations, is often used to compare the results come from an experimental simulation and the results come
from an analytical simulation but, it can be also used to compare the mode shape from two analytical
simulations. In this work it is used to compare the mode shape come from ABAQUS and the mode shapes come
from SIMPACK, in order to define the right number of nodes to export from ABAQUS to SIMPACK. The basic idea
of this theory is to compare mode vectors of all eigenmodes in order to check their orthogonality and give this
information as an output number in the range between 0 to 1. It means that if two mode shapes are similar,
the 𝑀𝐴𝐶 must be equal to 1 (the modal vectors are not orthogonal) and on the other hand if two mode shapes
are different the 𝑀𝐴𝐶 must be equal to 0 (the modal vectors are orthogonal). In order to have a good
relationship between two models the 𝑀𝐴𝐶 matrix should have along the main diagonal only value close to 1
and outside it there should be only values close to 0. By the definition of shape vectors ({𝜓𝐴 }𝑖 ) as
𝑥1
𝑦
{ 1}
𝑧1
{𝜓𝐴 }𝑖 = . . .
𝑥𝑛
{𝑦𝑛 }
{ 𝑧𝑛 }𝑖

Equation 3.49

the 𝑀𝐴𝐶 matrix is defined as follow [30] [31].
𝑀𝐴𝐶(𝑖, 𝑘) =

| {𝜓𝐴 }𝑇𝑖 {𝜓𝐵 }𝑘 |2
{𝜓𝐴 }𝑇𝑖 {𝜓𝐴 }𝑖 {𝜓𝐵 }𝑇𝑘 {𝜓𝐵 }𝑘

Equation 3.50

The implementation of the Equation 3.50 can be done with a MATLAB script and its visualization is usually like
a bar diagram, as in Figure 3.5, or like a colour 2d graph.
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Figure 3.5: Bad example of 𝑴𝑨𝑪 matrix (left), good example of 𝑴𝑨𝑪 matrix (right) [32]

In Figure 3.5 it can be seen a bad output of 𝑀𝐴𝐶 matrix, along the main diagonal there are only 1 but there
are values equal to 1 also outside the main diagonal, it means that the mode shape 7th and 3rd have the seam
behaviour and they can’t be separated. On the other hand, the other 𝑀𝐴𝐶 matrix is an example of good output,
there are 1 only along the main diagonal, it means that the behaviour of all mode shapes can be distinguished.
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4.

Structure of the models for the simulations

The first section of this chapter describes the macro-geometry and the material property of the wind turbine
used to make the simulations, it also defines how the components are in touch, the dimension of each
component and the position of the bearings. The second section illustrates the bearing’ mechanical properties
and how they have been modelled in ABAQUS. In the third section is explained the convergence analysis, for
the static and the modal simulations: the property of each FEM model is illustrated. In order to compare the
SIMPACK and ABAQUS eigenmode, after the convergence analysis, the MAC matrix have been used. At the
end of the chapter the whole FEM and MBS models of generator are described.

4.1

Geometrical and mechanical characteristics

Figure 4.1 shows the entire model of the wind turbine: the rotor diameter is equal to 130 𝑚, the tower is 112 𝑚
high and its weight is 517.8 𝑡𝑜𝑛 and between the ground and the generator’s axis there is an angle (β) equal
to 5𝑜 . This angle makes more distance between the tower and the blades, it is necessary because during the
operation the blades deflect towards the tower and they could touch it. The whole system is fixed on the ground
by the foundation, its mass is 420.8 𝑡𝑜𝑛.

Figure 4.1: Wind turbine: model in SIMPACK
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Figure 4.2: Cross section of Generator

Figure 4.2 shows the cross-section of the generator which is an inner rotor generator with 80 poles. The stator
inner diameter is 5 𝑚 and the rotor out diameter is 4.995 𝑚, hence the air gap clearance is equal to 5 𝑚𝑚. The
rotor length is 1300 𝑚𝑚, so the airgap length is also 1300 𝑚𝑚. The machine frame is in touch with the tower
and with one side of the shaft. There are 2 contact points between the stator and the shaft in order to make a
very strong constraint and restrain its movement. The angular rotation of the rotor is allowed by the bearings
that are attached to the shaft and to the connector. In this system there are two bearings, one Loosed bearing
and one Fixed bearing, their position and their section it is showed in Figure 4.2. The bearing’s characteristics
are described in the next section. The rotor and the hub are connected to each other by the connector, both
are only one surface in touch with the connector. The hub has three holes that are in connected with the
adaptors of the blades, that means that the forces due to the weight of the blades act on the surface of these
three holes. Another important thing is the distance between the bearings and the region where the active
forces act, they don’t act between the two bearings, so the moment due to the blades will have a very big
impact on the structure. The material that was used for the whole system is the steel, its mechanical properties
are showed in Table 4.1
𝐸

210000 𝑡𝑜𝑛𝑛/( 𝑚𝑚 𝑠 2 )

ρ

7, 85 10 −9 𝑡𝑜𝑛𝑛 /𝑚𝑚3

𝜈

0,3

Table 4.1: Steel mechanical properties
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4.2

Bearings

The geometrical characteristics of the Fixed bearing are showed in Table 4.2 and in Table 4.3 are showed the
geometrical characteristics of the Loosed bearing.

Table 4.2: Geometrical characteristic of Fixed bearing [33]

Table 4.3: Geometrical characteristic of Loosed bearing [34]

The stiffness of Fixed bearing and Loosed bearing come from another work made in the C.W.D. institute of
R.W.T.H. Aachen. Table 4.2 shows that the Fixed bearing is made by two rollers hence, in order to make more
realistic model, its radial stiffness has been split using the law of the parallel equivalent spring and its axial
bearing is split between left side and right side: if a positive force act on the bearing then its right side will be
charge and if a negative force act on the bearing then its left side will be charge ( this is true for the reference
system and the bearing in Figure 4.2). The Loosed bearing has only one roller, it means that the data could
be used as they are. In Figure 4.3 is showed the radial stiffness of Fixed bearing, with only one roller works
and with both two rollers work, and the radial stiffness of Loosed bearing. Figure 4.4 shows the axial stiffness
of the Fixed bearing, the axial stiffness of the Loosed bearing is not mentioned because this bearing is not
designed to withstand the axial loads.
The Loosed bearing radial stiffness is softer than the radial stiffness of the Fixed bearing and it is also not
designed to withstand the axial loads, for these reasons the Fixed bearing is close to the hub, in order to
withstand the external loads, and the Loosed bearing is close to the rotor, where the loads are lower
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Figure 4.3: Radial stiffness of Fixed and Loosed bearings

Figure 4.4: Axial stiffness of Fixed bearing

For the first step three different model of bearing has been implemented. The measures of Fixed bearing are
shown in Table 4.2, the measure relative to the Loosed bearing are shown in Table 4.3. The first model was
considering the all surface of rollers for both bearing, B/2 and B. In the second model, the reference length for
the rollers is B/6 and B/3. In the third concept each roller has been modelled like only one line along the surface
in the middle of each bearing’s roller. Figure 4.5 and Figure 4.6 show the sketches of the three different model
for the Fixed and Loosed bearing respectively.

Figure 4.5 Fixed bearing different configurations

32

Structure of the models for the simulations

Figure 4.6: Loosed bearing different configurations

The FEM model of the first two concept of bearings in ABAQUS has been modelled with two reference points
joint by a wire with specific reference length. The properties of the bearings are defined in a radial thrust
connector element which is applied on the wire. This connector element has been chosen because it allows
to define the properties along x and z axes. One reference point is attached with the external surface of the
connector with a coupling constraint type continuum distribution, the other reference point is attached with the
internal surface of the shaft by the same constraint. This kind of constraint has been chosen because they
allow the movement of the surfaces. Due to the geometrical property of a line for to make the model of the
third kind of bearing the kinematic coupling has been chosen. This kind of constraint doesn’t allow the
deformation of the surfaces. Only the first concept was been reduced in SIMPACK. Figure 4.7 presents the
ABAQUS model for one roller of the Fixed bearing. More damping has been added on the bearings to stabilize
the system, paragraph 5.1.1 explains the guidelines to follow in order to stabilize the system with artificial
damping

Figure 4.7: Fixed bearing F.E.M modelling in ABAQUS: first concept with artificial damping
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To don’t allow any change in the bearings clearance the bearings have been made with only one reference
point for both surfaces, in this way it is possible analyses the impact of the rigid bearing. Figure 4.8 shows the
sketch how to make a rigid bearing.

Figure 4.8: Sketch of rigid bearing

4.3

Convergence analysis

As the procedure to make the convergence analysis is the same for every component in this paragraph is
describe only one case. The chosen case is the machine frame because its geometry is the most complex.
The plots and the property of the mesh of the other components follow this first step.
The machine frame is constrained to the tower and with the shaft, it is the heaviest component of the generator
and its geometry is very complex. In Figure 4.9 are showed the CAD model and the FEM model of the frame.

Figure 4.9: Machine frame: CAD model a) and FEM model b)

Due to the curvature of the machine frame between the constraints of the tower and the constraint of the shaft
the mesh with the hexagonal elements is not allow. Figure 4.109 shows the model with hexagonal mesh and
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with tetragonal mesh. The region between the curvature and the joint fails to mesh because the geometry of
the component in that region distorts too much the elements.

Figure 4.10: Machine frame: hexagonal and tetragonal mesh

Of course, the convergence analysis has been performed only for the tetragonal elements. For the
convergence static analysis, a load equal to 1 𝑡𝑜𝑛 in each direction has been used and applied on the surface
where the frame is in touch with the shaft, and the boundary condition has been applied where the frame is
attached to the tower and it is 0 𝑑𝑜𝑓 constraint. Figure 4.11 shows the plot of the convergence analysis to the
static case. As expected, the structure that has been meshed by tetragonal linear elements is stiffer than the
structure that has been meshed by tetragonal quadratic elements, and the velocity of convergence is faster
for the mesh made by quadratic elements.
In Figure 4.12is showed the convergence modal analysis. Also, in this case, as expected, the tetragonal linear
mesh is stiffer than the tetragonal quadratic mesh, this can be seen because the frequency of the linear mesh
is always higher than the frequency of the quadratic mesh. This result confirms that the mesh convergence
analysis is good. The modal convergence analysis is showed only for the first mode, but it has done for the
first 30th mode. For the modal convergence analysis of every components 6 degree of freedom has been used
and the rigid eigen mode has been ignored.

Figure 4.11: Frame: static convergence analysis
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The results achieved in the convergence analysis led to make a hexagonal quadratic mesh with 16˙584
elements. In Table 4.4 is shoved a summary of all property of the machine frame, for the property of the
material see Table 4.1.

Figure 4.12: Frame: modal convergence analysis
Component
Frame

n. nodes

n. elements

Type of elements

Mass

32˙346

16˙834

C3D10

22.69 ton

Table 4.4: Frame: properties of the mesh

Figure 4.13 Shaft: static convergence analysis
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Figure 4.14: Shaft: modal convergence analysis
Component

n. nodes

n. elements

Type of elements

Mass

Shaft

11˙680

1˙640

C3D20R

15.86 ton

Table 4.5: Shaft: properties of the mesh

Figure 4.15: Connector: static convergence analysis
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Figure: 4.16 Connector: modal convergence analysis
Component

n. nodes

n. elements

Type of elements

Mass

Connector

6˙640

920

C3D20R

9.74 ton

Table 4.6: Connector: properties of the mesh

Figure 4.17: Rotor: static convergence analysis
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Figure 4.18: Rotor: modal convergence analysis

Component

n. nodes

n. elements

Type of elements

Mass

Rotor

16˙836

2˙222

C3D20R

24.90

Table 4.7: Stator: properties of the mesh

Figure 4.19: Stator: static convergence analysis
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Figure 4.20: Stator: modal convergence analysis

Component
Stator

n. nodes

n. elements

Type of elements

Mass

36˙912

5˙864

C3D20R

70.06

Table 4.8: Rotor: properties of the mesh

Due to the high angle near to the hub’s hole it is not possible to create a hexagonal mesh, for this reason the
convergence analysis has done only for the tetragonal elements.

Figure 4.21: Hub: static convergence analysis
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Figure 4.22: Hub: modal convergence analysis

Component

n. nodes

n. elements

Type of elements

Mass

Hub

19˙096

2˙803

C3D20R

26.94

Table 4.9: Hub: properties of the mesh

The convergence analysis for every component give the same trend of the results, the Hexagonal quadratic
element makes a model stiffer than the other elements and the velocity of convergence with this kind of
elements are faster than with the other elements. In Table 4.10 is given the summary of the properties of the
mesh. In order to allow the best matching between the components that are in touch the size of the elements
doesn’t change and it is equal to 120.
Component

n. nodes

n. elements

Type of elements

Mass (FEM)

Frame

32˙346

16˙834

C3D10

22.69 ton

Shaft

11˙680

1˙640

C3D20R

15.86 ton

Connector

6˙640

9˙20

C3D20R

9.74 ton

Stator

36˙912

5˙864

C3D20R

70.06 ton

Rotor

16˙836

2˙222

C3D20R

24.90 ton

Hub

19˙096

2˙803

C3D20R

26.94 ton

System

123˙510

30˙283

C3D20R – C3D10

170.21

Table 4.10: Summary of the properties of the mesh
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4.4

MAC matrix

In order to compare the direction of the mode shapes in ABAQUS and in SIMPACK the modal Mac matrix has
been performed. As in previous section, the procedure to make the MAC matrix is describe only for one
component, the hub, and the plot of the Mac matrix for the other components follow.
The process for to make the Mac matrix is an iterative process. The first step is to choose one set-nodes in
ABAQUS: the nodes must be chosen in the position where there is the maximum absolute value of the
displacement for each natural frequency. The second step is made the Auto Mac matrix, in order to see if the
nodes that have been chosen are enough and in the right position to describe the eigenmodes during the FEM
simulation. The third step is to make the freedom reduction in order to import the flexible body in SIMPACK,
being careful to import the same node-set defined in ABAQUS. Also, the Auto Mac matrix in SIMPACK must be
done, in order to see if the node-set is able to describe the mode shape during the MBS simulation. The last
step is to make the comparison between the behaviour of the mode shape by the Mac matrix. If after the last
step along the main diagonal of the MAC matrix there are a lot of value lower than 0.5 another iteration must
be done, until the result has a sufficient degree accuracy. In Figure 4.23 is showed the different steps that had
to be done to make the Mac matrix for the hub.

Figure 4.23: MAC matrix iterations

Figure 4.23 show that the first iteration with 52nodes gives good Auto MAC matrix but it is not able to make in
correlation the mode shapes from ABAQUS and SIMPACK, in order to do it the second iteration with 120 nodes
had to do. This second iteration gives a MAC matrix with a very high degree accuracy. The explanation of this
MAC matrix follows.
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Figure 4.30 shows the result of a comparison between MBS and FEM mode shapes considering the behaviour
of 120 hub’s nodes. The results show that the couples 20𝑡ℎ − 21𝑡ℎ , 22𝑡ℎ − 23𝑡ℎ , 24𝑡ℎ − 25𝑡ℎ and 27𝑡ℎ − 28𝑡ℎ
are pair mode shapes, it means that their behaviour has reversed. Except for these cases along the main
diagonal there are only value close to 1, it means that the matching between FEM and MBS are good.

Figure 4.24: Hub: MAC matrix

For reason of understanding of the interim figures the Auto MAC matrix of the other components are in the
appendix. The MAC matrix of the other components follows.

Figure 4.25: Shaft: MAC matrix

Shaft pair mode shapes couples: 3𝑟𝑑 − 4𝑡ℎ , 8𝑡ℎ − 9𝑡ℎ , 24𝑡ℎ − 25𝑡ℎ and 28𝑡ℎ − 29𝑡ℎ
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Figure 4.26: Frame: MAC matrix

Frame pair mode shapes couples: 17𝑡ℎ − 18𝑡ℎ and 21𝑡ℎ − 22𝑡ℎ .
In this case the behaviour of 9𝑡ℎ mode is like 13𝑡ℎ mode and the behaviour of 8𝑡ℎ mode is like the behaviour
of the mode number 14.

Figure 4.27: Stator: MAC matrix

Stator pair mode shapes couples: 7𝑡ℎ − 8𝑡ℎ , 9𝑡ℎ − 10𝑡ℎ , 13𝑡ℎ − 14𝑡ℎ , 17𝑡ℎ − 18𝑡ℎ and 21𝑡ℎ − 22𝑡ℎ
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Figure 4.28: Connector: MAC matrix

Connector pair mode shapes couples: 16𝑡ℎ − 17𝑡ℎ , 23𝑡ℎ − 24𝑡ℎ , 25𝑡ℎ − 26𝑡ℎ and 27𝑡ℎ − 28𝑡ℎ

Figure 4.29: Rotor: MAC matrix

Rotor pair mode shapes couples: 4𝑡ℎ − 5𝑡ℎ , 8𝑡ℎ − 9𝑡ℎ , 12𝑡ℎ − 13𝑡ℎ , 14𝑡ℎ − 15𝑡ℎ , 16𝑡ℎ − 17𝑡ℎ , 18𝑡ℎ − 19𝑡ℎ and
27𝑡ℎ − 28𝑡ℎ
Every MAC matrix gives good results, along each main diagonal there are only value bigger than 0.5 and when
it isn’t it is because the mode shape is coupler with another mode shape with very close natural frequency,
and ABAQUS and SIMPACK give them revers behaviour.
Figure 4.30 shows the auto FEM MAC matrix, on its main diagonal there are only value equal to 1 and outside
there are only values close to zero, so the node-set chosen to the freedom reduction is good. Figure 4.31
shows the auto MBS MAC matrix, the matrix is symmetric, and it shows that the eigenmode number 2 3 4 5
have a similar behaviour respectively of 7 12 13 14. Figure 4.32 shows the MAC matrix between FEM and
MBS, the first two modes in MBS and FEM have different behaviour and the behaviour of eigenmode number
11 and 25 are reversed, like also the behaviour of the eigenmode number 22 and 25, due to this the diagonal
where there should be only 1 are shifted up.
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Figure 4.30: Auto MAC matrix FEM

Figure 4.31: Auto MAC matrix MBS

Figure 4.32: MAC matrix FEM - MBS
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4.5

Tower

Figure 4.33: Tower SIMPACK model

The tower is modell with five flexibol bodies with different dimension. Every part is modeled as Timoshenko
beam by SIMBEAM body. Figure 4.33 shows how to make one body of the tower.

4.6

Blades

Figure 4.34: Blades SIMPACK model

Figure 4.34 shows the properties of one blade. The blades are modelled as modal flexible bodies, so their
geometry has been made not in Simpack hence a *.fbi file from ABAQUS (or another CAD software) is needed.
The mass for each blade without the adaptor is 17.21 𝑡𝑜𝑛, the mass of the blade with the adaptor is 27 𝑡𝑜𝑛.
The adaptor is needed to have a rotor diameter equal to 130 𝑚, because the length of the blades is 65 𝑚 and
it cannot be change. The adaptor is made by a SIMBEAM model with circular geometry depending by the
dimension of the hub
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4.7

Entire model

In this chapter the whole models used for the simulation are showed. First of all, it is explained the finite
elements model with special care in the air gap modelling. In the last part is described the MBS model.

4.7.1

Finite element model

The FEM model is showed in Figure 4.35. The properties of the mesh are showed in Table 4.10.
In Figure 4.35 it is possible to see that the 𝑥-axis is along the rotor-stator axis and not parallel to the ground,
the reason for this choice is that it is easiest define the reference points in the middle of the generator in order
to define the constraint for the bearings and for the magnetic pull. On the other hands all forces must be split
in 𝑥-axis and 𝑧-axis. Table 4.11shows the components in each direction and the magnitude of the forces that
are considered in this thesis.

Figure 4.35: Generator F.E.M

The external forces and the boundary conditions have been applied in a reference point, which relates to the
surface by a continuum distribution coupling. It has been chosen because it allows the movement of the
surface where the constraint is applied. In Figure 4.36 is showed an example of this kind of constraint, it is the
model for the blade’s weight on one hub’s hole.
Force

x

y

z

magnitude

Blade (x3) [N]

23˙674

0

−270˙595

271˙628.62

Gravity [𝑚𝑚/𝑠 2 ]

854.99

0

−9772.67

9˙810

Wind
force [N]
8

266˙511

−41˙000

−520˙983

586˙627.9

3 109

1.53403 109

0

3.37 109

Wind torque [Nm]

Table 4.11: Forces and Moment
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Figure 4.36: ABAQUS: constraint to apply the weight of the blades

The magnetic pull has been modelled like a bearing with negative stiffness. Five different models deep of
magnetic pull have been simulated, the air gap surface has been split in: only one slice, three slices, five
slices, ten slices and twenty slices. So, as the bearing, for each slice two reference point, one constrained with
the external surface of the rotor and the other one constrained with the internal surface of the stator, joint by
a wire are used. Also, in this case a radial trust connector element has been used. The magnetic pull for every
model deep is showed in Figure 4.37.

Figure 4.37: Magnetic pull for different model deep

x1-3-5-10-20 mean in how many slices the air gap has been split up to model the magnetic pull
Figure 4.38 is showed the ABAQUS model for the magnetic pull with one slice, the constraint coupling
continuum distribution has been used to constrain the control points with the surfaces and a wire has been
used to join the control point and to allow the communication between the stator and the rotor. The tie
constraint has been used to connect the components when they are fix with each other. This kind of constraint
has been chosen because it ties two surfaces together for the duration of a simulation. In Figure 4.39 is showed
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an example of tie constraint, it is the constraint between the machine frame and the shaft.

Figure 4.38: ABAQUS: Connector- constraint-wire to apply the magnetic pull with one slice

Figure 4.39: ABAQUS: tie constraint between frame and shaft

4.7.1.1

Air gap

The air gap has been modelled as an interaction between stator and rotor. In ABAQUS there are two possible
discretization method to model an interaction: Surface to Surface and Node to Surface. Both methods need
of one master surface and one slave surface. In the node to surface method each slave node is projected on
one side of a contact interface effectively interacts with a point of projection on the master surface on the
opposite side of the contact interface, hence the slave surface can be defined as a group of nodes- a node50
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based surface. The contact direction is based on the normal of the master surface [27]. The surface to surface
method considers the shape of both the slave and master surfaces in the region of contact constraints.
Contrary to the node to surface method, the contact direction is based on an average normal of the slave
surface in the region surrounding a slave node and the averaging regions are approximately centered on slave
nodes, so each contact constraint will predominantly consider one slave node but will also consider adjacent
slave nodes [27].

Figure 4.40: Sketch of: Node to Surface & Surface to Surface

Figure 4.41 are showed the static simulations of the two plates in Figure 4.40.Both plates are fixed and
between them there is an angle equal to 30𝑜 , there is no load applied. The clearance between the surfaces
has to change if the discretization method or the master and slave surface change. In the Figure 4.41 is
showed how the distance output change if one parameter changes. As far as the clearance is concerned in
the simulations the only comparisons that make sense are between the simulations a.1 and b.2 and between
the simulations a.2 and b.1. The difference between the simulation a.1 and b.2 is equal to 0.04 𝑚𝑚, that is
0.18 % of the clearance in the simulation a.1.

Figure 4.41: COPEN output static simulation of two plate. a) Surface to surface & b) Node to surface

The difference between the simulation a.2 and b.1 is equal to 0.5 𝑚𝑚, that is 2.5 % of the clearance in the
simulation b.1. So, it is possible to claim that the two method measure the same distance if the master and
the slave surface are the same. If the master and the slave surface are reversed the result could change
depending on the geometry of the problem. In this case the difference between a.1 and a.2 is 0.7 𝑚𝑚 (3.3%)
and between b.1 and b.2 it is 1.24 𝑚𝑚 (6.2%), hence the effect of the master and slave surface is lower in
surface to surface method.
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Figure 4.42: Missing Master surface problem [27]

The main problem of the node to surface method is the “master surface missing” (Figure 4.42), it means that
a slave node misses the interaction with the opposite side of the master surface. This problem could be
resolved by adding an extra master surface, but the length of the extra master surface has to be specificity in
the input file and must not be more than 20% of the master’s surface length [27]. This problem doesn’t exist
in the surface to surface method, if the sliding is less than the length of one element, because the constraint
formulation considers the region of the slave surface near a slave node. For this region the extra surface is
not allow in the surface to surface method.

Figure 4.43: ABAQUS: air gap modelling

In this thesis in order to model the air gap behaviour an interaction with “Finite sliding” formulation has been
used, it is the most general and allows any arbitrary motion of the surfaces, and with “Surface to Surface” as
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discretization method. The rotor’s external surface has been chosen as slave surface but, in this case, even if
the master and slave surface are reversed the results don’t change. Paragraph 5.1 shows what happens when
the surfaces are reversed. The Surface to Surface has been selected because during the motion stator and
rotor won’t be misaligned: this means no master surface missing and no need to add extra master surface,
which it is unknow. The surface to surface contact using surface-to-surface discretization is also less sensitive
to master and slave surface designations than node-to-surface contact. The surface-to-surface formulation is
primarily intended for common situations in which normal directions of contacting surfaces are approximately
opposite.

Figure 4.44: Comparison between COPEN and minimal distance

In Figure 4.44 is showed the COPEN output of one analysis made during the simulations. It is compared with
the minimal distance between two surfaces, the difference between them is always lower than 2 micro meter
so, the conclusion is that the clearance measure by COPEN can be approximated as the minimal distance.
To validate the model one simulation without loads has been done in ABAQUS. Figure 4.45 shows the results
of that simulation, it possible to see that the distance between stator and rotor is 5 𝑚𝑚 in each point of the air
gap and the magnitude displacement of the whole model is 0. These results confirm that the model is in the
right configuration before starting all other simulations.

Figure 4.45: Magnitude displacement of whole system & Air gap clearance – Simulation WITHOUT LOADS
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4.7.2

Multi body model assembled

In order to make the MBS model the freedom reduction of the FEM generator parts has been done. During
the freedom reduction two, or more, bodies that are constrained with the tie constraint can be reduced as only
one body, so the hub, the connector and the rotor have been reduced in one part (the Rotor part) and the
machine frame, the shaft and the stator have been reduced in another part (the Stator part). The coupling
constraints can be reduced but their control point shall be indicated in the input file (*.inp) before to run the job
in ABAQUS. Figure 4.46 shows the rotor part and figure Figure 4.47 shows the stator part, both bodies are
flexible body and for each of it the first 100 eigenmode have been reduced.

Figure 4.46: Rotor MBS part

Figure 4.47: Stator MBS part

Figure 4.46 and Figure 4.47 show also the marker of fixed bearing, loosed bearing, magnetic pull, bleads and
tower. The bearings stiffness has been modelled for each bearing with a force element type bushing Cmp, this
kind of element applying spring and damper forces and torque between two markers in multiple direction axis
direction and it doesn’t allow clearance between the markers [34]. The magnetic pull and the and the blades
weight have been modelled as force element type spring damper parallel Cmp, this kind of element applies
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spring and damper forces between two markers in axis multiple directions and it allow optional clearance
between the markers. Figure 4.48 shows how to make the force element in Simpack and the 2D model of the
Generator, there are three element type 43 (Bushig Cmp) one element type 5 (Spring damper parallel Cmp)
and the constraint (6 𝑑𝑜𝑓 for fix the position of the bearing and 0 𝑑𝑜𝑓 to fix the stator).

Figure 4.48: Force element type and 2D Generator model

The study of the air gap displacement has been done by the study of the displacement between the marker
constraints with the internal surface of the stator to the marker constraints with the externa surface of the rotor,
hence a sensor between these two markers is needed. Figure 4.49 shows the implementation of the sensor.

Figure 4.49: SIMPACK sensor to study the air gap displacement

The properties of the blades and the tower are explained respectively in paragraph 4.5 and paragraph 4.6.
Figure 4.50 shows the 2D model of the all wind turbine. It possible to see that the blades are constrained to
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the hub with a rheonomic 1 𝑑𝑜𝑓 joint, it is to allow the yaw moment that is needed to move the blades
depending the wind direction. The only rigid body is the foundation because it is normally made by the
reinforced concrete.

Figure 4.50: 2D model of the wind turbine
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5.

Simulation results

This chapter shows and explains the results of each simulation. The first part illustrates how the results are
presented. The second part shows the result of the FEM simulation and then the comparison between FEM
and MBS. At the end of the chapter the Campbell diagram of the whole wind turbine is explained.

5.1

Air gap displacement

The air gap’s displacement has been plotted in a 2D-diagram: the abscissa represents the angle theta (𝜃)
around the whole air gap surface, the ordinate represents the length (𝑥) of the airgap and every cell of the
matrix represents the air gap displacement (positive if the clearance increases and negative if the clearance
decrees).

Figure 5.1: a) Side view of generator & b) Front view of rotor

In Figure 5.1 a is defined the ordinate axis (𝑥) as:
•
•

𝑥 = 0 is the air gap’s part on the rotor’s arms and closer to the hub;
𝑥 = 1300 𝑚𝑚 is the air gap part closer to the stator’s arms where there are no rotor’s arms.

In Figure 5.1 b is defined the abscissa axis as:
•
•

𝜗 = 90𝑜 is the bottom part of the air gap
𝜗 = 270𝑜 is the top part of the air gap
57

Simulation results

Figure 5.2: Air gap 2D plot example

Figure 5.2 shows an example of the plot that has been used to describe the air gap displacement. Along the
all length of the air gap to 90𝑜 (bottom part) there is at 𝑥 = 0 𝑚𝑚 almost no displacement and at 𝑥 = 1˙300 𝑚𝑚
there is a decrease of about 300 𝜇𝑚. Along the all length of the air gap to 270𝑜 (top part) there is at 𝑥 = 0 𝑚𝑚
almost no displacement and at 𝑥 = 1˙300 𝑚𝑚 there is an increase of about 290 𝜇𝑚.

Figure 5.3: Air gap average displacement calculation

The graph used to show the air gap displacement is basically a matrix, hence in order to analyse the global
displacement the average between each cell has been calculated. The average displacement is the sum of
each cell divided by the number of cells. Figure 5.3 shows a very easy example of how to make the average
(𝑎𝑣𝑒).
In order to see how the result change if the master and the slave surface are reversed the first two simulation
that have been done are the simulation with the impact of the gravity and the blades weight with the master
and slave surfaces reverse. The results are in Figure 5.4.
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Figure 5.4: Air gap displacement distribution

Figure 5.5: ABAQUS COPEN: slave surface rotor & slave surface stator

Max.
increase[𝝁𝒎]

Min.
decrease[𝝁𝒎]

𝜽 – max
[°]

x-max
[𝒎𝒎]

𝜽 – min
[°]

x-max
[𝒎𝒎]

Rotor

454

523

90

1˙300

270

1˙300

Stator

451

521

90

1˙300

270

1˙300

Slave surface

8

Table 5.1: Maximum and minimum displacement: slave surface rotor & slave surface stator

In Figure 5.4 and Figure 5.5 and Table 5.1 are showed the differences if the master and slave surface are
reversed. The differences are always lower than 1% and the displacement distribution is almost the same, it
means that the influence of the slave and master surface could be neglected. In the next simulations the
master surface is the internal surface of the stator and the slave surface is the external surface of the rotor.
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5.1.1

Static finite element simulation

Due to the high stiffness of the model, during the static analysis, an artificial damping needs to be implemented,
without it the simulation doesn’t converge. Figure 5.7 shows how the damping has been added to the whole
model. More damping has been added also on the bearings, Figure 4.7 shows how to add it.

Figure 5.7: ABAQUS: stabilization of the system by the specific damping factor

A damping factor equal to 5 10−6, combined to the damping on the bearings, in this case, is enough to
stabilization the system. When more damping is added in the model, the energy dissipated by the artificial
damping (ALLSD) must be maximum 10% times to the strain energy of the system (ALLSE). If the static
stabilization energy (ALLSD) is bigger the strain energy (ALLSE) the results of the simulation are not reliable,
so the damping factor has to be decrease until this condition is satisfied. Even if the loads in the simulation
are not as function of time the time period of the simulation has been increase until 21 𝑠 in order to allow at
the energy to get a good value. Figure 5.8 presents the plot of the strain energy and the static dissipation
energy for the simulation with only the gravity. The plots for the other simulation are showed in the appendix.

Figure 5.8: ABAQUS plot of ALLSD and ALLSE

60

Simulation results
Figure 5.8 shows that ALLSD is 1.41% of the ALLSE, it means that the damping factor added to the model is
not too big and that the results of the simulation are reliable.
The simulation without any kinds of loads has been done as first simulation, in order to see if all component
of the model was in the right position and if the MATLAB script written to plot the displacement distribution
worked in the right way. The ABAQUS output are showed in Figure 4.45 and the MATLAB plot is in Figure 5.9.

Figure 5.9: Air gap displacement: no loads applied

As expected, the whole plot in Figure 5.9 is green it means that the air gap’s displacement during this first
simulation is 0 𝑚𝑚 in every nodes of the mesh, that’s make sense because there are no loads.
Figure 5.10 shows the results for the simulation with only the gravity. On the right side there is the graphic
deflection of the lateral section of the whole system, the maximum displacement is at the end of the hub and
it is 5.645 𝑚𝑚 of magnitude. Always on the right side there is the zoom of the top part and bottom part of the
generator, it possible to see that in the bottom part of the generator (𝑥 = 1300 𝑚𝑚 and 𝜗 = 90𝑜 ) there is a
decrease of the air gap’s size and in the top part of the generator (𝑥 = 1300 𝑚𝑚 and 𝜗 = 270𝑜 ) there is an
increase of the air gap’s size. On the left side there is the plot of the air gap’s displacement, it has a negative
value (decrease of clearance) close to 𝜗 = 90𝑜 and a positive value (increase of clearance) close to 𝜗 = 270𝑜 .
The air gap’s movement is in a range between −327µ𝑚 and 294 µ𝑚.

Figure 5.10: Air gap displacement: Gravity
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Figure 5.11 shows the results for the simulation with the influence of gravity and the blades’ weight. The right
side and the left side are the same of Figure 5.10. For 𝑥 = 1300 𝑚𝑚 and 𝜗 = 90𝑜 there is a positive value in
the plot, it means that the zoom of the lateral section of the bottom part of the generator must show an increase
of size, as it does. For 𝑥 = 1300 𝑚𝑚 and 𝜗 = 270𝑜 there is a negative value in the plot, it means that the zoom
of the latera section of the bottom part of the generator must show a decrease of size, as it does. The air gap’s
movement is in a range between −440 µ𝑚 and 330 µ𝑚. The maximum displacement is at the end of the hub
and it is 14.20 𝑚𝑚 of magnitude.

Figure 5.11: Air gap displacement: Gravity Blades weight

Figure 5.12 Figure 5.13 Figure 5.14 Figure 5.15 and Figure 5.16 show the results of the simulations with the
gravity, the weight of the blades and the magnetic pull with, respectively 1-3-5-10-20 slices. The air gap’s
displacement is always in a range between −534 µ𝑚 and 462 µ𝑚. The maximum displacement is always at
the end of the hub and it is close to 14.3(±2) 𝑚𝑚 of magnitude.

Figure 5.12: Air gap displacement: Gravity Blades weight Magnetic pull 1 slice
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Figure 5.13: Air gap displacement: Gravity Blades weight Magnetic pull 3 slices

Figure 5.14: Air gap displacement: Gravity Blades weight Magnetic pull 5 slice
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Figure 5.15: Air gap displacement: Gravity Blades weight Magnetic pull 10 slices

Figure 5.16: Air gap displacement: Gravity Blades weight Magnetic pull 20 slices
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Figure 5.17: Airgap displacement: Comparison between the impact of the number of the slices

Figure 5.18: Maximum and Average displacement for magnetic pull split up in different number of slices

Figure 5.17 and Figure 5.18 show how the air gap clearance change if the magnetic pull is split in more slice
than 1. The change of the maximum increase size between each simulation is lower than 3% as the average
displacement and looking Figure 5.17 is evident that the displacement distribution is always the same. Hence,
for the static simulation in this case one slice in enough to model the magnetic pull.
In order to have a static condition when the generator torque and the wind loads are added at the model all
loads are applied in only one reference point that is constrained with the external surfaces of the hub ‘s holes
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and the rotation around 𝑥 of the wire that joints the stator and rotor surfaces is locked. A torque equal and
opposite to the generator torque is applied on a reference point constrained with the external rotor surface.
Figure 5.19 shows the boundary condition that are used for the simulation with the torque around 𝑥 axis.
Figure 5.17 show the results for the simulations with the impact of the gravity, the blades and the magnetic
pull split up in 1-3-5-10-20 slices. The difference between every simulation is always lower the 1%, and the
displacement distribution is always the same, so for this kind of generator and for the static simulation 1 slices
in enough to model the magnetic pull.

Figure 5.19: Boundary conditions for the simulation with torque around x

In the follow graphs in the gravity is also included the impact of the blades

Figure 5.20: Air gap displacement: Gravity Blades weight Generator torque
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Figure 5.20 shows the impact of the generator torque combined to the gravity on the air gap. The maximum
decrease is −432µ𝑚 and the maximum increase is 363µ𝑚. The global impact of the generator torque is lower
than the impact of the magnetic pull but looking Figure 5.20 in the region from x = 0 𝑚𝑚 to x = 150 µ𝑚 it is
evident that the rotor’s arms are more stressed.

Figure 5.21: Air gap displacement: Gravity Blades weight Magnetic pull Generator torque Wind

G is gravity and weight blades
M is the magnetic
GT is the generator torque
W is the wind loads
Figure 5.21 shows the impact of all loads, the air gap displacement range is from −1081 µ𝑚 to 1062 µ𝑚. In
the region plot from x = 0 𝑚𝑚 to x = 300 µ𝑚 there is an harmonic behaviour due to the deflection of the rotor’s
arms due to the generator torque. The impact of the bending moment due to the wind is evident, the maximum
decrease is at the bottom of the generator and the maximum increase is at the top of the generator, in the
other simulations their position are revers. The hub moves up of 1.3 𝑚𝑚, contrary without the impact of the
wind the hub moves down of 14 𝑚𝑚.

Figure 5.22: Second bearings configurations: Gravity Magnetic pull Generator torque Wind
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Figure 5.23: Third bearings configurations: Gravity Magnetic pull Generator torque Wind

Figure 5.22 and Figure 5.23 show the results come from the simulations with the second and third bearing
configurations. The difference between the simulation with the first configuration to the other configuration is
always lower than 5% and the displacement distribution is the same, so the first bearing configurations has
been selected to make the comparison with the other loads case.

Figure 5.24: Airgap displacement: Comparison between impact of different load set
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G means gravity and blades
M means magnetic pull
T means generator torque
W means wind loads
Figure 5.24 compares all simulation, the maximum absolute value with only the gravity is 440 µ𝑚 and its value
doubles when all loads are added. The effect of the bending moments due to the wind change the distribution
of the displacement so the position of the maximum decrease and increase are reversed between e first
simulation to the last simulation and the generator torque change the displacement distribution by the deflects
of the rotor arms

Figure 5.25: Rigid bearings air gap displacement: Gravity Blades weight Magnetic pull Generator torque
Wind

Figure 5.25 shows the impact of the bearings in the generator. The displacement range go to −400 µ𝑚 until
382 µ𝑚. Looking Figure 5.21 and Figure 5.25 it appears that more than half air gap displacement is due to the
elasticity of the bearings, the average displacement with rigid bearing is 111 µ𝑚 (2,2%) and with normal
bearings is 387 µ𝑚 (7,4%).

Figure 5.26: Average displacement: real bearing VS rigid bearing
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Figure 5.27: Average displacement: real bearing VS rigid bearing

1 means real bearings
2 means rigid bearings
Figure 5.26 and Figure 5.27 show respectively the comparison between the real bearings to the rigid bearing.
In the real bearings configuration, the biggest impact on the airgap size is due to the wind loads, the 3.3% of
the average displacement and 12.1% of the maximum displacement are due to it, the impact of the gravity is
2.7% on the average displacement and 7.4% on the maximum displacement, the lower size deflection is due
to the magnetic pull, 0.7% on the average displacement and 1.7% on the maximum displacement. In the
configuration with the rigid bearings the average displacement is 2.2%, 5% lower than with a real bearings,
and the maximum displacement is 7.6%, 13.6% lower than with the real bearings. Hence the highest impact
is due to the bearing stiffness.
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5.1.2

Comparison results FEM to MB

The air gap in MBS has been analysed with two coupling of marker, the first coupling to analyse the top part
of the generator and the other coupling to examine the bottom part of the generator. Two coupling of marker
have been chosen because the results from FEM show that the displacement between top part and bottom
part of the generator is not symmetric, so one marker coupling is not enough to compare the air gap behaviour.
Figure 5.28 shows how the air gap displacement in SIMPACK has been calculated for the generator’s top part.
The distance between stator and rotor has been measured in the middle of the air gap length and the clearance
at 𝑥 = 0 and 𝑥 = 1˙300 𝑚𝑚 has been calculated as
δ(x=0) = ∆z − 650 tan(β)

Equation 5.1

δ(x=1300) = ∆z + 650 tan(β)

Equation 5.2

Figure 5.28: MBS air gap displacement sketch of the top generator’s top part

The displacement distribution is made with a linear interpolation between the displacement at 𝑥 = 0 to 𝑥 =
1300𝑚𝑚
The fist comparison between MBS to FEM has been for the analyse only with the impact of the gravity, the
blades weight and the magnetic pull. Figure 5.29 shows result with only 20 eigenmode active in Simpack
without the IRM frequency. The MBS model is stiffer than the FEM model the displacement trend is the same
but the difference between the two simulation is too high, 20 eigenmode are not enough. Figure 5.30 shows
what happen is the number of eigenmode is increase until 40, the difference between the two models is still
bigger than 10% so also 40 eigenmode are not enough. Also, when the activated eigenmode are 50 the gap
between the MBS and FEM is too big, Figure 5.31. In order to have a good matching 80 eigenmode active are
needed, Figure 5.32 shows the biggest percentual variation is at 𝑥 = 0 𝑚𝑚 where the displacement is smallest
but for 𝑥 = 1300 𝑚𝑚 the matching coefficient is bigger than 90%. Looking the solid lines (they are regard to
the FEM model) in Figure 5.29, Figure 5.30, Figure 5.31 and Figure 5.32 the linear behaviour of the
displacement is clear but for 𝑥 = 0 𝑚𝑚 and 𝑥 = 1300 𝑚𝑚 there is an increase of stiffness due to the arms that
broke the liner behaviour and decrease the slop, it is not possible to see this effect in Simpack because the
displacement distribution has made as a linear interpolation between two points
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Figure 5.29: 20 eigen mode active

Figure 5.30: 40 eigen mode active
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Figure 5.31: 50 eigen mode active

Figure 5.32: 80 eigen mode active
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Figure 5.33 shows the result of the comparison when also the wind loads are added. Following the previously
results 80 eigenmodes have been directly chosen because. As in the last case the matching at 𝑥 = 1˙300 𝑚𝑚,
where there is the biggest impact is bigger than 90 %.

Figure 5.33: 80 eigen mode active

In order to see how many eigenmode and the value of the cut IRM frequency needed to do the MBS simulation
the convergence analysis has been done. Figure 5.34 shows the result of the simulation, the minimum air gap
size in MBS is always lower than in FEM, it is due to the number of degree of freedom in ABAQUS and in
Simpack, ABAQUS use a very high number of nodes to make the constrain contrary Simpack uses only one
marker to make the constraint, so the structure in Simpack is stiffer than the structure in ABAQUS.

Figure 5.34: Convergence analysis for the cut IRM frequency and for the number of eigen mode
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Figure 5.35: Air gap displacement from MBS simulation

Figure 5.35 shows the results from the MBS simulation with the wind speed equal to 12 𝑚/𝑠 and the turbulence
class A, with and without the magnetic pull. The percentage displacement in the middle of the air gap length
for a window out of 10 𝑠 is shown at the top of the figure and at below it there are the histogram of the
summarized displacement over 600 𝑠 (600 𝑠 are needed due to the norm), the displacement in always in a
range between 0% to 20%. Contrary to the FEM analysis, during the MBS analysis one slice is not enough to
have the convergence displacement but three slices are needed. The percentual displacement is in a range
between 0 to 20%, it confirms the FEM analysis, that are made for the worst loads case.

5.2

Campbell diagram

Figure 5.36 shows the Campbell diagram for the first 30 natural frequency. The external excitation
1𝑝 3𝑝 6𝑝 9𝑝 12𝑝 from the wind and the excitation 80 𝑝 from the bearings have been drawn in the graph, they
are the black lines. The nominal speed is 12 𝑟𝑝𝑚 and the operating speed range is between 7.8 𝑟𝑝𝑚 to 13 𝑟𝑝𝑚,
the yellow rectangle in the graph, hence the resonance could happen only for the frequency lower to the 12𝑡ℎ
mode (3.78 𝐻𝑧).

75

Simulation results

Figure 5.36: Campbell diagram for the eigenfrequency until 39

Figure 5.37 shows the Campbell diagram for the frequency lower to 3 𝐻𝑧, there are 6 possible resonance
points, the red circle, but there is no resonance point at the nominal speed and there is no resonance point for
the external excitation 3𝑝, which is the most dangerous excitation for the system due to its very high energy.

Figure 5.37Campbel diagram for natural frequency lower to 𝟑 𝑯𝒛
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mode

Description

[ Hz]

1𝑠𝑡

1𝑠𝑡 Tower force-aft swing

0.29

𝑠𝑡

Tower lateral swing

0.30

3𝑟𝑑

1𝑠𝑡 Collective blade flap

0.66

4𝑡ℎ

1𝑠𝑡 Collective blade flap

0.69

5𝑡ℎ

1𝑠𝑡 Asymmetric blade flap in bending axis

0.71

6𝑡ℎ

1𝑠𝑡 Symmetric blade flap in bending axis

0.88

7𝑡ℎ

1𝑠𝑡 Symmetric blade edgewise mode

1.03

8𝑡ℎ

1𝑠𝑡 Asymmetric blade edgewise mode

1.05

9𝑡ℎ

2𝑛𝑑 Asymmetric blade flap in bending axis

1.64

10𝑡ℎ

2𝑛𝑑 Symmetric blade flap in bending axis

1.97

11

2𝑛𝑑 Symmetric blade flap bending axis

2.14

12𝑡ℎ

2𝑛𝑑 Symmetric blade flap bending axis

2.66

13𝑡ℎ

1𝑠𝑡 Rotor edgewise-drive train mode

2.84

2

𝑛𝑑

𝑡ℎ
𝑡ℎ

1

Table 5.2: Description of eigenmode

5.3

Optimization

In order to reduce the air gap’s deflection another concept of inner rotor generator as designed and analysed.
In Figure 5.38 is showed a lateral section of the optimization model.

Figure 5.38: Lateral section of the optimization model

The thickness of all components increases from 100 𝑚𝑚 to 120 𝑚𝑚, the machine frame has one more
component along where is in touch with the tower, the arms of the rotor are in the middle of the air gap and
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the two sets of stator’s arms are shifted. All these changes are made to design a stiffener model and decrease
the displacement of the whole generator into the middle of air gap. The mass of the new model is 190,61 𝑡𝑜𝑛
before was 170.2 𝑡𝑜𝑛, there is an increment of 11.7%.
Also, for the optimization model the first simulation that has been done is whit no loads for to see if all
components are in the right position. The results are showed in Figure 5.39.

Figure 5.39: Optimization model analysis without loads

The result says that there is no displacement and that the air gap’s clearance is 5 𝑚𝑚, as it should be. So, the
model is correct.
Figure 5.40 shows the result for the simulation with all loads, the air gap displacement is in the range between
−420 µ𝑚 to 410 µm. the influent of the blades is evident in the middle of the plot where there is an harmonic
behaviour an like in the model not optimization the maximum decrease is at the top of the generator and the
maximum increase is at the bottom of the generator.

Figure 5.40: Optimization model air gap displacement: Gravity weight Generator torque Magnetic pull
Wind
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Simulation results
Figure 5.41 shows that there is an improve in the average displacement equal to 5% and Figure 5.42 shows
that there is an improve in the maximum displacement equal to 12.9%. The optimization model is like the first
model with the rigid bearings.

Figure 5.41: Average displacement comparison

Figure 5.42 Maximum displacement comparison
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6.

Outlook and further studies

The purpose of this thesis had been to study the impact of gravity, magnetic pull and wind loads on the air gap
size in FEM and in MBS for one generator configuration, hence a lot off possible further works could be done.
The follow bullet list shows my proposals:
•

Include the impact of the temperature during the FEM analysis in order to see how much the cooling
system has to the strong.

•

Only one bearing set has been analysed, tapper roller (fixed bearing) with roller bearing (loosed
bearing) so other interesting insights could be change the bearing set concept in order to find the
optimization set that minimizes the air gap displacement

•

In the first model, extend the length of the shaft and the connector up to the middle of the hub in order
to move the impact of the weight blades and the wind loads between the two bearings. So, with a small
increase of mass, there should be a decrease of air gap displacement due to the increase of the
stiffness of the system. Figure 6.1 shows the sketch of how to change the bearings position.

•

Only one optimization model has been performed with all the parameter change, the decrease of the
displacement has been very big but is not easy to understand which parameter has more impact. The
parameters that have been change are: the thickness of each components (from 100 mm to 120 mm),
the rotor’s arms position (from the beginning to the middle of the air gap length), the stator arm’s
orientation (in the first model the two set of stator’s arms have the same orientations and in the
optimization model they are out of phase) and the machine frame( in the optimization model there are
one more component where there should be the bearing in touch to the tower). One simulation
changing only one of the last parameters could be needed.

•

To make sure that the optimization model has not impact on the resonance of the whole system the
Campbell diagram for the wind turbine with the optimization model could be needed. There shouldn’t
be relevant difference between the two diagrams because the mass of the system doesn’t change a
lot off.

•

Another model deep that could be that could be done is to make the freedom reduction of the generator
component by component and make the same simulations that are already done, in order to see the
differences.

Figure 6.1: Different bearing position
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Summary

The goal of this master thesis is to compare different model depths of a direct drive wind turbine to regard the
generator air gap behaviour under the impact of the gravity, the magnetic pull and the wind loads in the FEM
and MBS.
After the introduction, in the second chapter an overview of the wind turbine market and of the wind turbine
technology has been shown. It has been observed that the last global meeting that has been done is the Paris
agreement in 2015 and it enshrines the propose of parties to take the temperature increase under 2 𝐶 𝑜
compared to the pre-industrial ages. In this political contest the wind turbine field having a business increase.
At 2018 there were 870˙000 employer (of which 160˙200 in Germany and 260˙00 in Italy) who worked in the
wind turbine field for a capacity of 440˙475 𝑀𝑊 and a market value of 45˙000 million dollars, and there are a
lot off possibilities of market expansion. Right now, the maximum efficiency that a wind turbine has managed
to reach is lower than 50% where the maximum physical limit is 59% (Belts limit), so there are still possibilities
to increase it. The two configurations to build a multi 𝑀𝑊 wind turbine are the Gearbox (GB) and the Direct
Drive (DD) the main difference between them are the absence of the gearbox in the second one. This
difference makes the DD more reliability but more expansive because its generator must be bigger than the
GB’s generator. Due to its size (normally the diameter is around 5m) the DD generator is very heavy so very
stiff materials needed in order to don’t’ allow the air gap displacement (to have the maximum efficiency the air
gap clearance should be 1/1000 times the air gap diameter) and however its deflections should be lower than
20% of original clearance. At the end of the chapter the main causes of the air gap displacement have shown,
the author has focused on the loads that are in the topic of the work without, however, ruling out the other
loads.
The third chapter shows the mathematical theories that are used to make the simulation with ABAQUS and
SIMPACK. First, the FEM theory is explained, and the properties of each finite elements are described with an
example from the literature to explain how to make the convergence analysis. After it, the MBS theory is shown
with attention on the method to calculate the eigenmode because SIMPACK works with the natural frequency
of the bodies. At the end the MAC matrix theory to compare the eigenmode behaviour in FEM and MBS has
been explained
The wind turbine that has been analysed has a rated power of 3.6 𝑀𝑊 it works with the nominal speed equal
to 12 𝑟𝑝𝑚, its rotor diameter is 130 𝑚, the hub height is 115 𝑚 and between the ground and the rotor axis there
is an angle equal to 5𝑜 .All part of the generator have been modelled with general steel. The mass of the
generator is 160 𝑡𝑜𝑛 and the mass of each blade is 27 𝑡𝑜𝑛. The air gap the length is 1300 𝑚𝑚, the diameter
is 5000 𝑚𝑚, and its size is 5 𝑚𝑚.
The first model that has been done is the FEM generator model. The first stage required is the convergence
analysis for the mesh of each component, a test load equal to 1 𝑡𝑜𝑛 in each direction has been applied and
the displacement and the natural frequencies have been estimated. The results of this first step have led to
make the generator FEM model with 30˙283 elements and 123˙510 nodes, the only component made by
tetragonal quadratic elements (C3D10) is the machine frame and all other components are made by hexagonal
quadratic elements (C3D20R). The next stage has been made the generator MBS model. It has been made
with only two bodies, one for the stator part (machine frame, pin, stator) and one for the rotor part (hub,
connector, rotor). To make SIMPACK model the *.fbi files for both parts are needed and they are made with the
modal reduction with the CRAIG BAMPTON method in ABAQUS. In both models the bearings stiffness is been
applied and the auto MAC matrix and the MAC matrix have performed, first between each component and
later between the two whole models. The results from the MAC matrices show that the behaviour of the
eigenmode of the FEM and MBS models have a good matching with some coupling eigenmodes, this means
that the eigenmodes with almost the same eigenfrequency have reversed behaviour in SIMPACK and in
ABAQUS.
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Right when the validation of the generator models has been done the impact of the gravity (gravity means the
impact of the gravity plus the weight of the blades), the magnetic pull and the wind loads has been analysed.
The air gap displacement has been modelled with an interaction between the external rotor surface and the
internal stator surface, the data needed from ABAQUS is called COPEN and it measures the distance between
two surfaces. The static analysis have led that the air gap displacement under the effect of the only gravity is
in the range between −440 µ𝑚 to 370 µ𝑚 ( −8.8% to 7.4%) with an increase of size in the bottom of the air
gap and a decrease in size in the top of the generator. Different model depths for the magnetic pull are
compared, its properties have been split in 1 slice up to 20 slices, and the results show that the air gap
displacement is always in a range from −534 µ𝑚 to 462 µ𝑚 ( −10.7% 9.2%), so the configuration with only
one slice has been chosen for the other simulations. The displacement distribution is the same as with only
the gravity. The second model depth analyses how much the bearings surface on the pin and on the connector
has to be: it has to take the bearing’s whole surface, only half surfaces in the middle or only one slice in the
middle. These simulations include also the wind loads and the displacement is always between −1081 µ𝑚 to
1062 µ𝑚 (−21.6% 21.4%). There is not significant change, so the first model has been chosen to make the
modal reduction. In this last simulation the displacement distribution is reversed to the simulations without
wind loads, this is because the impact of the bending moment is bigger than the impact of the gravity plus the
magnetic pull. Comparing the three load cases to regard the maximum displacement the impact of the different
loads is respectively: due to the gravity is 7.4 %, due to the magnetic pull is 1,7% and due to the wind loads is
12.2% for the total percentual of 21.3%. Moreover, the impact of the bearings stiffness has been estimated
and one simulation without the bearings properties (rigid bearings) has been done. The maximum air gap
displacement is 382 µ𝑚, 7,6%, it means that the biggest impact on the air gap size is due to the stiffness of
the bearings, which, fortunately, is a changeable parameter.
To plot the air gap displacement from the FEM simulations a MATLAB scrip was made. It takes from the output
ABAQUS files the position of every node of the rotor and with a sequence of loops it extrapolates coordinates
of the nodes on the rotor’s external surface and it attaches at each one the COPEN data minus 5, in so doing
it makes a matrix with the air gap displacement for each node. This matrix has been plotted for each simulation
with the imagesc MATLAB tool in order to have a plot with the length of air gap along the y axis and the angle
between 0 to 360 along the x axis.

The MBS generator has been analysed for the same loads case of the FEM generator, but the air gap size
has been studied only as the displacement between two markers in the middle of the air gap, one constrained
with the internal stator surface and one constrained with the external rotor surface. The clearance at the begin
and at the end has been measured as the half length of the air gap times the tangents of the angle between
the x axis of the two markers plus (or minus) the delta z distance between them. In order to see how many
eigenmode (without the IRM frequency) are needed different simulations with a different number of eigenmode
active have been done. To have a good matching between the FEM and MBS output 80 eigenmodes are
needed Before to implement the generator model in the wind turbine the required number of eigenmodes and
the IRM cut frequency to calculated reliable deformations are identified. The number of eigenmodes needed
is 10 and the IRM cut frequency is 400 𝐻𝑧. After that the generator model has been implemented in the wind
turbine system.
The Campbell diagram for the wind turbine has been charted and it shows that there are 6 resonance points
in the working range but there is no resonance point at the nominal speed and there is also no resonance
point for the 3𝑝 excitation, this means there are not dangerous criticalities which could cause critical failure of
the system. The MBS simulations have been done with a wind speed of 12 𝑟𝑝𝑚, a turbulence class A and for
600 𝑠, as required by the norm. Only three different model depths for the magnetic pull have been analysed (1
up to 5 slices) and the results show that the difference between them is not relevant, hence one slice are
enough to have good results. The air gap displacement is always in a range between 0 to 20% of the original
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size and for most of the time between 6% to 14%. With the model deep of one slice the impact of the magnetic
pull has estimated and, as in FEM, its impact is during the whole simulation around 1 − 2%.
To conclude the thesis one optimization model has been made and the simulation with all loads has been
performed. The changes made to improve the generator are: the thickness of each component is increased
from 100 𝑚𝑚 to 120 𝑚𝑚, the rotor’s arms are moved in the middle of the air gap, the two sets of stator’s arms
have been shift and one more components in the machine frame has been added where there should be the
bearing in touch with the tower. All these changes bring an increase of mass equal to 30 𝑡𝑜𝑛, the new total
mass is 190 𝑡𝑜𝑛. The air gap displacement is still almost the same as in the first model but the now is 415𝑚𝑚,
666𝑚𝑚 lower than in the first model. So, with an increase of 18,7% of the original mass there is and improve
regarding the air gap behaviour equal to the 13.3%.
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