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Abstract

This paper presents a multi-body model for studying the non-stationary dynamic
behaviour of a wind turbine power drivetrain. The model includes some offshore
considerations, such as the extra degrees of freedom and boundary conditions that
installation on an offshore floating platform can add. The studied problem is an offshore
implementation, with seafloor depths of the order of a hundred meters, making it
necessary to use a floating platform. Special attention is paid to the characteristics of the
combined offshore buoy support and detailed model of the power train, in order to
assess the impacts of buoy movement on forces on gears and bearings. A multi-body
analysis code was used to develop the model, and a conventional wind turbine set-up
was implemented as an example. Gearbox dynamic behaviour was simulated for
common manoeuvres such as a start-up and an emergency stop, and the results are
presented and discussed.
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1 INTRODUCTION

Wind energy development has been of great importance in the last decade. Many
offshore wind farms have been built, but the majority of these are close to the coast,
where the shallow water allows the wind turbine to be anchored to the sea bed. To
minimize the visual impact of these farms and to increase the installed power, turbines
are now being installed far from the coast, where they cannot be seen and where the
wind speed is higher. The alternative to anchoring in these deep sea areas is to use
floating structures that support the wind turbine, usually consisting of a buoy that gives
vertical stability to the wind turbine and chains that limit the horizontal displacements.
These conditions represent a new engineering challenge from the point of view of the
structural elements but also for the gearbox design, as the dynamic loads are more
complex than those corresponding to conventional grounded facilities. This is due to the
coupling between the structural motions (much larger than the onshore deflections) and
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the wind and wave loads, and also because the rotor is subjected to significant angular
displacements which generate gyroscopic effects and loading [1].

The gearbox is one of the most critical components in the operation of wind turbines,
being responsible for most of the downtime and consequential increases in operational
costs [2]. This issue has received the attention of several researchers, and more accurate
and advanced models have been developed in recent years to help understand the
dynamic loads at the level of gearbox components.

One of the most important phenomena involved in the dynamic behaviour of gear
transmissions is related to the parametric excitation arising from variable meshing
stiffness. This phenomenon can be approached with formulations of different
complexity, ranging from simple models based on lumped parameters [3] to advanced
contact models based on hybrid formulations combining numerical and analytical tools
[4]. Nevertheless, it has been proved that lumped mass models can provide a clear
picture of the rich, dynamic behaviour, even replicating experimental results under non-
resonance conditions, but overestimating the dynamic factors when close to resonance
[5]. In the particular case of planetary transmissions, Ambarisha et. al [6] extended the
analysis of different modelling approaches and concluded that lumped models can also
be useful when they account for varying meshing stiffness.

Bearings are another component which must be considered. In fact, bearings have a
similar behaviour to the gears, as they also present varying compliance due to the
change in the number of rolling elements supporting the load. However, the most
common modelling approach is to represent the bearing by a time-invariant stiffness and
damping matrix, as was done in [7-8] where the flexibilities of shafts, carriers and even
the supporting structure were also considered.

Although various studies have addressed the dynamic modeling of floating offshore
wind turbines [9], the complexity of a model which would provide realistic results
makes it impossible from the point of view of computational effort to perform dynamic
analysis with focus on subsystem levels such as the gearbox. This is why most research
on wind turbine gearboxes is approached instead by means of field-test programs
(NREL projects), which are less reliant on dynamic complete system models (because
of the simplifications required in order to be functional). Nevertheless, some work has
recently been published on the specific topic of gearboxes in floating platform turbines,
combining a multibody model of the gear drive with a previous coupled wind-wave
analysis [10], which calculates the loads on the main shaft of the drivetrain and the
movement of the nacelle. These authors also carried out a model fidelity study,
concluding that gear tooth and bearing compliances, together with shaft flexibility
characteristics, are a sufficient level of detail for predicting the internal loads in the
drivetrain. Unfortunately, the computational effort for this approach is still large,
needing up to three days for a 1-hour real-time simulation. More recently, Guo et al.
[11] carried out a similar model fidelity study for transient loads, concluding that a
fully-rigid gearbox model with tooth compliance (like the one presented in this work)
can be used when the interest is focused on gear contact forces, while the bearing loads
are overestimated by up to a 20%. In these models the calculation times are reduced
drastically, such that they are a powerful tool for identifying potential problems during
the design stage and also for parametric studies or optimization purposes.
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This work focuses on the non-stationary behaviour of the power drivetrain model of a
wind turbine, including some features schematically representing the offshore effects.
The turbine has free movements in all displacements and rotations, with the mooring
lines and the floating structure affecting the overall behaviour of the drivetrain. With
this aim, a model has been developed using a Multibody System (MBS) code which
allows a clear and simple handling of the whole system. Moreover, the MBS approach
provides more flexibility, for example it allows additional phenomena to be included,
such as the excitations coming from aerodynamic blade loads or the flexibility of
different components (shafts, tower, etc.). However, in this study attention is focused on
the dynamics of the gear drivetrain model, noting that some important features of the
offshore wind turbines are not implemented (such as the coupled wind-wave effects).

The model developed includes a planetary and two ordinary stages with variable
meshing stiffness as well as bearing flexibility. Special attention is given to the start-up
and emergency stop manoeuvres, as dynamic loads are critical in these types of
operations.

2 MBS MODEL

The MBS model was developed entirely in MSC-ADAMS and is presented in Figure 1,
where details of the gearbox and a kinematics scheme are shown. The blades and the
hub are considered as rigid bodies with lumped mass and inertia. Wind loads are
included as external forces on the rotor hub, thus neglecting aerodynamic loads due to
the structural behaviour of the blades and the aero-elastic coupling. Buoy restoring
forces are included at the base of the tower using specific single forces defined in the
MBS code environment. Although this is a rather simplified model of the buoy, the aim
of this work focuses on the analysis of the drivetrain dynamic response. Thus, angular
motions and gyroscopic loads are taken into account during non-stationary manoeuvres.
The gearbox shafts and gears are lumped and assumed to be rigid bodies, while gear
meshing forces are modelled by a variable-stiffness spring following the approach
described later. The rotor hub is connected through the main shaft to the carrier of the
planetary stage (see Figure 1). The carrier rotates with the planets and transmits the
power to the low speed shaft via the sun gear. Then, two ordinary stages are used to
increase the rotational speed, up to the desired value at the generator side, where the
generator is modeled as a representative mass.

For the sake of simplicity, and with the aim of reducing the computational effort, all
shafts are considered as rigid. This approach is commonly used [12, 13] because it
provides a good level of detail of the drive dynamics, particularly with respect to the
excitation of drivetrain frequencies during transient manoeuvres. On the other hand, the
main shaft does have flexible bearings, which are included in the MBS model as
bushing joints with corresponding stiffness and damping values.
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Figure 1. MBS model and details of the drive train

The torque load due to the generator (TG) is implemented by a simple induction
generator model [14] according to the expression

TG:RT(a)S _w) (1)

where ® is the actual generator speed, ws is the synchronous generator speed
corresponding to the zero torque value and Ry is a constant defined to balance the
nominal wind torque at the desired operational speed wg. This model is connected when
the generator rotational speed reaches a certain value defined by the user. In this way
the coupling can be included even if the generator is working as a motor, when the
generator speed is lower than the synchronous speed.

Meshing forces have been included as user functions (GFORCE), defined following the
approach described in a previous work by the same authors for a low speed ordinary
transmission [3]. Tooth contacting forces are assumed to be contained in the
transmission plane and always perpendicular to the tooth surface. Thus, tooth deflection
can be obtained from the relative displacements of each gear center x;, yi, zi, Oy, Oyi, 04,
(see Figure 2), using the following expression:

.. . . 1
5|J=(XiCOS |j +yiSIn(p|j +,0|¢92i 'Xj COS |j —ijIn(/}Ij +p192| )COSﬂij— (2

+(Z|_p|9X|COS IJ—,&IQyISIn(DIJ—ZJ—pJQXJCOS U—pJHyJSInq}”)SIn IJ+G}IJ (t)

where e;j(t) represents the periodic static transmission error due to profile errors, B; 1s
the helix angle on the pitch cylinder, @;; the normal pressure angle and p; and p; are the
base radii of gears i and j.
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Figure 1. Tooth meshing deflections

Once tooth deflections are known, meshing forces are obtained by multiplying the
resulting deflections by the gear pair stiffness as follows:

Fyi = -0, K;sing,;-cos §; Fy = 9K, sing;-cos B,

F, = -é‘ij . Kij-cos goij-cos,ﬁij FYJ. = 5".-Kij-cos (pij-cosﬂij

F, =0, K;sin g F,; =-0;K;sin B, G
Ty =-0; K p,-sing; sin §; Ty =-6; K p;sing;-sin g;

T, = -é‘ij-Kij-pi-COSq)ij-sin ﬁij T, = -5”.-Kij-,oj-COSgoij-sinﬂij

T, = _é'ij'Kij'pi'COSﬂij TZj = '@j'Kij'pj'Cosﬁij

The approach used in this work allows for the consideration of meshing non-linearity,
such as the backlash [15]. Several studies have considered variations in meshing
stiffness Kj; along the contact point to take into account the number of tooth couples in
contact for each position. In this case, due to the high contact ratio, there is a large
overlapping of tooth couples; therefore, the stiffness can be described in a simple
expression defined by a mean value K,,; and the first harmonic term of amplitude 4;; [3]
as:
K () = Ky + A sin(r f,Z, +v;) (4)

where f;; is the shaft rotational frequency, Z; is the gear teeth number and v;; the phase.
The stiffness variations calculated following Cai’s approach [16] for a meshing period
can be observed in Figure 3, where the individual contributions of each contact pair (K,
K, and K3) along a mesh period are also represented. In Figure 3b, details of the total
stiffness and the harmonic approximation are shown, to illustrate the negligible error
caused by the assumption in (4).
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Figure 3. Meshing stiffness for the gear pair Planet/Sun for a meshing period

The floating support platform is a spar-buoy concept which achieves static stability by
locating the center of gravity far below the center of buoyancy by means of ballast.
Three catenary mooring lines in a delta connection are used to attach the buoy to the sea
floor, thus restricting horizontal movement of the turbine within a certain area. The
disposition of the chains around the floating platform defines the yaw stiffness, which is
one of the more critical design features for this kind of support. A preliminary analysis
of the hydrostatic buoyancy behaviour yields the rotational stiffness as well as the
translational stiffness in the vertical direction.

Interest in the hydrodynamic forces is focused on the analysis of the transient
operations, particularly the gyroscopic effects related to pitch rotation, as well as the
consequences of variable stiffness and reverse contacts. No excitations arising from
wave forces were considered. By contrast, buoy mass and inertia were increased in
order to include the effects of the fluid mass attached to the platform, and hydrodynamic
damping was also included in the MBS model by means of the GFORCE element.

The mooring lines were analysed offline for horizontal displacements and the resulting
forces and displacements were stored to obtain the equivalent stiffness. Then, three non-
linear springs were arranged in the MBS model in the xz plane, configured such that
they were 120 degrees out of phase (see Figure 4).

/- Chain stiffness

Figure 4. MBS model of the buoy restoring forces
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3 APLICATION EXAMPLE

The MBS model described above was applied to a known wind turbine drive train of
750 kW, specifically the NREL 750 GRC [17]. The details, parameters and data related
to this example which have not previously been described in the cited reference are
highlighted in this work. In Table 1 the data corresponding to the meshing stiffness of
each gear pair are presented. These data were obtained following the approach proposed
in [3]. Bearings for the main shaft were modelled as BUSHING joints. The axial
stiffness for this bearing was given the same value as that used for the radial direction,
of 10” N/m.

Table 1 Transmission gear data

Transversal  Axial Contact Average Variable
Contact ratio ratio Stiffness (N/m) Stiffness (N/m)
Planet / Ring  1.5847 1.2456 5.7605 10° 6.287 10*
Planet/Sun  1.5456 1.2456 6.0827 10° 7.276 10°
IMS Gear Pair 1.5208 1.8668 2.9956 10° 3.468 10°
HS Gear Pair  1.4538 2.1562 1.7947 10° 1.809 10*

In the model of the floating structure, the vertical translation stiffness due to the
combination of gravitational forces and flotation was linearized for the nominal
buoyancy level and assigned a value of 96.74 kN/m. A schematic displaying the most
important data related to the geometry of the buoy platform is presented in Figure 5.
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Figure 5. Buoy main dimensions

The horizontal stiffness due to the tension of the mooring lines is non-linear and
described by the values shown in Table 2, which are also represented in Figure 6. In the
same Figure, the non-symmetric stiffness behaviour due to the mooring line
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arrangement is presented. In the present study, wind acts on the line with the greatest
stiffness. In order to simplify the model, the same values have been used for roll, pitch
and yaw rotational stiffness. Moreover, linear viscous damping has been considered for
all buoy degrees of freedom (see Table 2).

Table 2 Parameters of the wind turbine

Stiffness
(15m)

Stiffness Stiffness Damping
(20 m) 25 m)

Horizontal translation
(for 15m, 20m, 25m) 1634 kN/m

Vertical translation 96.74 kKN/m
Roll / Pitch / Yaw 114 MNm/rd

2352kN/m  392kN/m 40 kN/my/s

96.74 kN/m 96.74 kKN/m 40 kN/m/s
114 MNm/rd 114 MNm/rd 1 MNm/rd/s

(Kg)
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Figure 6. Non-linear relationship between horizontal buoy displacement and mooring line forces

The results presented below correspond to the previously described model under several
transitory loads, which are graphically represented in Figure 7 in six sketches showing
time, mooring line deflections, and forces on the system. The forces include wind
effects, braking forces (both mechanical and aerial), and generator torque.
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Figure 7. MBS model of the buoy restoring forces
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Initially, with the generator disengaged, the model was subjected to wind loads on the
blades which are represented as a torque and a thrust force applied to the hub rotor.
Load magnitudes were incremented progressively from zero to the maximum value for
the time period, ranging from 0.1 to 5 seconds. As a consequence of this load, the
drivetrain started up and simultaneously the floating support began its horizontal
movement as well as a pitch oscillation due to the wind thrust load.

Planet-Ring Meshing Stiffness (N/m)

6.5E+009

6.125E+009 - ﬂ
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0.5 20 35 5.0 6.5
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Figure 8. Detail of the variable meshing stiffness during the run-up

Later, when the rotational speed of the high speed shaft reached the 157 rad/s level, the
generator was connected progressively, achieving maximum power when the speed
reached 160 rad/s. Then, after a short period of time, the turbine entered its stationary
working conditions of torque load and rotational speed. The next event in the simulation
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was an emergency stop manoeuvre due to electrical failure, with the aim of studying the
phenomena associated with an unexpected shutdown of the machine and an evaluation
of the contact stresses in the gears and bearings, as well as the dynamic behavior of the
entire machine. This event was simulated by disconnecting the generator (in second 20)
with a sudden drop in the resistant torque. As a consequence of this the drive train lost
the pretension in the meshing contacts, increasing their speed. After 0.1 seconds (second
20.1) the control system reacted, activating the aerodynamic brake by pitching the
blades. Then, up to second 25, the torque and thrust due to the wind were progressively
reduced and simultaneously a rotational damper representing the aerodynamic brake
torque was connected in the hub. Furthermore, at the same instant (second 20.1), the
mechanical brake was activated in the generator side, with the braking force increasing
to a maximum after a further 0.5 seconds (second 20.6). Finally, the torque of the
mechanical brake was progressively reduced as a function of the generator speed, from
10 rad/s to 1 rad/s when it was finally disengaged.

Figure 8 shows the evolution of the meshing stiffness for the planet-ring contact during
start-up. In Figure 9 a) the wind effects in terms of thrust and torque are presented. It
should be noticed that in the case of the wind torque, the value presented corresponds to
the absolute torque, and that its sign changes with the activation of the aerodynamic
brake at second 20.1. Figure 9 b) shows the loads on the generator side together with its
angular velocity. The red line shows the generator torque as well as the mechanical
brake: in this case the sign remains constant as the mechanical brake substitutes the
effect of the faulty generator.

5E4005
2 Generator / Mechanical Brake (Torque)

3064005

2564005 3750

1564005

1564005 &

50000.0

Figure 9. a) Wind loads b) Generator/brake torque

In Figure 10 a) the most significant displacements regarding the floating platform
motion are presented: the pitch amplitude reached a maximum at 10.64 degrees (the
initial position for t=0 s was vertical), while the horizontal amplitude in the wind
direction reached 25 m. The most important consequence of the pitch motion was the
resulting increase in the main bearing load in the radial direction, due to the gyroscopic
torque, as is evident in Figure 10 b). Of particular note, the greatest loads found in the
application example were during the start-up manoeuvre rather than the emergency
shutdown phase (this may depend on the control system applied).

10



©CO~NOOOTA~AWNPE

Tower movements

—__Pitch angle L Main Bearing Forces
Tower displacement (z-axis| 3064008

2564005

185 1 \ 20E4005

Angle (rad)

& 1084005
500000 S S s R
00+

oo I | + +-300 500000
00

Figure 10. a) Tower movements b) Main bearing forces

Regarding the drivetrain internal behaviour, Figure 11 shows the meshing deformation
for both meshing types: internal (ring-planets) and external (sun-planets). In this figure
it can be seen how the gears experienced counter-flank contact (negative meshing
deformations) during the start-up operation. This phenomenon was caused by the
flexibility of the main shaft bearings: the rotor weight introduced a pitch movement
which was transmitted to the planets and induced these counter-flank contacts. As the
transmitted torque increased, this phenomenon disappeared. Counter-flank contacts also
occurred just at the disconnection of the generator, as a consequence of the pretension
lost in the drive train meshing contacts.
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Sun/Planet Gear Contacts
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5.0E-005 - T - T T g 1 356005 +
o

Figure 11. a) Ring/Planet contact deflection b) Sun/Planet contact deflection

Both during start-up and the emergency brake, the excitation of one drivetrain
resonance frequency was found at low frequencies. At these times, the amplitudes of the
contact deformation and bearing/meshing forces were incremented. This is shown in
more detail in Figure 12, where a waterfall spectrum of the high-speed gear stage
deflection derivative is shown. This spectrum reveals resonance at a frequency of
approximately 10 Hz. A global modal analysis of the system allowed the identification
of this resonance as a pitch mode of the main rotor.
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Figure 12. Waterfall spectra of High Speed gear stage deflection derivative

4 CONCLUSIONS

This study presents some features of the non-stationary dynamic behaviour of a wind
turbine power train model. The model included, in a very simplified manner, some of
the most important aspects that differentiate an offshore wind turbine application from
an onshore application, paying particular attention to drivetrain loads. Thus, the
influence of the buoy displacements on the operation of the offshore wind turbine power
train was evaluated. These effects are an important difference with respect to the
onshore application, and influence loads on the main bearing and planetary components
as a consequence of the gyroscopic effects that appear during the star-up and emergency
brake manoeuvres.

The system was analysed during two common non-stationary manoeuvres: start-up and
emergency stop, revealing the influence of variable meshing stiffness on the rotational
model of a power train. This meshing stiffness strongly influenced the performance of
the transmission, resulting in oscillations related to the operating conditions of load and
velocity.

Reversing contact (negative meshing deformation) occurred in the planetary stage at
rest (time 0 sec) as a consequence of the main shaft support deflection. Moreover,
during the unloaded period of the start-up operation (generator disengaged) and
particularly during the emergency stop reversal, contacts were also observed between all
the gear pairs. Maximum meshing deflections occurred during the braking period due to
the excitation of gear train resonances.

In summary, the model presented here was found to be capable of generating plausible
results in the simulation of two representative yet complex wind turbine operations,
integrating the dynamics of the gearbox with the dynamics of the whole body, including
the floating platform and mooring cables, in a simple and fast manner. The relevancy of
the results is limited by the simplicity of the modelling methodology, and once this
limitation has been qualitatively assessed based on this study, the model must be
extended to include progressively higher levels of complexity, on both the buoy and
drivetrain sides.

12
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