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ABSTRACT:

Purely torsional multibody dynamic models with different levels of complexity have been developed
to simulate the 750kW wind turbine (WT) drivetrain, designed by National Renewable Energy
Laboratory (NREL). The developed models use a combined mathematical approach and Simscape in
MATLAB/Simulink, by which the fixed-speed and variable-speed generator models are tested. The
required parameters for building the multistage gearbox dynamic models are obtained by using 3D
CAD models. Eigenfrequency analysis of the WT drivetrain is performed. The natural frequencies and
corresponding mode shapes are determined for the two generator models respectively. It has found that
increasing the model complexity enables the prediction of more complex mode shapes and an accurate
description of the torsional vibration of the drivetrain. It has also found that increasing the gear mesh
stiffness results in a wider frequency range and increases frequencies of the gearbox components but
has no impact on lowest natural frequencies of the WT drivetrain.

1 INTRODUCTION

The wind power industry has seen a rapid development in the last decade, especially in Europe
(Smolders et al. 2010) and the United State (Daniels et al. 2004). At the end of 2003, about 35,000
MW of wind energy capacity had been installed globally (Daniels et al. 2004) and around 11 GW of
capacity had been installed in Europe alone by the end of 2013. However, the wind industry faces
serious challenges of premature failures of WT gearboxes occurring much earlier than the designed
life. The gear and bearing failures in WT gearboxes may be attributed to the excessive loads under
various operating conditions (Grujicic et al. 2014). Gearbox failures result in significant component
replacements which subsequently increase the cost for wind energy (Grujicic et al. 2014). Replacing
WT gearboxes needs heavy duty equipment such as cranes, which is generally expensive to hire and
almost impossible to operate in adverse weather conditions for offshore wind farms (Tavner et al.
2008). A good understanding of how and why WT gearboxes are failing prematurely will improve
the gearbox component design and reduce the overall maintenance cost. It is important to understand
the dynamic behaviour of WT drivetrain under various operational conditions and how the flexible
movement of gearbox components, such as planetary carrier and floating sun shaft, within a WT
gearbox, reacts to transient loads. The multibody dynamic models developed in this study include the
turbine rotor, the gearbox components and the generator, using both fixed speed and variable speed
generator models. These models capture more details of drivetrain dynamic behaviour, such as the
torsional deformations and dynamic responses of key components of the WT drivetrain, than the
widely used two mass or five mass models. The required parameters for building multistage gearbox
dynamic models are obtained by using CAD models and these parameters are validated with available
data published in literature. Eigenfrequency and mode shape analysis of the WT drivetrain are
performed by using the low speed shaft (LSS) torque as the input and the corresponding angular
velocity of the generator as the output. The resulting eigenfrequencies are compared with that
determined from torque measurements under different transient load conditions published by NREL.
The influences of different levels of modelling complexity on the eigenfrequencies of the WT
drivetrain and how that affects the dominant frequencies of drivetrain during two WT operating
conditions, normal operation and shutdown, are discussed in detail.
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2 DYNAMIC SYSTEM MODELLING

Several studies related to the dynamic modelling of the WT drivetrain have been reported. Some of
these studies are focused on analysing the loading on bearings within the WT gearbox under various
operation conditions, such as normal operation and shutdown. However, these studies ignored the
dynamic behaviour of some key gearbox components (Bruce et al. 2015) (Scott et al. 2012). Three
types of modelling approaches have been examined by Peeters (Peeters et al. 2005). The first is the
purely torsional multibody model where the gears are modelled as rigid bodies, each with a single
degree of freedom (DOF) in the torsional axis, connected to each other by linear springs. Such models
are able to investigate torsional loads, loads on gears and bearings, and eigenfrequencies (Girsang et
al. 2014) (Mandic et al. 2012) (Shi et al. 2013). The second approach is the 6-DOF rigid multibody
modelling with discrete component flexibilities, which produces a more accurate model; however,
the complexity of the gearbox modelling has been increased. These models take into account of
individual gear stages of the gearbox and the influence of bearings stiffness. The component
flexibility is represented by spring-damper systems. Such models facilitate a more detailed
description of gear mesh and bearing stiffness. The third approach is the fully flexible multibody
model which increases the modelling accuracy of gearbox component flexibilities from the second
approach by using finite element modelling. The third approach allows the visualisation of the
influence of different subcomponent flexibilities, however it is computationally expensive. Increasing
flexibility does not always result in more accurate modelling results. The addition of flexible
components to the WT drivetrain model increases the model complexity and affects slightly on
eigenfrequencies however much more on the corresponding mode shapes (Peeters et al. 2005).
LaCava et al. (LaCava et al. 2013) observed that the influence of increasing the level of gearbox
component flexibilities on the bearing and gear loads using seven models of various levels of
complexity. Their results concluded that the flexibility of gearbox sub-components, such as housing,
carrier and the main shaft, has noticeable influences on the loading of the plant bearings. It has been
reported that using a flexible coupling with reasonable stiffness can reduce the torque amplitude of
the high speed shaft (Peeters et al. 2006). Increasing model complexity only has a small effect on
modelling accuracy while resulting in higher computational costs (LaCava et al. 2012). The different
levels of modelling complexity help gearbox designers to improve designs and assess the dynamic
behaviour of chosen designs under specific loading conditions (Oyague et al. 2008). The torsional
dynamic model for WT gearboxes is one of the common modelling approaches because of its fast
solution time with low computational costs. The purely torsional multibody dynamic models
developed in this paper are computationally effective to capture the torsional loads and dynamic
responses of key WT drivetrain components during free and forced vibrations.

3 DEVLOPMENT OF DYMANIC MODELS
3.1  Drivetrain Modelling

In this study, a multistage gearbox designed by NREL, for use within the complete drivetrain of a
750kW WT, is modelled and studied with various levels of modelling complexity. The gearbox
design consists of a planetary stage with a fixed ring gear and three planet gears; this is followed by
two parallel gear stages. The overall gearbox ratio is 1:81.49 (Oyague 2009). A simplified schematic
of the WT drivetrain is shown in Figure 1. Purely torsional dynamic models with lumped masses,
using 2, 5, 9 and 11 DOFs respectively, are developed to represent this drivetrain with a fixed or
variable speed generator model. All gearbox components, including planet carrier, gears and shafts
as well as the generator and the rotor are modelled, using one torsional DOF for each component in
the rotational direction.

The rotor assembly includes three blades and the rotor hub, which is connected to the gearbox through
the low speed shaft (LSS). The mass and inertia of the blades (M, , J») can be calculated by the
following formulas (Rodriguez et al. 2007):

M, = 2.95 %13 (1)
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Jp=0212M, Lin (2)

where Ly, is the length of the blade and 7 is the total number of blades. The total amount of polar
moment of inertia of the rotor assembly as one lumped mass (J0r) can be calculated from the
summation of the blades inertia and the inertia of the hub (J5) (Oyague 2009):

Jrotor = Jp + Jn 3)

Generator

High speed shaft
(HSS)

Planet carrier
1+t Parallel
stage

2 Parallel
stage

Low speed shaft \

(LSS) L] Sun

\ Ring

Figure 1. Simplified schematic of wind turbine drivetrain

In some studies, all the shafts of the WT drivetrain are assumed to have constant cross-section area
and therefore the complex geometry of the different shafts is simplified to solid or hollow cylinders
(Shi et al. 2013) (Shi et al. 2014). In this paper, the complex geometry of all WT drivetrain shafts has
been considered and the values of polar moment of inertia of the main shaft and all gearbox shafts
are calculated from the CAD models. The generator resistance torque, which acts as a reactive loading
to the drivetrain at the generator side, affects the WT drivetrain system when the generator engages
or disengages with the electrical grid. In this study, the generator’s electrical resistance torque is
represented by a torsional spring. For a 750kW WT, the value of the electrical torsional spring
stiffness between the generator armature winding and magnetic field of the generator is Kyen = 28100
N.m/rad. This value is taken from (Mandic et al. 2012), which has been calculated and validated
experimentally for different operation conditions. The shafts stiffness values and the electrical
stiffness value used in the developed drivetrain model are shown in Table 1. A CAD model for the
NREL 750kW WT gearbox has been created as shown in Figure 2. All the required parameters such
as the mass and polar moment inertia for all gearbox components have been calculated as shown in
Table 2.

Figure 2. CAD model of the NREL multistage gearbox
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The calculated parameters have been validated with available data published in literature (Girsang et
al. 2014) (Mandic et al. 2012) (Oyague 2009). Figure 3 shows the complete 750kW WT drivetrain
representation of eleven lumped masses of 11 DOFs with consideration of gear mesh stiffness for all
gear stages. The gear ratios for each stage of the WT gearbox are shown in Table 3. For the purely
torsional model, the gear mesh stiffness is modelled as a linear spring (Peeters et al. 2005). The
development of mathematical dynamic model of the drivetrain using five lumped masses is detailed
in this paper. The results of eigenfrequencies and modal shapes of the WT drivetrain using two, five,
nine and eleven lumped masses are produced, compared and analysed in detail. The influence of
damping is neglected in this study.

Table 1. Stiffness calculations of the shafts (N.m/rad)

Kiss Low speed shaft stiffness 3.69e+07
Stiffness of the shaft connecting the
Kis: sun gear to the 1* parallel gear stage 2:45e+407
Stiffness of the shaft connecting the 1%
Kisz parallel gear stage to 2" parallel gear 2.70e+08
Khss High speed shaft stiffness 2.08e+06
Keen Electrical torsional stiffness 2.81e+04

Table 2. Inertia calculations of the lumped masses (kg.m?)

Jrotor Inertia of the rotor 998138
Jpc Inertia of planetary carrier 65.2
Jp Inertia of planet gear 3.2
Js Inertia of sun gear 1.02
Joi Inertia of gear in 1% parallel stage 31.72
Jo2 Inertia of pinion in 1* parallel stage 0.4
Jes Inertia of gear in 2™ parallel stage 3.42
Jcs | Inertia of pinion in 2" parallel stage 0.08
Jgen Inertia of the generator 24

Table 3. Wind turbine gearbox ratios

N, Gear ratio of planetary stage 5.714
N> Gear ratio of 1% parallel stage 3.565
N; Gear ratio of 2" parallel stage 4.00
Fixed ring gear. ‘T‘ —1  Kiss Keen
G4
Jre — |
\J[] —1 Kis2
% =\
2
LA
Kiss Kisi _—
Jeotor AN J. prvvs 2nd Parallel gear
s T N,
— G
1st Parallel gear
[ e
Planatary gear

1

Figure 3. Representation of 750 kW WT drivetrain with eleven masses of 11 DOFs.
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3.2 Mathematical Models of Wind Turbine Drivetrain

To illustrate the lumped mass modelling, the five-mass model of 5 DOFs of the WT drivetrain is
shown in Figure 4. Each gear stage is combined as one effective mass. The gear mesh stiffness is
ignored in the mathematical models. The five effective mass inertias, with respect to the LSS of the
drivetrain, are calculated as follows:

J1 = Jrotor 4)
Jo = Jpc + NiJs @)
Js = NiJo1 + (N1N2)*Jg, (6)
Ja= (NiN2)*Jgz + (NtN2N3)?Js  (7)
Js = (N1N2N3)2]gen ®)

The stiffnesses of the LSS, all gearbox shafts and the generator resistance torque for a fixed speed
generator model are calculated as follows:

K1 = Kiss )
K, = N{Ks (10)
K3 = (N1N;)?Ks, (11)
Ky = (NN N3)*Kyss (12)

3 Stages WT
Gearbox

5
—

Figure 4. Five mass model representation of the WT drivetrain.
Ks = (N1N, N3)2ngn (13)

Lagrange’s equation is used to form the equations of motion. For free torsional vibration, the equation
of motion of five mass model can be shown in matrix form as follows:

[J1{6} + [K1{6} = 0 (14)

6=1[0, 6, 6; 6, 95]T (15)

7, 0 0 0 0
0 J, 0 0 0
J=]10 0 J3 0 0 (16)
0 00 Ju O
0 00 0 Js
K, K, 0 0 0
[—Kl K, + K, —K, 0 0
K=|o0 -K, K,+K; —K; o | (17)
l 0 0 “K, Kit+K, —K,
0 0 0 -K, Ky + Ks
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For free force vibration, the eigenmodes and eigenfrequencies of the WT drivetrain system can be
calculated using:

w?® = eig (J7'K) (18)

Where J, K and @ are the inertia matrix, the stiffness matrix, and the rotational displacement vector
respectively. ;, 6>, 63, 04and 05 are the torsional displacement of the rotor, three gear stages and the
generator respectively. By applying the same modelling method, the drivetrain dynamic models of
two, nine and eleven masses can also be developed. The comparison analysis of the calculated
eigenfrequencies for different drivetrain models, using both fixed and variable generator speed
models, is summarized in Table 4. The results of the natural eigenfrequencies are compared with
those available in published literature (Girsang et al. 2014) (Mandic et al. 2012) and show good
agreements. Exciting the drivetrain system at any of these eigenfrequencies will lead to amplified
loads in the WT drivetrain. To validate the models of this study, the experimentally measured values
of the 1% and 2" natural frequencies of two mass model of the 750kW WT drivetrain are listed in
Table 4 (Mandic et al. 2012) (Girsang et al. 2014). The analytical results from this study are close to
those values.

3.3  Modelling of Wind Turbine Drivetrain by Using MATLAB/Simulink

The WT drivetrain modelled mathematically in the previous section with various levels of complexity
is also modelled by using Simscape in MATLAB/Simulink. The configuration of the Simulink model
is shown in Figure 5. For the eleven mass model of 11 DOFs, the mesh stiffness between the gears
is included, while it is ignored in the previous models developed. The mesh stiffness is assumed to
be a linear spring positioned in the plane of the action and acting at the centre of the gear widths and
calculated according to ISO6336-1:2006. The calculations of frequency response function (FRF) of
different lamped mass models of 2, 5, 9 and 11 DOFs have been performed, using a fixed and variable
speed generator model respectively. The calculated eigenfrequencies by mathematical models are
compared with that of the Simulink models, showing an excellent agreement. For the variable speed
generator, a simple induction generator model is used (Bruce et al. 2015). The generator model is
capable of providing generator resistance and controls the rotor speed for two different operational
conditions: normal operation and shutdown. The effects of these two operating conditions on the
dynamic responses of the drivetrain system are investigated in this paper.

Based on data available in published literature, there are four different values have been used for gear
mesh stiffness of the planetary gear stage of the 750kW W'T gearbox. These values are summarized
in

Table 5. In the following section, the effects of different gear mesh stiffness values on the dynamic
responses of the WT drivetrain are compared. Numerical analysis of the torque load calculated from
the MATLAB/Simulink models of the drivetrain is also performed by using Fast Fourier Transform
(FFT).

Table 4. Comparison of frequency values of different lumped mass models of the drivetrain (Hz)

Experimental data 2-Mass Model 5-Mass Model 11-Mass Model
Mode | Constant | Variable | Constant | Variable | Constant | Variable | Constant | Variable

speed” speed™ speed speed speed speed speed speed
1 0.806 0 0.864 0 0.864 0 0.841 0
2 / 1.76 5.888 2.524 5.889 2.524 5.859 2.44
3 / / / / 312 312 154 154
4 / / / / 402 402 307 307
5 / / / / 1974 1974 353 353
6 / / / / / / 748 748
7 / / / / / / 1020 1020
8 / / / / / / 1530 1530
9 / / / / / / 4398 4397

* Mandic et al. (2012)
**Girsang et al. (2014)
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Ideal Torgue Source.

Simulink-PS
Converter
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Generator Model

Input
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Input
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Converter
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f(x) =0
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Configuration
e WL =

Figure 5. Configuration of MATLAB/Simulink of eleven mass model of the drivetrain

Table 5. Different mesh stiffness values used for planetary stage of 750kW WT gearbox
Source Mesh stiffness value Units
Planet-Sun | Planet- Ring
Guo et al. (2012) 16.9x10° 19.2x10° N/m
Link et al. (2011) - 4.35x10"2 | Nm/rad
Hong et al. (2014) 5x108 - N/m
Bruce et al. (2015) 13.1x10° 13.1x10° N/m?”

*per unit face width

4 RESULTS AND DISCUSSION

The result comparison of the different models with various DOFs indicates important differences of the dynamic
behaviour of the gearbox components during different operational conditions. Figure 6 illustrates the mode
shapes of the eleven-mass model using the variable speed generator model. Increasing the model DOF enables
the prediction of more complex mode shapes of the drivetrain components and a wider frequency range thus
more accurate descriptions of the torsional vibration of the transmission chain. It is impossible to predict the
frequencies and the related mode shapes of the WT gearbox by using the two mass model. Figure 7 shows the
influence of different gear mesh stiffness values (given in Table 5) on eigenfrequencies, using the
MATLAB/Simulink model of eleven mass with the fixed speed generator model. Increasing the gear mesh
stiffness value results in a wider frequency range and increases the frequencies of the gearbox components but
has no impact on lowest natural frequencies of the drivetrain components, i.e. the LSS, the generator and the
HSS. However, when variable speed generator model is used, the order of the LSS and generator frequencies
is changed, thus the first three lowest frequencies represent the responses of the generator, LSS and the HSS
respectively. The remaining modes represent the gearbox frequencies. Figures 8-11 illustrate the simulation
results in time domain and the FFT analysis in frequency domain of the HSS torque during normal operation
and shutdown, respectively. In normal operation, the frequency spectrum shows the dominated frequency is
0.84 Hz which is close to the estimated natural frequency of the LSS thus may cause the system resonance and
load amplification. During shutdown the most dominated frequency is 2.61 Hz which is very close to the
estimated natural frequency of the generator (i.e. 2.44 Hz) which may also contribute to the resonance of the
drivetrain system.

5 CONCLUSIONS

The WT drivetrain models with different levels of complexity influence eigenfrequencies and eigenmodes of
the WT gearbox, LSS, HSS and the generator. The eleven lumped mass drivetrain model developed by using
MATLAB/Simulink captures the torsional loading on all stages of the gearbox. FFT analysis highlights the
importance of developing detailed WT drivetrain model. It has found that the increasing gear mesh stiffness
value results in a wider frequency range, raises the gearbox frequencies but has no impact on 1st, 2nd and 3rd
lowest frequencies of the drivetrain. Moreover, it has no influence on two lowest and dominant frequencies of
the drivetrain (i.e. 0.84 and 2.44 Hz) during normal operation and shutdown.
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Figure 6. Mode shapes of eleven mass model of drivetrain with variable speed generator model
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Figure 7. FRF of the drivetrain using fixed speed generator model and variable gear mesh stiffness values
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