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Abstract
This work discusses the influence of flexibility within the multibody approach for wind-turbine gearbox
modeling and validates them, by means of a generic gearbox calculation consisting of one planetary gear
stage and two helical stages. First the state-of-the-art rigid multibody modeling with discrete flexibility is
discussed. Secondly flexible multibody modeling by means of reduced finite element models is discussed.
The different structures for coupling the reduced finite element structure to the multibody gearbox model are
investigated. The modal behavior of a fully flexible model of the high speed helical gear stage is determined
and compared to the rigid model. A detailed estimation of the influence of the flexibility of the different
components of the planetary stage is performed. Finally a flexible planet carrier is introduced in the full
gearbox model and a comparison with the rigid full gearbox model is made

1 Introduction

In the new higher megawatt wind turbines, the overall influence of the structure flexibility, consisting of the
tower, the nacelle and, of course, the rotor has become very significant. On top of that, due to the larger
forces and moments, the gearbox and other drive train flexibilities have also become of larger influence on
the global turbine behavior. Within this framework, more detailed gearbox loading simulation models with
explicit focus on the influence of flexibility on the model behavior and practical implementation of flexibility
within the model are needed. This paper, which results from close cooperation with wind turbine gearbox
manufacturer Hansen Transmissions, will focus on the influence of flexibility on gearbox dynamics and do
this by means of a generic gearbox, consisting of three gear stages: one planetary stage and two helical
stages, shown in figure 1. The planetary gear stage consists of three planets and fixed ring wheel, indicated
by number 2 in figure 1. On the low speed shaft (LSS), indicated by number 3 in figure 1, the slow wheel
is pressed. This is in contact with the teeth on the intermediate shaft (ISS), marked by number 4 in figure
1. On the intermediate shaft a high speed wheel is mounted, which establishes contact with the teeth on the
high speed shaft (HSS), indicated by number 5 in figure 1. All multibody modeling and all finite element
modeling (FE modeling) was performed using respectively LMS Virtual Lab Motion and MSC Nastran.

The description of the gearbox dynamics is performed in two steps. The starting point is a state-of-the-art six
degree of freedom (DOF) multibody model (MB model) with discrete flexibility. In this model, the different
gearbox components: shafts, gears, planets, planet carrier and housing are considered to be rigid. Bearings
and gear contact are modeled by means of discrete flexibilities. This type of model will be referred to by the
term: rigid multibody model with discrete flexibility. Afterwards component flexibilities are included. These
are introduced, using finite element models reduced by means of the component mode synthesis technique
(CMS)[14]. The term flexible multibody model will be used for these CMS based type of multibody models.
Important in this reduction, is the use of appropriate coupling structures at the interfaces between the FE-
and multibody model. Various possibilities in doing so, are discussed in detail.
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Figure 1: General view of investigated gearbox

2 Degree of flexibility within the multibody simulation technique

A gear system consists in essence of several subflexibilities:

• gear mesh flexibility: This stiffness represents the stiffness of the contacting teeth of the gear, which
exhibit bending deformation under loading conditions.

• gear body flexibility

• gear shaft flexibility

• bearing flexibility: All bearings will experience a deformation under load, which can be represented
as flexibilities between the shafts and housing

• planet carrier flexibility

• housing flexibility

Depending on the complexity of the used modeling technique some or all of these gear system flexibilities
can be accounted for in the gear system model.

Since a gearbox is the assembly of several gear systems, the same flexibilities are of importance for a full
gearbox. Therefore each gearbox model also needs to account for each of these flexibilities. There are dif-
ferent modeling techniques, with different degrees of complexity, for representing those influences. Two of
them are the 6 DOF rigid multibody modeling with discrete flexibility and the flexible multibody modeling.
Both will be discussed in detail in the following sections.
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3 6 DOF multibody modeling with discrete flexibility

In a first approach, all components are considered to be rigid with six DOFs. In this type of model, two
types of links can be made between two components. In a kinematic link (joint), the movement of the bodies
is linked according to fixed kinematic relations. In a dynamic link, discrete flexibility is introduced in the
system by representing links between components by spring-damper systems. These couple the 12 DOFs
of two components by force-displacement relations, allowing the description of relative movements between
the components depending on the forces acting between them.

3.1 Bearing stiffness modeling

By using 6DOF spring-damper systems to link the forcesFi, acting in the i-direction and momentsMi

acting around the i-axis to the projections in the global axis system of the body position and orientation,
a more realistic representation for the bearings of the gearbox is realized. This creates the possibility to
gather insight in bearing influences on the dynamic behavior of the global system. From now on, these
spring-damper bearing systems will be given the name bushings.

For the used bearing stiffness values themselves, there are two possibilities. First of all constant stiffness
values can be used for describing the bearing behavior. In a more advanced approach, however, frequency
dependent non-linear bearing stiffnesses can be included.

3.2 Gear mesh stiffness modeling

3.2.1 Constant Mesh stiffness value

There are different standards to determine the gear mesh stiffness. In the following, the ISO 6336 standard[1]
will be discussed.

According to ISO 6336, the tooth stiffness parameter representsthe requisite load over 1 mm face width,
directed along the line of action to produce, in line with the load, the deformation amounting to 1µm of
one or more pairs of deviation-free teeth in contact.In the ISO 6336 formulation, the effect of backlash is
included.

For helical gears, the tooth stiffness is defined by one single value, being the maximum stiffness normal to
the helix of one tooth pair;
The mesh stiffness,cγ , is the mean value of stiffness of all the teeth in a mesh.

For the determination of these stiffness values the ISO standard suggests three methods: A,B and C with
descending degree of complexity and detail. The information used in method A should be the result of
full scale load tests or comprehensive mathematical analyses of the transmission system on the basis of
proven operating experience. Therefore method A is seldom used. Method B has sufficient accuracy for
most applications, however more assumptions/approximations are made than for method A, but less than for
method C.

It is important to remark that gear body bending and torsional deformations are not accounted for in the tooth
stiffness, but will be considered by regarding the gear body as part of the shaft.

3.2.2 Evolving mesh stiffness

The previous approaches give a good first estimate of the gear mesh stiffness. However, if one wants to
investigate the effect of gear meshing excitation on the global dynamic gearbox behavior, the variation of the
gear meshing stiffness, when the meshing position changes from root to tip on the driving gear tooth, needs
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to be included. The influence of this meshing stiffness variation is shown amongst others by Lin and Parker
in [2].

Cai
In the approach for helical gears, building further on the ISO appproach, was suggested by Cai[3][4], an
equivalent stiffness evolution is calculated along an equivalent line of action placed in the middle of the face
width. Along this equivalent line of action the stiffness function is determined considering tooth surface
errors such as profile error and lead error. Also the effect of multiple teeth in contact is accounted for. This
leads to the following expression:

k(t) = kp.e
(C0| t−(εtz)/2

1.125εα.tz
|3) (1)

with kp the stiffness at the pitch point,ε the total contact ratio of a helical gear,εα the transverse contact ratio
of a helical gear,tz the meshing time period passing a transverse base pitch (tz = 60/(nz1)), n the rpm of
the driving gear,z1 the tooth number of gear one, t the meshing time of a helical gear pair (s). For further
details, the reader is referred to [3].

Implementation
In the simulations, discussed in this paper, the Cai-approach is implemented in a 12 by 12 relationship
between two meshing gears:

[ −→
F1−→
F2

]
= Kspring,CAI .

 12x12 transformation matrix
from local gear body axes

to global axes system

 [ −→q1−→q2

]
(2)

where: −→
F1 =

[
FX1 FY 1 FZ1 MX1 MY 1 MZ1

]T
(3)

−→
F2 =

[
FX2 FY 2 FZ2 MX2 MY 2 MZ2

]T
(4)

−→q1 =
[

x1 y1 z1 ρx1 ρy1 θ1

]T
(5)

−→q2 =
[

x2 y2 z2 ρx2 ρy2 θ2

]T
(6)

3.3 Implementation in a full gearbox

The 6DOF rigid multibody modeling with discrete flexibilty of the full gearbox can be divided into the
modeling of two types of systems: the two helical stages and the planetary stage.

Helical Stages
The model of a helical stage (figure 2) consists of the following components:

• Two rigid shafts connected to the housing using two bushings each

• Two gear bodies constrained in 6DOFs to the shafts

• A spring-damper system describing the mesh stiffness

This gives a good representation of the dynamics of the helical system, as shown by Peeters in [5] and
Kahraman in [6].

Planetary Stage
The model of a planetary gear stage (figure 3) consists of the following components:
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(a) Helical gear stage (b) Multibody implementation including bearings
and gear mesh

Figure 2: MB model of helical gear stage

• A rigid ring wheel, constrained to the gearbox housing in six DOFs

• A rigid planet carrier connected to the housing using two bushings

• Three planet bodies connected to the planet carrier shafts using two bushings each

• A spring-damper system describing the mesh stiffness between each of the planets and the ring wheel
and between each of the planets and the sun

(a) Planetary gear stage (b) Multibody implementation including bearings and gear mesh

Figure 3: MB model of Planetary gear stage

The representation of planetary stages by lumped masses connected by spring systems, representing bearings
and gear contact, is extensively used by Parker and Lin for analytical characterization of planetary stage
behavior[2][7][8]. The description of the dynamics of the planetary system by these analytical models, was
compared to the one found using the semi-analytical finite element technique of Vijayakar[9]. The Parker
models were found to be in good agreement with the Vijayakar models for the description of the global
dynamic behavior[10][11].
The difference between the Parker models and the suggested 6DOF technique, however, is in the fact that
Parker only accounts for three degrees of freedom (2 translations and 1 rotation) for each body, whereas in
the current model 6DOFS are used. This implies that extra information is accounted for. Peeters has shown
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in [5], that the dynamic behavior found by Parker, can also be seen in the suggested 6DOF rigid multibody
model with discrete flexibilities.

4 Flexible multibody modeling

4.1 Introduction

Both Schlecht[12][13] and Peeters[5] have concluded that rigid multibody models with discrete flexibility
can already account for the effect of many external influences on the internal drive train dynamics. However,
because the goal of this research is the detailed investigation of the effect of detailed flexibility modeling
within the wind turbines gearboxes, there is a need to expand these models to six degree of freedom multi-
body models with component flexibility; this in order to get sufficient answers to the occurring vibrational
behavior.

In this technique, the different gearbox components, such as shafts, gear wheels, planet carrier,etc. are
modeled, not by assigning them with 6DOF, but by representing them using finite element models. In order
to keep the calculation times of the full model reasonable, the FE models need to be reduced using the
component mode synthesis technique.

4.2 Component Mode Synthesis (CMS)

An appropriate solution for achieving a model reduction is the use of the component mode synthesis (CMS)
technique [14][15]. This is a form of substructure coupling analysis in which the dynamic behavior of the
substructure is formulated as a superposition of modal contributions of pre-selected component modes of
the following types: normal modes, rigid body modes, constrained modes, attachment modes, inertia relief
modes and/or inertia attachment modes. There are several combinations of these sets that generate a super-
position of the modes, sufficient for determining the exact static and dynamic response of the component
submitted to external forces applied at boundary nodes.

The CMS technique starts from the second order differential equations describing the linear dynamic behav-
ior of the considered component:

M.q̈ + C.q̇ + K.q = F (7)

In any of the CMS techniques the classical modal transformation:

q = Ψ.η (8)

is performed to represent the physical coordinates q in terms of component coordinatesη. The transformation
matrixΨ consists of pre-selected component modes.

In this research, the Craig-Bampton method is used. In this, the modal transformation matrixΨ is defined by

Ψ = [ΨcΨk] (9)

whereΨc are the constrained modes andΨk, the normal modes. After performing the modal transformation,
the equations of motion are written in terms of the component coordinatesη.
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4.3 Rigid versus flexible FE multibody interfaces: consequences on amount of
flexibility introduced in system

For the flexible modeling of a structure, its large FE model is preferably reduced into a reduced number of
degrees of freedom. In these DOFs, the FE model will be coupled to the multi body model. Choosing the
right reduced set of DOFs is here of utmost importance. It is at this reduced number of DOFs, that the forces
acting on the full FE modeled component will be introduced into the FE model. This implies, that if too
few points are chosen forces distributed over larger parts of the structure will be introduced at one or two FE
mesh nodes, which would imply an unrealistically high force introduction. Bearing forces for instance act on
a section of the shaft. Therefore the full bearing force should be distributed over a sufficient number of FE
nodes. In order to realize this, auxiliary structures have to be used. Several structures are available for this
purpose. The ones used in this research are rigid and flexible multipoint constraints. Both approaches will
be implemented on the low speed shaft (LSS), seen in figure 4 and their influence on the dynamic behavior
will be compared. Arrows 1,3,4 and 5 on figure 4 mark bearing locations, whereas arrow 2 indicates the
sun-LSS spline connection. At all these locations external forces need to be introduced for which multipoint
constraint coupling will be used.

Figure 4: Bearing and external force locations

4.3.1 Rigid multipoint constraints

A rigid multipoint constraint can be used to couple the displacement and forces of several nodes (here referred
to as dependent nodes), to those at one node (here referred to as main node). In the case of a rigid multipoint
constraint, a rigid shell of dependent nodes is created. In other words, the dependent nodes are connected to
each other and to the main node by an infinitely stiff connection. If a circle of dependent nodes is used, this
circle will not ovalize under loading. Therefore, if rigid multipoint constraints are used for the modeling of a
shaft, the shaft’s circumference will be infinitely stiff at these locations. Only the intermediate sections will
deform according to the material stiffness.

4.3.2 Flexible multipoint constraints

A second coupling structure is the flexible multipoint constraint. This type of multipoint constraint also
links the displacements and forces of several nodes (here referred to as dependent nodes) to those of one
node (here referred to as main node). For this linkage, the influence of the different dependent nodes can be
differentiated using weighting factorsωi. For a circle of dependent nodes (figure 5 blue) linked to a main
center node (figure 5 red), the force relation is given by:

Fi = (
M.ωi.ri

ω1.r2
1 + ω2.r2

2 + ... + ω5.r2
5

) (10)
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Figure 5: Bearing and external force locations

where:

• M = Moment at the center node

• Fi = Force at DOF i

• ωi = Weighting factor for DOF i

• ri = Radius from weighted center of gravity to point i

The big difference however lies herein, that the flexible multipoint constraint does not add any extra stiffness
to the structure. Therefore the dynamic and static behavior of the structure will not be influenced by the
auxiliary FE multibody coupling.

4.3.3 Comparison of both coupling structures

Since a CMS reduction involves two types of modes: modes based on static and modes based on dynamic
behavior, the influence of both FE-multibody coupling structures on both these mode types needs to be
investigated.

This investigation is performed by means of the LSS shaft of the gearbox shown in figure 4. At each of
the locations marked with an arrow in figure 4 a multipoint constraint is constructed. These locations are
respectively bearing and spline connection locations.

Comparison of both multipoint constraints with regard to natural frequencies

In order to illustrate the effect of multipoint constraints on the flexible modes, a comparison of the natu-
ral frequencies related to the first three modes, of the shaft without multipoint constraints, the shaft with
rigid- and the shaft with flexible multipoint constraints has been made. The results are shown in table 1.
From this table, it is clear that the eigenfrequencies will be influenced significantly by the multipoint con-
straint choice. There can be concluded that it is advisable to use flexible multipoint constraints, as they don’t
influence the dynamic behavior.
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Mode Nr Without multipoint With rigid multipoint With flexible multipoint
constraints constraints constraints

1 1360Hz 3264Hz 1360Hz
2 1361Hz 3577Hz 1361Hz
3 2420Hz 3580Hz 2420Hz

Table 1: Influence of multipoint constraint on flexible modes

Comparison of both multipoint constraints with regard to constraint modes

Secondly, the effect of the different multipoint constraints on the displacement values for the different con-
straint modes is investigated. The comparison for each of the modes is shown in figure 6 and 7. The rigid
multipoint constraint is found to have significant influence, whereas the flexible multipoint constraint does
not influence the structure at all. This implies that the constraint modes, in a Craig-Bampton reduction
set, may be influenced very significantly by the multipoint constraint choice. Therefore, in order to avoid
coupling structure influence, the flexible multipoint constraints are the most interesting.

(a) Rigid Spider set-up: Constraint mode unit translation
in Y direction

(b) Flexible Spider set-up: Constraint mode: unit trans-
lation in Y direction

Figure 6: Comparison between displacement distribution in the constraint mode with a rigid multipoint
constraint set-up and in the constraint mode with a flexible multipoint constraint set-up

(a) Rigid Spider set-up: Constraint mode: unit rotation
about Y-axis

(b) Flexible Spider set-up: Constraint mode: unit rota-
tion about Y-axis

Figure 7: Comparison between displacement distribution in the constraint mode with a rigid multipoint
constraint set-up and in the constraint mode with a flexible multipoint constraint set-up

4.3.4 Conclusion

From the previous paragraphs it can be concluded, that the choice of a proper FE-multibody coupling is
of utmost importance, as it both influences the constraint as the normal modes of the structure. Since the
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dynamic behavior of the component is described by the reduced mode set consisting of both dynamically
and statically based modes, it is largely dependent on the coupling structure choice. Therefore the dynamic
behavior of the full flexible multibody system will be largely dependent on the choice of a proper coupling
structure. Therefore it is advised to use the flexible multipoint constraint in most cases, as it does not
influence the structures’ static and dynamic behavior.

4.4 Modeling of components of which flexibility is to be of influence on the overall
gearbox behavior

Besides choosing the right FE-multibody connection structure, it is also very important that the number of
flexible modeled components is appropriate for the goal of the calculations, as it takes quite some effort to
build an appropriate FE model for inclusion in multibody calculations and a flexible calculation will lead to
a higher calculation time. The next sections investigate the effect of introducing flexibility in the following
components:

• Shafts

• Gear wheels

• Planet Carrier

The gearbox housing is always considered to be stiff.

Figure 8: Low Speed Shaft multipoint constraint locations

4.4.1 Shafts and gear wheels

The low speed shaft (LSS), the intermediate speed shaft (ISS) and the high speed shaft (HSS) will be imple-
mented as flexible. For each of these shafts, the starting point is a detailed FE model. Afterwards, multipoint
constraints need to be introduced for coupling the shaft to the rest of the MB model.

The first forces which need to be coupled, are the bearing forces. This is done by linking all DOFs of the outer
nodes of the shaft, at the bearing locations, to the 6 DOFS of one center node, using a flexible multipoint
constraint. This is indicated by number 2 in figure 8. It is at the center node that the bearing forces/moments
will be introduced.
The second type of forces, that need to be coupled, are the forces/moments of the spline connection between
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the low speed shaft body and the sun body. This is also realized by the use of a flexible multipoint constraint
to link all DOFs of the shaft nodes at the spline to the 6DOFs of a single center node. It is in this center node,
that the spline forces and moments will be introduced.

As indicated in section 3.2.1, the ISO 6336 standard only takes the tooth stiffness into account, not the gear
body stiffness. The gear wheel itself should be accounted for together with the shaft. This is achieved by
fully connecting the gear body and shaft meshes. In order to introduce the gear mesh forces at the right
locations, a flexible multipoint constraint, connecting the outer gear wheel nodes to a single main center
node, was introduced. This is indicated by number 1 in figure 8.

4.4.2 Planet Carrier

For the planet carrier, the coupling between the multibody and FE model is more complex. The following
coupling structures need to be introduced:

• The two bearing connections, supporting the planet carrier, are modeled using flexible multipoint
constraints, as indicated by number 1 in figure 9. In order to have a more accurate introduction of the
bearing forces over all significant nodes.

• Flexible multipoint constraints are introduced to represent the planet bearing connections between
each of the planets and the planet shafts. These are marked by the arrows with number 2 in figure 9.

• The coupling with the main turbine shaft is realized, using a rigid multipoint constraint, indicated with
number 3 in figure 9. A rigid multipoint constraint is used to represent the interface, because the main
turbine shaft, which in the turbine is inserted at this location in the planet carrier flange, is assessed to
be very stiff.

Figure 9: Planet carrier multipoint constraint locations
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4.5 Conclusions about modeling techniques

Two multibody modeling types were discussed: the 6DOF rigid multibody models with discrete flexibility
and flexible multibody models. From this, the first conclusion can be drawn, that the used coupling structure
between the FE and multibody model is of importance as it influences not only the dynamics of the substruc-
ture, but also the dynamic behavior of the full system. Therefore the modeler should avoid stiffening certain
parts of the component while making others more flexible, as this changes both the static and dynamic be-
havior of the structure. This can be realized by using the flexible multipoint constraints for realizing the FE
multibody coupling.

5 Discussion of simulation results

Simulations are performed under free boundary conditions and divided into two parts. The state-of-the-
art 6 DOF rigid multibody simulations with discrete flexibility form the starting point. In a second step,
component flexibility is added and the dynamic behavior is compared to this starting reference.

5.1 6DOF Rigid MB modeling with discrete flexibility

A modal analysis is performed on the full gearbox. The identified modes are classified in three categories:
planet modes, helical modes and global modes. For the first category, the mode shape is mainly manifested
in the planetary stage and in the second category in the helical stages. The global modes are the mode shapes
in which all gearbox components exhibit significant deformations.

5.1.1 Planet modes

The considered planetary stage, consists of a cage planet carrier with three planets, a sun and a planet-ring
wheel. The planet-ring is non-rotating. According to Lin and Parker[7][16], the modes of such a planetary
system can be classified into classes (figure 10):

• Rotational Modes: These modes have pure rotation of the carrier, ring and sun. All planets have the
same motion and move in phase. The multiplicity of the corresponding eigenfrequencies is one for
these modes.

• Translational Modes: In these modes, the carrier, ring and sun have pure translational movement. The
multiplicity of the corresponding natural frequencies is two.

Because Lin and Parker use three DOF analytical models, their technique is unable to detect mode shapes in
other directions. In [5][17] Peeters showed that the same categories are also present for a rigid 6DOF planet
stage multibody model. On top, Peeters added a fourth category: TheOut Of Plane Modes. In these modes
the planets, sun and/or carrier move out-of-plane.

This leads to a total of four categories of mode shapes. The last category is further divided into two sub-
categories: tilt modes and axial modes. The first type to describe the tilting of the planets and the second
for describing the axial planet translation. The planetary tilt in the so-calledtilt modes, is the result of the
flexibility of the bushings between the planets and the planet carrier shafts. This results in two tilt movements
around the radial axes of the planets. Therefore these modes have multiplicity 2, see figure 10. The modes
in which the planets translate along the axial axes of the planet carrier will be referred to as theaxial modes.

For the planetary gear stage installed in the investigated gearbox, the modes in table 2 were found.

Given table 2, there can be concluded that the axial and tilt modes are of big importance in the dynamic
description of the planetary stage within the full gearbox.
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(a) Rotational Mode (b) Translational Mode (c) Axial Mode (d) Tilt-Mode

Figure 10: Mode Categories of Planetary Gear System

Mode Nr Rotational Translational Axial Tilt
Mode Mode Mode Mode
(m=1) (m=2) (m=2)

1 81
2 163
4 200
5 248
7 254
9 355
20 491
21 543
22 686
23 686
24 937
25 937
26 954
31 1091
33 1246
34 1246
35 1322
38 1400

Table 2: Eigenfrequencies (Hz) of planetary stage of rigid MB model with discrete flexibilities of full gearbox
with free boundaries

5.1.2 Helical modes

The second part of the gearbox is the helical part, which consists of two helical gear stages. Table 3 lists
the gearbox modes under free boundaries, which are dominated by displacements in their helical stages. The
eigenfrequencies are categorized in two columns according to the helical stage in which their mode shape
occurs. The mode shapes involving the ISS are assigned to both columns as the ISS is a part both of the low
and high speed helical gear stage. Two of these mode shapes are visualized in figure 11.
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Mode Nr Low Speed High Speed Description
Helical Stage Helical Stage Of The Mode Shape

3 168 168 Axial translation of ISS
6 252 252 Rotation of ISS around one of its radial axes (tilting)
8 290 Axial translation of LSS
10 382 Axial translation of HSS
11 425 Rotation of LSS around one of its radial axes(tilting)
12 425 Rotation of LSS around one of its radial axes(tilting)
13 427 Rotation of HSS around one of its radial axes
14 450 Rotation of LSS around one of its radial axes
15 450 Rotation of LSS around one of its radial axes
17 490 490 Rotation of ISS around one of its radial axes
18 490 490 Rotation of ISS around one of its radial axes
22 875 875 Rotation of ISS around on of its radial axes
27 1011 Rotation of HSS around on of its radial axes
28 1011 Rotation of HSS around on of its radial axes
29 1080 Rotation of LSS around one of its radial axes(tilting)
30 1080 Rotation of LSS around one of its radial axes(tilting)
32 1145 Rotation of HSS and ISS around one of their radial axes
36 1342 Rotation of HSS around one of its radial axes
37 1342 Rotation of HSS around one of its radial axes
39 8085 Rotation of ISS around one of its radial axes
40 8090 Rotation of ISS around one of its radial axes

Table 3: Eigenfrequencies (Hz) of helical stages of rigid MB model with discrete flexibilities of full gearbox
with free boundaries

5.1.3 Global modes

On top of the modes consisting of predominant helical stage displacements or only planetary stage displace-
ments, there are also global modes with significant deformation in the entire system. Their eigenfrequencies
are shown in table 4.

Mode Nr Global Mode
9 355
16 480
31 1091

Table 4: Eigenfrequencies (Hz), of rigid MB model with discrete flexibilities of full gearbox with free
boundaries, of which mode shape influences both the planetary as the helical stages of the gearbox.
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(a) Axial ISS translation mode corresponding to eigenfre-
quency at 168Hz

(b) Rotation mode of ISS around one of its radial axes
corresponding to eigenfrequency at 490Hz

Figure 11: Two exemplary mode shapes of helical stages of rigid MB model with discrete flexibilities of full
gearbox with free boundaries

5.2 Flexible MB simulations

5.2.1 Introduction

In this section, the eigenfrequencies of the 6DOF multibody system with discrete flexibility are compared to
the ones of the flexible multibody model. This is done in different stages. First the focus is put on flexibility
within the helical gear stages, afterwards on the planetary stage and finally the whole gearbox is considered.

5.2.2 Flexible model of the high speed helical stage

Figure 12: Flexible helical gearstage
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First, the effect of the flexibility of the high speed helical gear stage (shown in figure 12) on the gearbox
dynamics is investigated. Two models were made. First, a rigid multibody model with discrete flexibility for
bearings and gear mesh stiffness. Afterwards, this model was extended to a full flexible multibody model.
In this, the intermediate shaft including slow wheel was modeled using a 135528 DOFs mesh and the high
speed shaft using a 90125 DOFs. For both, mesh stabilization for the first 15 eigenfrequencies was checked.
Since the frequency range of interest is from 0 to 1500Hz, normal modes above 3000Hz were included in
the Craig-Bampton set. The first fifteen modes of these sets for the ISS as for the HSS are shown in table 5.

The resulting eigenfrequencies and mode shapes for both simulations are shown in table 6. It is clear that
the flexibility has significant influence on the dynamic behavior of the single helical gear stage. All eigenfre-
quencies of the flexible model decrease compared to the rigid ones. This is to be expected due to a decrease
of the components stiffness (from rigid to a more realistic value) for a constant mass. A second finding is the
fact that the number of eigenfrequencies increases significantly. This is due to the larger number of DOFS
of the flexible shaft compared to the rigid one, which leads to more coupled modes. This results in a more
detailed and accurate description of the gear stage dynamic behavior.

Mode ISS HSS
1 620 717
2 620 717
3 1288 1282
4 1717 1544
5 1717 1544
6 1918 2522
7 1952 2671
8 1952 2723
9 3127 2723
10 3164 3757
11 3164 3757
12 3185 3842
13 3772 4226
14 3809 4854
15 3809 4998

Table 5: Free-free eigenfrequencies of ISS and HSS
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Rigid MB Model Flex MB Model
Mode Nr Eigenfrequency Mode Nr Eigenfrequency Mode Description

1 168 1 167 Axial translation of ISS
2 380 2 333 Axial translation of HSS
3 491 3 384 Rotation of ISS around one of its radial axes
4 491 4 384 Rotation of ISS around one of its radial axes

5 562 Rotation of ISS around one of its radial axes
6 562 Rotation of ISS around one of its radial axes

5 1140 7 743 Rotation of HSS around one of its radial axes
6 1300 8 743 Rotation of HSS around one of its radial axes
7 1300 9 780 Rotation of HSS around one of its radial axes

10 950 Local ISS mode coupled with
radial translation of HSS

11 950 Local ISS mode coupled with
radial translation of HSS

12 1288 Local ISS and HSS mode
13 1421 Rotation of HSS around one of its radial axes

10 2111 14 1540 Rotation of HSS around one of its radial axes
11 2111 15 1540 Rotation of HSS around one of its radial axes

16 1717 Local ISS mode
17 1717 Local ISS mode

8 1408 18 1830 Rotation of ISS around one of its radial axes
9 1408 19 1830 Rotation of ISS around one of its radial axes
...

Table 6: Comparison of the eigenfrequencies (Hz) found using a rigid multibody simulation with discrete
flexibility to the ones found using a flexible multibody simulation. In the rigid model, the components are
modeled as rigid, the bearings are represented using spring damper systems and gear contact using a constant
stiffness. In the flexible approach, the shafts and gear wheels are added using reduced FE models.

5.2.3 Flexible model of planetary stage

The second important gear stage type in the overall gearbox is the planetary stage. Because this system is far
more complex than the helical system, the flexibility investigation is performed in several steps. To this end,
the eigenfrequencies are calculated for different scenarios, describing increasing degree of flexibility:

• Scenario A: The influence of the planet shaft flexibility

• Scenario B: Free-free flexible planet carrier

• Scenario C: Model consisting of flexible planet carrier constrained using joints (front: spherical joint,
back: radial translations locked). Planets constrained on planet carrier using 6 DOF locking joints.

• Scenario D: Model consisting of flexible planet carrier suspended using bushings at front and back.
Planets constrained on planet carrier using 6 DOF locking joints.

• Scenario E: Model consisting of flexible planet carrier suspended using bushings at front and back.
Planets suspended in planet carrier using bushings.

• Scenario F: Model consisting of flexible planet carrier suspended using bushings at front and back.
Planets suspended in planet carrier using bushings. Gear contact mesh stiffness between planets and
ring wheel
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• Scenario G: Model consisting of flexible planet carrier suspended using bushings at front and back.
Planets suspended in planet carrier using bushings. Gear contact mesh stiffness between planets and
ring wheel. Gear contact mesh stiffness between planets and sun. Sun connected to LSS as in gearbox,
with LSS on bearings as in gearbox.

• Scenario H: Rigid planet carrier suspended in bushings at front and back. Planets suspended in planet
carrier using bushings. Gear contact mesh stiffness between planets and ring wheel.

In doing so, the contribution of the different flexibilities can be assessed in detail within the operating range
of 0-1500Hz.

(a) Planet carrier with rigid planet shafts (b) Planet carrier with flexible shafts

Figure 13: Comparison of static torsional displacements

Scenario A: Influence of planet shafts
First the influence of the flexibility of the planet shafts is investigated. This is done by comparing the static
torsional stiffness of a planet carrier for two set-ups. In the first one, the planet carrier shafts are modeled
as rigid. This is done by connecting the interface nodes between planet carrier and shaft using a rigid
multipoint constraint connection. At the center nodes of these multipoint constraints, the three translations
are locked. The shaft connection is done using a rigid multipoint constraint connection. At the center node
of this multipoint constraint a unity torque is applied and the three translations are locked. The results of
this analysis are compared to a setup containing the planet shafts to assess the planet shaft influence. Here,
the external nodes of each planet shaft are connected to center node using a flexible multipoint constraint
connection. Again the translations at the same locations are locked and a unity torque is applied.

First convergence of the mesh was investigated by comparing different mesh sizes. The difference in torsional
stiffness between a 67107DOF and a 161934DOF mesh was found to be less than 0.5%.

From comparison of both set-ups, it was found that modeling the planet shafts as rigid, adds 30.4% to the
overall torsional stiffness of the planet carrier. The comparison of the displacements themselves are shown
in figure 13.

Conclusion
The planet shafts are found to have significant influence on the modal behavior of the planet carrier itself.
Therefore they should preferably be included in the planet carrier mesh, if one wants to use it in a multibody
model.
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Scenario B: Free-free flexible planet carrier
A detailed FE model of the planet carrier, consisting of 105564DOFs and using multipoint constraint con-
necting structures located as discussed in section 4.4.2, was constructed. Different mesh sizes were compared
until stabilization of the first 15 flexible modes occurred within a range below 1%. The free-free eigenfre-
quencies are listed in table 7. It can be seen that the planet carrier itself has already quite some eigenfrequen-
cies within the range of interest. Therefore it is advisable to further investigate the planet carrier influence.

Scenario C: Inclusion of joints and planets
In this scenario, the model consists of a flexible planet carrier constrained using joints (front: spherical joint,
back: radial translations locked). For the flexible modeling of the carrier, normal modes up to 4000 Hz were
included in the Craig-Bampton reduction. This leads to a reliable model up to 2000 Hz. The planets were
constrained on the planet carrier using 6 DOF locking joints. The resulting eigenfrequencies are listed in
table 7. From these results, it can be seen that there is a significant decrease of the frequencies. The first
eigenfrequency for example is halved. This due to the increased mass caused by the inclusion of the planets.
Therefore more eigenfrequencies will be within the range of interest and the importance of the flexibility of
the planet carrier within the full gearbox will increase.

Scenario D: Flexible suspended up planet carrier
The next flexibility inclusion is realized by supporting the system from scenario C with flexible bearings.
The resulting eigenfrequencies are listed in table 7. It can be seen, that the planet carrier bearing flexibility
results in a large downward eigenfrequency shift. The first eigenfrequencies decrease by a factor four and
more. This due to the flexibility coupling in which the planet carrier (seen as spring) is coupled to two
parallel more flexible springs. This shows the large influence of the bearings on the gear system. For these
calculations industry representative bearing stiffnesses were chosen. Therefore, it can be concluded that the
industrial planet carrier bearings will play an important role within the overall gearbox behavior.
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Scenario B Scenario C Scenario D Scenario E Scenario F Scenario G Scenario H

800 472 81 80 80 81 81
801 477 153 151 151 153 153
950 722 153 205 151 153 153
950 856 205 205 205 199 199
961 863 205 245 205 199 199
1045 896 752 250 245 244 244
1140 896 752 252 250 245 256
1164 937 760 578 577 252 482
1391 947 861 582 582 445 543
1392 1057 864 614 614 455 686

1074 1042 686 661 537 686
1267 1057 686 686 537 937
1310 1060 744 686 560 937
1325 1130 824 747 560 937
1338 1283 826 763 593 937
1389 1309 857 763 637 955
1444 1395 857 824 686 955

1407 867 826 686 1246
902 855 768 1246
968 855 776 1246
972 865 816 1379
1085 901 816 1400
1141 968 823 1400
1141 972 824
1145 1023 829
1369 1085 831
1371 1140 833
1416 1146 838
1425 1151 840

1366 840
1369 900
1371 946
1425 946

961
1020
1080
1080
1121
1125
1152
1180
1192
1206
1213
1219
1238
1304

Table 7: Eigenfrequencies(Hz) for different planetary stage scenarios
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Scenario E: Bushing connections between planets and carrier
Up till now the planets were constrained in all degrees of freedom to the planet carrier. In reality, however,
bearings are used. They are modeled using bushings and lead to the eigenfrequencies listed in table 7. Quite
some extra eigenfrequencies are found by including the planet bearings. It is in this step, that the traditional
mode categories, discussed in section 5.1.1, pop up. A downward shift however is not stated. This is logical,
as the mass of the planets was already included and other coupling between planets and carrier will be
limited.

Scenario F: Gear contact mesh stiffness between planets and ring
As shown in section 3.3, each planet experiences double gear contact, one with the ring and one with the sun.
In this scenario only the planet-ring gear contact mesh stiffness is included. The resulting eigenfrequencies
are shown in tables 7. The influence of the single gear contact stiffness is rather limited.

Scenario G: Gear contact mesh stiffness between planets and ring and between planets and sun
In this scenario, the double gear contact is included. Important here is the sun. This is connected to the
LSS which is suspended in its bearings like in the full gearbox. Results are shown in table 7. From the
results table it is clear, that the existing eigenfrequencies of scenario F, do not experience large shifts, but
that quite some extra eigenfrequencies are found. These are originated from the flexible subsystem: planet
in its bearings between two gear contact springs. Due to the large number of extra eigenfrequencies, solely
determined by this subsystem, it can be concluded, that an accurate description of the gear contact and load
distribution amongst the different planets within the multibody system is needed.

Scenario H: Rigid model with discrete flexibilities
This scenario describes the current state-of-the-art rigid model with discrete flexibilities and will be used to
compare the model from scenario G to. The eigenfrequencies of model H are shown in table 7. From the
comparison of scenario H (the rigid MB model with discrete flexibility) to scenario G (the full flexible MB
model), two main conclusions can be drawn:

1. First of all, the eigenfrequencies of the modes dominated by planet behavior are a bit overestimated,
but still relatively accurately characterized by the rigid multibody model with discrete flexibility. The
found modes are the ones of the categories introduced in section 5.1.1. The overestimation is due to a
too stiff planet carrier modeling.

2. However, the rigid body model with discrete flexibility fails to find a large number of eigenfrequencies
within the range of interest. This is because these eigenfrequencies originate from planet carrier modes
coupled in series or parallel with other flexibilities in the model. Here bearings are responsible for a
large shift downwards of the planet carrier eigenfrequencies and should therefore be modeled very
accurately. Gear mesh stiffnesses and load distribution between planets, ring and sun cause a large
extra number of eigenfrequencies. Therefore both should be very well characterized within the model.

5.2.4 Flexible MB model of full gearbox

Now both subsystem of the previous sections are combined into the full gearbox consisting of a single
planetary stage and two helical stages. In this model only the planet carrier is modeled using a CMS reduced
FE model. The overall eigenfrequencies are calculated, categorized according to their mode shape. Two
comparisons are made: first with the single planetary stage and secondly with the the rigid MB model with
discrete flexibilities of the full gearbox.

The full gearbox model with flexible planet carrier results in the following behavior:
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(a) Translational mode shape of rigid model with discrete
flexibility at 1400Hz

(b) Translational mode shape of flexible model at 1211Hz

Figure 14: Two corresponding translational mode shapes of planetary stage of flexible MB model of full
gearbox, with discrete flexibilities and flexible planet carrier under free boundaries

Planet Modes
The planet modes for the system containing a flexible planet carrier are shown in table 8. They are to be
compared to the results in table 2. This comparison between the rigid and flexible model (figure 14), shows
for example the downward frequency shift of one of the translational modes from 1400Hz to 1211Hz.

Helical Modes
The mode shapes of the helical system can be found in table 9. They are to be compared to the results in
table 3. It is found that the eigenfrequencies are almost not influenced by the planet carrier flexibility. This
shows that the flexibility of the planet carrier has a low influence on the dynamics of the helical stage. Again
the same two mode shapes, who were visualized for the rigid model, see figure 11, are visualized for the
flexible model and shown in figure 15.
Since all shafts are modeled as rigid components in the current model, the eigenfrequencies originating
from the high speed helical gear stage are the ones who both appear in table 9 as in column two of table 6.
Consequently column three of table 6 gives a first insight in what the eigenfrequencies would be if the high
speed helical stage were to be included as flexible.

(a) Axial ISS translation mode corresponding to eigenfrequency
at 168Hz

(b) Rotation mode of ISS around one of its radial axes corre-
sponding to eigenfrequency at 490Hz

Figure 15: Two exemplary mode shapes of helical stages of flexible MB model, with discrete flexibilities
and flexible planet carrier, of full gearbox with free boundaries
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Mode Nr Rotational Translational Axial Tilt
Mode Mode Mode Mode
(m=1) (m=2) (m=2)

1 81
2 162
4 205
5 244
6 246
9 360
16 454
20 560
22 638
23 686
24 686
32 841
35 939
36 962
41 1080
42 1091
46 1211
53 1350

Table 8: Eigenfrequencies (Hz) of planetary stage of rigid MB model, with discrete flexibilities and flexible
planet carrier, of full gearbox with free boundaries

Global Modes
The global modes are listed in table 10. They are to be compared to table 4.

Figure 16: Planet carrier mode at 1220Hz
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Mode Nr Low Speed High Speed Description
Helical Stage Helical Stage Of The Mode Shape

3 168 168 Axial translation of ISS
7 252 252 Rotation of ISS around one of its radial axes
8 290 Axial translation of LSS
10 382 Axial translation of HSS
11 425 Rotation of LSS around one of its radial axes
12 425 Rotation of LSS around one of its radial axes
14 451 Rotation of LSS around one of its radial axes
15 451 Rotation of LSS around one of its radial axes
17 490 490 Rotation of ISS around one of its radial axes
18 490 490 Rotation of ISS around one of its radial axes
34 875 875 Rotation of ISS around one of its radial axes
38 1011 Rotation of HSS around one of its radial axes
39 1011 Rotation of HSS around one of its radial axes
44 1146 Rotation of HSS around one of its radial axes
51 1342 Rotation of HSS around one of its radial axes
52 1342 Rotation of HSS around one of its radial axes

Table 9: Eigenfrequencies (Hz) of helical stages of flexible MB model, with discrete flexibilities and flexible
planet carrier, of full gearbox with free boundaries

Mode Nr Global Mode
9 360
13 427
19 493

Table 10: Eigenfrequencies (Hz), of Flexible MB model, with discrete flexibilities and flexible planet carrier,
of full gearbox with free boundaries, of which mode shape influences both the parallel as the helical stages
of the gearbox.

Planet Carrier Modes
Due to the flexibility of the planet carrier a large number of modes is introduced, which are dominated by
the flexible displacement/deformation of the planet carrier. These are listed in table 11. An example of such
a mode shape is shown in figure 16.

Conclusion
By including the planet carrier as flexible, the number of DOFs of the investigated system has increased
drastically. This leads to an increase in the component number of system eigenfrequencies, compared to the
6DOF modeling.

From the comparison between the single planetary stage model and the flexible gearbox model, it can be
concluded that the number of eigenfrequencies within the range of interest decreases. Most eigenfrequencies
remain around the same value both in the single stage as in the full gearbox. However others disappear from
the range of interest. This is possibly related to stiffening effects, due to interaction with other components
(LSS,ISS,HSS,...) as the single planetary stage is built in the full gearbox, which could shift some eigenfre-
quencies to higher values. However when the gearbox is built in a wind-turbine drive-train, the increase of
inertia could reshift some of these frequencies back into the range of interest.

From the comparison between the full gearbox rigid model with discrete flexibility to the flexible full gearbox
model, it can be concluded that the number of eigenfrequencies increases with the flexibility. Secondly an
eigenfrequency shift or eigenfrequency switching for certain modes found in the 6DOF rigid simulation
is seen. Others, independent of the planet carrier, will not shift at all. The simple trend of decreasing
eigenfrequencies as stated in the single helical gear stage is not always valid anymore.
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Mode Nr Planet Carrier Mode
25 764
26 769
27 773
28 824
29 830
30 831
31 838
33 849
37 986
40 1021
43 1141
45 1159
47 1220
48 1230
49 1303
50 1339
53 1376
55 1433
56 1438
57 1453
58 1494

Table 11: Eigenfrequencies (Hz), of Flexible MB model, with discrete flexibilities and flexible planet carrier,
of full gearbox with free boundaries, of which mode shape is mainly due to planet carrier contribution

Nevertheless, similar characteristic modes such as the characteristic planetary and helical modes, discussed
in section 5.1.1 and 5.1.2, are still found.

Due to the frequency shift and the extra frequencies, it can be concluded that it is advisable to model the
planet carrier as a flexible component within the full gearbox model.
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6 Conclusion

A 6 DOF rigid multibody simulation with discrete flexibility of a multi-megawatt wind-turbine gearbox was
considered. The flexibility was situated in two components: the bearings and gear mesh. Both were described
using spring-damper systems. For gear mesh stiffness, the difference between a constant stiffness, according
to the ISO 6336 standard, and an evolving stiffness, following Cai, was discussed.
Afterwards, the rigid modal behavior of the planetary stage was discussed. Four categories of mode shapes
were found: the rotational modes, translational modes, axial modes and tilt-modes. The first two categories
were confirmed by Parker’s research. The last two categories were also indicated by Peeters but categorized
in a single category.

In addition, component flexibility was introduced into the model, using Craig-Bampton reduced finite ele-
ment models. A first main focus was laid on the coupling between the FE and MB model. Two coupling
structures were investigated: rigid and flexible couplers. In order to get an accurate description of the dy-
namics of the real system under investigation, these coupling structures are found to be of relevance, as they
both influence the system constraint modes as well as its normal modes. Great care should be taken not to
unrealistically stiffen certain parts of the structure, concentrating the flexibility in small regions. In other
words, according to the system under investigation, the right structure should be chosen.

First, the high speed helical gear stage was made fully flexible. Modal properties were determined under
free boundary conditions. Two main conclusions were drawn. First of all, the eigenfrequencies tended, as
expected, to have a downward shift compared to the rigid model. Secondly, the number of eigenfrequencies
increased drastically. More coupling between the displacements of the different components was found in
the mode shapes. Therefore in order to accurately describe the high speed helical gear stage modal behavior
in detail, it is suggested to introduce flexibility.

Afterwards, the planetary stage flexibility was investigated in detail. Two main conclusions were drawn. First
of all, the rigid MB model with discrete flexibility locates the eigenfrequencies quite accurately. However,
the rigid body model with discrete flexibility fails to find a large number of eigenfrequencies within the range
of interest. This is because these eigenfrequencies originate from planet carrier modes coupled in series or
parallel with other flexibilities in the model. Here bearings are responsible for a large shift downwards of the
planet carrier eigenfrequencies and should therefore be modeled very accurately. Gear mesh stiffnesses and
load distribution between planets, ring and sun cause a large extra number of eigenfrequencies. Therefore
both should be very well characterized within the model.

With these findings in mind, the planetary system of a full rigid modeled gearbox was made flexible. A few
conclusions were drawn. First of all, the number of eigenfrequencies increased compared to the rigid model,
but decreased as compared to the single planetary stage model. The first is due to introduction of planet
carrier modes; the second because of stiffening by other gearbox parts. Secondly, the four different categories
found in the rigid simulations are still present in the flexible one, but the corresponding eigenfrequencies have
shifted slightly.

Due to the eigenfrequency shifting and the extra eigenfrequencies originating from the flexible planet carrier,
it is advisable to model the planet carrier as flexible within the full gearbox model.

Further investigation of the eigenfrequency shift and switching needs to be performed. Especially forced
response analysis is useful to identify which of the modes are excited under operating conditions. In addition,
the gearbox housing is to be made flexible, as it is expected to be of great influence on the gearbox dynamic
behavior.
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