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Abstract

The optimization of load sharing between planets is one of the most important goals in planetary gearbox design. Unevenly
distributed load will cause locally higher flank pressures and therefore, less durability of gears and bearings. Furthermore,
unevenly distributed or fluctuating loads can cause excitations in the gear mesh and structural vibrations. The load sharing
in planetary gear stages depends on the individual stiffness conditions in each mesh position. The stiffness is not only
influenced by the gear geometry but also by the surrounding structural elements like shafts, housings and torque arms. In
wind industry these components are often designed very stiff in order to reduce their effect on the operational behavior.
Within this paper, a method is presented, which allows combining the structural optimization process with a tooth contact
analysis for planetary gearboxes. By means of this combined approach, it is possible to optimize the housing structure of
the ring gear in terms of mass reduction while keeping the operational behavior in focus. With a weighted design objective
function, it is possible to decide whether the main objective should be load distribution, excitation behavior, low mass or
a balanced design.

Reduktion der Masse bei Verbesserung des Einsatzverhaltens: Formoptimierung von
Planetengetriebegehdusen

Zusammenfassung

Die Optimierung der Lastaufteilung zwischen den einzelnen Planeten ist eines der Hauptziele in der Auslegung von Pla-
netengetrieben. Ungleichmifig aufgeteilte Lasten bedingen unter anderem hohere Zahnflankenpressungen und damit eine
geringere Lebensdauer der Verzahnungen und der Lager. Zusitzlich konnen ungleichméBig verteilte oder zeitlich variie-
rende Lasten zu Anregungen im Zahneingriff oder der umliegenden Struktur fiihren. Die Lastaufteilung auf die Planeten ist
dabei abhiingig von der individuell fiir jeden Zahneingriff vorliegenden Steifigkeit. Die Eingriffssteifigkeit ist dabei nicht
nur von der Zahnradgeometrie sondern auch von den strukturell angebundenen Komponenten wie Wellen, Gehiduse oder
Drehmomentenstiitzen abhingig. In Windkraftanwendungen werden diese Komponenten héufig sehr steiff ausgefiihrt, um
einen geringen Einfluss auf das Einsatzverhalten auszuiiben. In diesem Bericht wird eine Methode vorgestellt, welche eine
Strukturoptimierung mit einer Zahnkontaktanalyse fiir Planetengetriebe kombiniert. Mit Hilfe dieses kombinierten Ansat-
zes ist es moglich die Masse des Hohlradgehduses zu reduzieren und gleichzeitig das Einsatzverhalten zu bewerten. Durch
die gewichtete Bewertungsfunktion ist es zudem moglich als Auslegungsziel die Lastaufteilung, das Anregungsverhalten,
die Masse oder ein ausgewogenes Design festzulegen.

1 Introduction and motivation

>4 Julian Theling

j.theling@wzl.rwth-aachen.de In 2012, about 32% of the companies in the German me-
chanical and automotive engineering sector used lightweight

' Laboratory of Machine Tools and Production Engineering construction technologies [1]. The term lightweight con-
(WZL), Campus Boulevard 30, Aachen, Germany struction includes the use of lightweight construction ma-

2 RWTH Aachen, Aachen, Germany terials such as high-strength steels or fiber composites

(lightweight material construction), but also structural
Published online: 04 March 2021 @ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Forsch Ingenieurwes

— Cost Categories in the Total Costs of
Automotive Suppliers in Germany(2013)

1.5%
3.6%x
=238

>
=
%
o

7%

B Material Costs

Trade Goods/
Ext. Processes

Personell Expenses
Social Costs

Energy Bl Other

Source: [3]

—— — Mass Distribution of the FVA Nacelle Gearbox —

Cylindrical Gears, Shafts,
Bearings, Carrier ~ 65%

Housing incl. Ring
Gear ~ 35%

- Advantages of Structural Optimization
m Better Material Utilization
B Less Mass

B Reduction of Material and
Transport Costs

® Reduced Need for Infrastructure

vé
v €
v/,

Fig.1 Percentage of Material Costs (Left) and Advantages of Structural Optimization (Right)

optimization for better utilization of the existing mate-
rial (lightweight design) and the integration of additional
functions in the supporting structure (function-integrated
lightweight construction) [2].

The reasons for using lightweight construction technolo-
gies depend mainly on the product to be manufactured. The
main factors are often the reduction of mass or material
costs. Fig. 1 shows on the left the cost types in relation to
the total costs of automotive suppliers in Germany. Due to
the high level of automation in production, the material ac-
counts for approx. 56% of the total costs incurred. In com-
parison to this the personnel costs in the high-wage country
Germany are approx. 18% of the total costs [3]. Due to the
reduction of assigned material and a better material utiliza-
tion, potential for cost reduction and profit maximization
often results. This cost structure is not directly transfer-
able into wind turbine industry, but shows that with a high
percentage of automated processes, material costs become
more important.

The distribution of the masses at the FVA nacelle gear-
box, see Fig. 1, shows that approx. 35% of the gearbox
weight is accounted for by the external structural compo-
nents (housing, ring gear, torque arm) [4]. In comparison,
approx. 65% of the mass is accounted for by the rotating,
power-transmitting components. Since a large part of the
external structural components are casted from ductile cast
iron, the material costs are lower compared to the case-
hardened steel of the gears. Savings are nevertheless pos-
sible, since castings in particular are produced close to the
final contour and there is no need to remove excess material
by machining. A structural optimization and the associated
reduction of the mass of the external components leads
to lower material demand and also to lower transportation

@ Springer

costs. With lower mass, smaller cranes or machines can be
used, for example, so that the need for infrastructure in the
company and during assembly is lower [5].

Besides mass reduction, the optimization of the deforma-
tion behavior is an essential aspect of structural optimiza-
tion. Planetary gearboxes in particular react sensitively to
axis deviations. Since axis deviations do not result in ideal
contact of the tooth flanks, excitations can occur, but also
a changed load distribution and thus loading of the indi-
vidual planets. With the help of a structural optimization
an optimization of the structure regarding optimal displace-
ment behavior and thus better contact conditions in the gear
mesh is possible.

The use of lightweight construction technologies in gear
construction is limited in most areas of application to the
use of more stressable materials or the reduction of the
stress on the gear teeth and thus the reduction of mass
through reduced gear widths or center distances [6]. Fur-
thermore, there are approaches to reduce the mass of the
gear body, which is subject to less stress [7]. An optimiza-
tion of the gear environment, especially of planetary gear
stages, has hardly been part of scientific investigations so
far and could provide further potentials for increasing the
power density.

2 Structure optimization of planetary
gearboxes

The structural optimization tasks are subdivided on the ba-
sis of the degrees of freedom in the optimization, since
the solution strategy can also be derived from them [8]. In
addition to the classification according to the selection of
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the construction method and the material used, optimization
tasks are divided into three further classes. The class with
the smallest degree of freedom after the choice of material
is the dimensioning. Here the shape of the component is
left unchanged and individual geometry parameters are ad-
justed. In the case of a simple beam, three different param-
eters (length, width, height) are available for dimensioning,
which can be optimized for the load [5].

If the outer contour of the component is also changed,
it is called shape optimization. In shape optimization, the
outer shape of the component is adapted so that different
profiles can exist over the length of the beam. If it is pos-
sible to add new structural elements such as holes, cutouts
or beams within the optimization, it is called topology op-
timization. Usually, a higher number of degrees of freedom
leads to enhanced solutions. At the same time, the compu-
tational effort increases, so that it has to be considered to
what extent the effort is tolerable [5].

The most used operating form of planetary gearboxes in
wind-industry is the two-shaft operation. This means that
one of the three central shafts (planet carrier, sun gear, ring
gear) is fixed to the housing and the input or output is real-
ized via the other two shafts. For the input stage, which has
to carry the highest torque, gearboxes with a housing fixed
ring gear are mainly used in industrial practice. Therefore,
this report is limited to this design.

For structural optimization of planetary gears, heavy,
constantly loaded components are primarily suitable. In lit-
erature, therefore, there are mostly approaches for structural
optimization of planet carriers, among other factors mainly
because the rotating mass of the carrier can modify the ro-
tational transmission and inertia behavior [9-11]. Due to
the fact that the direction of force is always the same, the
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planet carrier has a constant point of force application and
a constant load zone. The optimization can therefore, theo-
retically, be carried out with the worst-case load case.

Due to its weight, the connection of the ring gear to
its surroundings is another suitable element for structural
optimization. The gear housing supports the torque applied
to the ring gear and transfers it into the main frame. Torque
arms or discrete connection points in form of screwed or
welded connections are often chosen for this purpose. In
literature, no work for the optimization of the ring gear
housings can be found.

In a planetary gearbox the power is split between power
paths (planets) due to multiple meshes, so that not only one
load acts simultaneously on the ring gear, but the number
of loads corresponds to the number of planets, see Fig. 2
(left). In a zero-deviation gear unit, the amount of the input
torque which is transmitted by each planet is determined by
the combination of all meshing stiffnesses [12]. The load
that is transmitted by each individual mesh is also variable
over the tooth width, see Fig. 2 (bottom left).

In contrast to the planet carrier, the direction of force
and the point of force application in the ring gear changes
depending on the position of the carrier, see Fig. 2 (top
right). Depending on the position of the planets, a different
area of the structure is thus loaded and lies within the force
flow. This means that an optimization cannot be carried
out for a discrete carrier position, but a multitude of mesh
positions over the circumference of the ring gear must be
considered.

The connection of the ring gear to be optimized addition-
ally influences the meshing stiffness of the individual ring
gear mesh positions, see Fig. 2 (bottom right). Due to the
often-used discrete connection to the environment, certain
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Fig.2 Challenges during the Structural Optimization of Planetary Gearbox Housings

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Forsch Ingenieurwes

areas react more rigidly to the load in the tooth mesh than
other areas. As a result, the stiffness of the mesh is different
over the circumference. Depending on the position of the
planet carrier, this also leads to a variable load distribution,
so that the load cases for different housing structures vary
and cannot be precalculated.

3 Extension of the FE-Stirnradkette in order
to simulate planetary gearboxes

In the planetary gearbox, the load applied to the central
gears is divided between the individual planets. How much
load is transmitted via a power path depends on the mesh-
ing conditions of all gear meshes of a planetary gear unit.
In order to be able to predict the load distribution and thus
the locally correct load on the housing structure caused by
the ring gear meshes, the FE-based tooth contact analysis
STIRAK is extended in three steps. First the simultaneous
loading of the central gears with all planet meshes is imple-
mented, then the single gear meshes are coupled in a spring
model. In a further step, the housing structure is connected
to the ring gear so that the surrounding stiffnesses can be
taken into account in the tooth contact analysis. The work
presented here is part of the IGF project 19328N/1 [13],
which is also known under the FVA project number FVA
377 11 [14].

3.1 Extension of the calculation of influence
coefficients

The FE-Stirnradkette is an FE-based tooth contact analysis.
This means that the tooth contact stiffness is not determined

Contact Distance

Influence Coeff.

[ Calculation of Influence Coeff. Total D

by an analytical method, but by an upfront calculation of
influence numbers in an FE model. For this purpose, load-
free contact points on the line of contact are precalculated
for each contact position and individually loaded with a unit
load in the FE model. The displacements of the loaded con-
tact point are then evaluated, as well as the displacements
of all unloaded contact points of the same mesh position.
By the defined force and the calculated path of deforma-
tion of each contact point, a stiffness or its reciprocal value,
the influence number, can be determined. The final result
of the influence number calculation is a matrix, which de-
scribes the deformation of n points due to a single force at
each of these n points, see Fig. 3. Together with the contact
distances and the overall load, the tooth mesh is solved nu-
merically on the basis of a spring model. The deformation
of the springs and the force transmitted by each spring can
be used to determine the load in the gear mesh.

Up to now, the FE Stirnradkette calculates the influence
numbers for each mesh individually, see Fig. 3 top right. If
there is more than one mesh on a gear, a single mesh calcu-
lation is performed for each mesh. In this way, influences
from the mesh with the first planet cannot be considered in
the mesh with the second planet. This loss of information is
eliminated by determining the influence numbers for mul-
tiple meshes, see Fig. 3 bottom right. This means that the
deformation of the contact points is evaluated in all meshes.
In this way, the deformation of a contact point in contact
with the second planet is also determined based on the load
at a contact point with the first planet.

This results in changed total deformations of the system.
The analysis of the deformation of a sun wheel, which is
in mesh with three planets and is exclusively bound to one
face, shows the influence of the multiple mesh, see Fig. 3

eformation

Fig. 3 Extension of the Influence Coefficient Calculation
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right. When loaded with the force from a single mesh, the
sun gear is displaced by the existing radial force. With mul-
tiple meshes, the radial forces of the individual meshes bal-
ance each other out to a large extent and the wheel remains
centered. Instead, a torsional deformation occurs across the
width of the gear, which is greater than in single mesh
conditions. This increased torsional deformation and the
reduction of the displacement corresponds to the real de-
formation and load behavior, so that the calculation quality
of planetary gearboxes increases.

— Sub Models of the Spring Model
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3.2 Extension of the spring model

In addition to the correct representation of the stiffnesses
and deformations of the individual gears, the load distri-
bution in the overall system must also be known in order
to correctly determine the loads in the planetary gearbox.
For this purpose, the spring model, which up to now has
determined the load distribution to the individual teeth and
contact points, is extended, see Fig. 4.

For this purpose, it is necessary that the solution of the
spring model is holistic, i.e. that it covers all meshes simul-
taneously, since all meshes influence each other. For this
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purpose, the planetary gearbox is modelled as a series and
parallel connection of springs. Each single gear mesh is
modeled as a parallel connection of the individual springs
of contact points.

For the solution of the overall system, the submodels
of planetary (series connection) and central gears (parallel
connection) are combined to an overall model. For the solu-
tion of the overall model, an equation system is constructed.
By using force and torque equilibrium and other boundary
conditions, the model can be solved unambiguously.

3.3 Connection between the housing structure and
thering gear

The stiffness of the gear mesh is determined by the support
of the forces applied in the environment. Depending on the
local flexibility of the housing structure, the gear mesh de-
forms differently. As already shown in the previous chapter,
the meshing stiffness influences the load distribution in the
planetary gearbox and thus also the load of the individual
meshes.

The coupling of the ring gear with the surrounding hous-
ing structure is therefore carried out [14]. For this purpose,
the housing, including the connection to the environment,
is modeled and meshed in an external software, see Fig. 5.

Within the program, the ring gear and the housing are
aligned with each other and bonded together at the contact
nodes so that radial and tangential forces can be transmitted.
Finally, the calculation of the influence numbers is done ac-
cording to the method described in Sect. 3.2. The stiffnesses
of the housing structure are thus included in the influence
numbers and can be used to solve the gear mesh.

— Parameterization

— Optimization Process

The method described enables the solution of the model
for one transverse contact pitch in the planetary gearbox.
The following pitch, on the other hand, may have different
stiffness ratios, since other teeth on the ring gear are loaded
and the direction of force changes. In order to be able to
take these conditions into account, the method is extended
in a way that several pitches can be rolled off one after the
other, Fig. Sright. The individual results are combined so
that the effects resulting from the stiffness of the ring gear
housing structure, which varies over the circumference, can
be regarded.

4 Method in order to optimize the housing
structure in combination with the tooth
contact analysis

By taking into account the housing structure in the tooth
contact analysis it is possible to directly regard the influ-
ence of a housing design on the operational behavior. This
advantage can be used to design the housing in a way,
that it has a positive influence on the gear mesh. There-
fore, a method is developed which optimizes the shape of
the housing by evaluating the resulting operational behav-
ior and the mass. Before an optimization can be carried
out, the component to be optimized must be parameterized,
see Fig. 6. As an example a generic test gearbox is created
which is based on the design of the FVA nacelle [4]. The
number of teeth at the ring and sun gear are adapted in
a way, that a symmetrical meshing sequence with a theo-
retically ideal load distribution is achieved. The housing is
connected to the main frame by two torque arms.

c
o
2
©
N
—
[}
Y
[}
IS
©
—_
©
o

Generation 1
/A x N
G0

Generatiénz

L343

7/

— Rating
m Weight : 33.3%
B AFy,: 33.3% o
=1 'OGearMesh : 16-6% E
B 2.0cemesn: 83% F ~33.3% X
® 3.0ccamesn:  8:3% Excitation

Loading

%tlY &

STIRAK&
TIRNRADKETTE

Weight FE-

Fig.6 Overview of the Optimization Method

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Forsch Ingenieurwes

- Reference
4
— 3
£ 2 120
l|-l_J 1
0

0 90
M= 2994 kg

— Influence on Transmission Error Carrier-Sun

Opt. - Ref.
Ref. 04 P
5 o2
",;j 0
-0,2
0 90 180 270 360 450

180 270 360 450
Order Related to Carrier[-]

- Optimization

M= 2881 kg

— Influence on Tangential Gear Force Variation

Ref. 3 Opt. - Ref.
—_ 2
Z 1
= 0
S 3
180 270 360 0 90 180 270 360

Carrier Angle 7t [°]

Fig.7 Results of the Optimization

The inner diameter of the ring gear housing, where the
ring gear itself is mounted as well as the planet carrier bear-
ing and the connection to the main frame are not optimized
because they are fixed interfaces to the environment. In the
example shown here, 40 points over the circumference de-
scribe the outer contour of the ring gear housing. Because
of the symmetrical design only ten points are optimized
for one quadrant and mirrored into the other three quad-
rants. The individual points are automatically connected
via splines. To reduce the number of optimization param-
eters, the points are assigned a fixed angular position. The
distribution over the circumference is done in even angular
steps. The parameter for each point released for optimiza-
tion is the radius ry,. Thus, the rim thickness of the ring gear
housing can be optimized locally over the circumference.
The parameterization of the torque arm is done via three
points. The points are also connected to each other and to
the interface to the main frame via splines.

Fig. 6 shows the procedure for the optimization of the
housing structure. In the first step values are assigned to
the parameters enabled for optimization. This is done using
a genetic or evolutionary optimization algorithm in MAT-
LAB [15]. Here, processes from the theory of evolution are
used to adapt the housing structure to the given conditions.
Similar to nature, the optimization is performed over sev-
eral generations. A generation consists of a certain number
of individuals, which differ from each other in their pa-
rameterization. After the parameters have been defined, the
geometry is automatically generated for each individual and
meshed to an FE model in ABAQUS.

The extended FE-Stirnradkette uses for the analysis of
the generated geometry, then the FE model as well as the
information of the bondage and the connection of the ring

gear. The example gearbox is symmetrical, has a ring gear
with Zring=—90 and three planets are installed with an an-
gular offset of = 120°. After a third of a full rotation of the
planet carrier, the second planet is at the starting position of
the first planet, so that the sequence is repeated. Therefore,
a calculation of thirty pitches is sufficient.

After the analysis, the results are weighted and evalu-
ated. As evaluation parameters, characteristic values for the
loading and excitation as well as the weight of the structure
are determined. In the example shown here, the loading is
evaluated by the force fluctuation AF,, which, because of
the symmetrical meshing sequence, depicts the load distri-
bution to the individual power paths. The value is derived
for a complete revolution of the planet carrier. The trans-
mission error between input and output, i.e. between the
planet carrier and the sun, is determined as a parameter to
describe the excitation behavior. The quantities that are in-
cluded in the evaluation are the gear mesh orders. The mass
of the housing structure is determined by the volume of the
FE-model and the density of the material. All single values
are normalized with the results of the original variant due
to the different orders of magnitude, so that a value smaller
than one represents an improvement. Mass, excitation be-
havior and load sharing are all rated equally in order to
achieve a balanced design.

5 Results of the optimization

Within the optimization process more than 300 variants
were generated and their operational behavior was derived
and rated. The resulting geometry with the best overall rat-
ing is shown in Fig. 7. The reference variant is based on

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Forsch Ingenieurwes

the original design of the FVA nacelle and uses the iden-
tical rim thickness of Rk=5.5-m,=100mm with an outer
diameter of d=960mm [4].

It can be observed, that the rim of the ring gear housing is
not equally thick in comparison to the reference, see Fig. 7
lower left picture. Especially the area around the torque arm
and the torque arm itself differ from each other. The torque
arm is designed thicker where it connects to the housing,
but material is removed directly at the coupling to the main
frame. The ring gear rim of the optimized variant is thinner
in these locations, whereas the thickness at the 0° and 180°
position increases. The optimized variant leads to a mass
reduction of 113kg, which is 3.8% of the reference value.

In the upper middle diagram of Fig. 7 the transmission
error of the reference variant is shown. The values are
presented in order domain whereas the 90th order repre-
sents the first gear mesh order 1.0g. The transmission error
between carrier and sun of the reference variant shows
the largest excitation at the first gear mesh order with
TEi06=3.73um. Some smaller excitations are visible in
lower orders, which result out of the varying ring gear
stiffness over the circumference. One peak is visible at
the 12th order. The 12th order is excited because three
planets are mounted and the two torque arms provide the
maximum stiffnesses at four locations. At these locations
the gear mesh force is directed directly onto the coupling
to the main frame or in the exact opposite position. This
phenomenon can also be observed when looking at the
gear force variation of one planet, see Fig. 7 lower middle
diagram. The load, which is transmitted by one planet, is
variable over the circumference. Because of an working
pressure angle of o.,=20° at t=160° and t=340° the least
load is carried because the gear mesh force is directed
on the least stiff 180° or 360° position. The highest loads
appear at T=110° and t=290°.

In order to compare the optimized and the reference ge-
ometry, the difference in the transmission error order spec-
trum and force variation is derived, see Fig. 7 right dia-
grams. Values lower than zero show a reduction, values
higher than zero an increase of the transmission error or
force.

It can be observed, that the optimized variant shows a re-
duction of the transmission error in the first gear mesh order
with ATE=-0.13 um. Higher orders are not significantly
influenced whereas lower orders are both, increased and re-
duced. The 6th carrier rotational order and their multiples
show higher amplitudes than in the reference. All other car-
rier rotational orders can be reduced up to the 50th order.

Due to the optimized design, the force variation at one
planet is influenced. In areas where the planet carries the
most load (t=110° and T=290°) the load can be reduced.
This decreases the peak load and optimizes the durability of

@ Springer

the gear stage. In other areas where less load is transmitted
by one planet, the values increase slightly.

All in all the method is capable to optimize the oper-
ational behavior of planetary gear stages and reduce the
mass of the system. Due to the high rim thickness of the
reference design the operational behavior is already nearly
constant over the circumference. Therefore, improvements
regarding the transmission error and the force excitation are
comparably small. Nevertheless, improvements can be ob-
served as well as a mass reduction of Am=3.8% or 113kg.
The saved material has not to be molten, transported or pur-
chased and can therefore, reduce costs for the manufacturer
and customer.

6 Summary and outlook

This report deals with the shape optimization of the housing
structure of planetary gearboxes under consideration of the
interactions between the tooth mesh and its surroundings. In
addition to material, parameter and topology optimization,
shape optimization is a discipline of structural optimization,
which is characterized by the fact that the outer contour of
components is optimized in shape and dimension. A fre-
quent goal of structural optimization is to save material and
thus reduce material costs and component weight.

In transmission technology, the use of lightweight design
often comes in the form of lightweight material design.
In particular, the highly stressed gear teeth are made of
a material that can withstand higher loads in order to reduce
the dimensions of the gear box. In addition to the gear
teeth, a significant part of the mass of the FVA nacelle gear
box, approximately 35%, is taken up by the outer structural
components.

A method is presented which allows to combine the tooth
contact analysis and a structural optimization approach.
Therefore, the tooth contact analysis FE-Stirnradkette is ex-
tended in order to simulate planetary gear stages and regard
the influence of the housing structure of ring gears. The
structural optimization of the ring gear housing is carried
out by means of a genetic algorithm, which optimizes the
outer contour. This leads to variable rim thicknesses over
the circumference. The optimized geometry is stiffened in
areas where the reference design is the most flexible and
stiffness is reduced in the areas around the toque arms.

All in all, the optimized geometry is capable to reduce
the excitation and improve the load sharing behavior while
saving mass. In this particular case the transmission error of
the first gear mesh order can be reduced by ATE=-0.13 um
and the peak load can be reduced by Fy,=1.1kN. The op-
timized geometry saves 113kg of mass in comparison to
the reference. The improvements in the operational behav-
ior are small, because the reference design was designed
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very stiff. Modern gearboxes often use more flexible ring
gears in order to improve the load sharing behavior. The
effect of the optimization on a less stiff ring gear has to be
tested in the future. Also the load carrying capacity as well
as dynamic influences should be taken into account.
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