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Abstract

Planetary gears are widely used in large transmission applications, such as wind turbines, hydropower plants and industry,
due to power density, high gear ratio and efficiency advantages. The advancement of predictive maintenance and gear system
design processes is essential to enhance the ratio between durability and used material of gearbox components. Preventing
possible downtime due to unforeseen failures in between maintenance intervals also increases resource efficiency. In this
paper, a quasi-static FE-based method is presented that calculates the running behavior of planetary gear stages considering
time variant and time invariant axis misalignments, tooth flank deviations as well as the influence of coupled meshing areas.
A contact algorithm is presented, taking into account load dependent deviations of an adjustable sun gear onto the contact
behavior, which is widely used to compensate load-sharing issues. The model can consider these deviations and their
influence on the contact behavior hence their characteristic frequency order spectrum. In the future, vibration signatures
taking into account manufacturing as well as load dependent deviations can be created to help identifying misalignments
in transmission error data. The method can then be used for end of line tests as well as the evaluation of the rest of useful
life based on local pressure distributions and tooth root stresses.

Abbildung langwelliger Achslageabweichungen in Planetengetrieben zur Signalanalyse des
Drehwegfehlers in der Quasistatik

Zusammenfassung

Planetengetriebe werden aufgrund ihrer Leistungsdichte, ihres hohen Ubersetzungsverhiltnisses und ihrer Effizienzvorteile
hiufig in groBen Getriebeanwendungen wie Windkraftanlagen, Wasserkraftwerken und in der Industrie eingesetzt. Die
Weiterentwicklung der Zustandsdiagnose sowie der Auslegung von Getrieben ist unerlésslich, um das Verhéltnis zwischen
Lebensdauer und verwendetem Material von Getriebekomponenten zu verbessern. Die Vermeidung von Stillstandzeiten
aufgrund unvorhergesehener Ausfille durch die Zustandsdiagnose zwischen Wartungsintervallen erhoht ebenfalls Res-
sourceneffizienz. In diesem Artikel wird eine quasi-statische FE-basierte Methode vorgestellt, die das Einsatzverhalten
von Planetengetriebestufen unter Beriicksichtigung zeitvarianter und zeitinvarianter Achsabweichungen sowie Flanken-
abweichungen abbildet. Es wird ein Kontaktalgorithmus vorgestellt, der zusitzlich ein einstellbewegliches Sonnenrad
beriicksichtigt, welches héaufig zur Kompensation von Lastaufteilungsstdrungen eingesetzt wird. Das Modell kann diese
Abweichungen und ihren Einfluss auf das Kontaktverhalten und damit auf ihr charakteristisches Frequenzordnungsspektrum
beriicksichtigen. In Zukunft konnen Schwingungssignaturen erstellt werden, die sowohl fertigungs- als auch lastabhéngi-
ge Abweichungen beriicksichtigen und die Information der Verlagerungen fiir End of Line Tests sowie Algorithmen der
Zustandsdiagnose verwendet werden.

1 Introduction
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causes of downtime and the effect on energy costs show
that over the service life of a wind turbine, gearbox fail-
ures lead to the longest downtime in onshore as well as
offshore applications [1]. Further, the in the field appearing
load collective, which was considered to be a nominal load
collective in the design stage, varies and thus affects the
lifetime of wind power gearboxes possibly leading to early
failure [2]. Additionally, over the circumference varying
flank deviations, planet axis misalignments and all planet
carrier, sun and ring gear misalignments are known to have
an effect on tooth to tooth differing load distribution as well
as low frequency and sideband excitation in wind turbine
gearboxes [3]. Deviations with such effect are characterized
as long-wave deviations.

In the wind power sector, condition monitoring systems
have been used for a long time to monitor the health of
gearbox and system components as well as estimating main-
tenance intervals [4]. Vibroacoustic condition diagnosis as
part of condition monitoring systems includes the recording
and interpretation of the excitation signal of cyclostation-
ary moving machine elements [5]. In gearboxes based on
the gear mesh frequencies and rotational frequencies of the
shafts, especially sidebands in the excitation frequency or
order spectrum can be used to identify and classify fault
mechanisms [6]. Based on a trend interpreter, the need of
maintenance can be triggered and permitted loads decreased
to prevent damage of the superordinate system.

Planetary gearboxes live up to today’s standards of high
power density and transmission ratio with high efficiency.
Specific behavior of planetary gearboxes is resulted mainly
due to the coupled out of phase planetary meshes as well
as the high number of possibly deviated elements and their
kinematic and kinetic relationships. In addition, planetary
gearboxes are more deformable during manufacturing as
well as operation due to the reduced use of material for the
same transmission power, which also has an effect on the
long-wave excitation behavior [7].

Various calculation methods are being developed and
investigated to consider the contact behavior of planetary
gears. The Finite-Element-based (FE) simulation is partic-
ularly useful to optimize the running behavior of planetary
gears in the design stage. However, the influence of mis-
alignments on the contact ratios and contact line positions
in planetary gears as well as the influence of long-wave
deviations on the operating behavior cannot be taken into
account in existing non-commercial approaches. Therefore,
the FE-based tooth contact analysis as presented in this
paper was extended, in order to investigate the system in-
fluences on the contact behavior of planetary gears as well
as the transmission error (TE) and its frequency spectrum.
Focus lies on considering and analyzing the long-wave ex-
citation behavior. Based on the findings, new methods for
the design on the one hand and a characterization of de-
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viations on the excitation spectrum for more accurate rest
of useful life prediction models on the other hand can be
provided.

2 Simulation models of planetary gears

Simulation models for planetary gears essentially comprise
the following methodical approaches. Phenomenological
models are based on periodic modeling of characteristic
excitation frequencies of planetary gears to consider mod-
ulation effects and excitations for vibration diagnostics and
frequency order tracking. A known model was developed
by Inalpolat and Kahraman, a more recent model for dou-
ble helical planetary gear sets was developed by Gotz [8,
9]. Advantages are fast computing time and information re-
garding excited frequencies also for stationary acceleration
sensors. However, load-related effects and displacements
can only be considered analytically, time-variant transfer
paths described as Hanning functions and acceleration am-
plitudes must be normalized with experiments.

Especially for high-speed applications, dynamic models
have a high information quality with the disadvantage of
increased calculation times. For each time step, a lumped
parameter model described by mass inertia, modal stiffness
and damping models is solved in the form of differential
equations. The coupled meshing areas in planetary gears
increase the computational effort even further. In current
research of vibroacoustic diagnostics dynamic models are
mostly used due to the implied consideration of the trans-
fer paths to the gear housing depending on the modeling
depth. In the rigid-flexible coupling model of a planetary
gear system developed by Zhang et al. a signal extraction
position on the housing was used to receive sensor equiv-
alent data of the system vibration response [10]. Hanning
functions for transfer path modeling is also used, for ex-
ample in the models from Feng and Zuo as well as Inalpo-
lat and Kahraman [11, 12]. The meshing stiffness in dy-
namic simulation is modeled by bending beam elements or
a qasi-statically precalculated mesh stiffness; an approach
on modeling dynamic meshing stiffness was developed by
Xie and Yu [13]. Westphal et al. developed a dynamic model
for stepped planetary gear stages taking into consideration
meshing stiffnesses and tooth flank topographies modeled
by a line contact approach in the meshing areas [14]. The in-
fluence of gear faults like tooth root cracks, pitting, spalling
and other defects on the meshing stiffness is also being in-
vestigated, whereby the faults and their meshing stiffness
influences are described analytically [15-17].

Quasi-static calculation models neglect mass inertia and
general damping effects. They can be divided into methods
that calculate the tooth contact problem with a direct FE-
solver and methods with a spring equation system solver.
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The contact stiffnesses in spring equation system methods
is either calculated analytically or with a direct FE-Solver.
The Latter are considered as FE-based quasi-static meth-
ods. These models separate the stiffness calculation of gear
structures using an FE solver from a subsequent tooth con-
tact analysis using a linear equation solver. This enables the
stiffness calculation to be carried out independently of the
solution to the contact problem leading to reduced calcula-
tion time compared to direct FE-solving methods.

Softwares that feature direct FE-solving algorithms
specifically for gear design are Marc© as well as Ansys©.
Commercial software systems with an FE-based approach
and predetermined contact lines are widely used such as
in deviations and flank topographies are considered in-
directly by additional contact distances in the meshing
area. Examples are Vibragear©, Romax©, Masta© and
Genom®©. These Simulation softwares show significantly
reduced calculation time, as analyzed by Bejar. While
the direct FE-solving methods imply out-of-action contact
lines, Romax© and Masta© feature a model approach to
consider extended load dependent line of action in addition
to the predetermined contact lines. Bejar states that the re-
sults concerning corner contact differ between all program
systems [18].

Stirak, an FE-based tooth contact analysis extended by
Schifer, determines contact stiffnesses and the influence
of gear body structures in relation to FE-nodes of the in-
volute tooth flank areas [19]. This is achieved by apply-
ing unit forces on the center of the tooth flank surfaces of
the underlying elements according to analytically precalcu-
lated contact lines depending on the ideal contact geome-
try. The deformation information is then saved as displace-
ment influence coefficients (DIC) for each contact line for
each discrete rolling position. The underlying assumption
for further proceeding is that the superimposition of sin-
gle deformations by unit loads is scalable depending on the
normal force and thus the torque due to linear elastic ma-
terial behavior. The normal force is made up by the sum
of the nodal forces but the force distribution is unknown
and is defined as the contact problem. In the tooth contact
analysis, the tooth flanks are rolled incrementally and tooth
flank deviations in the meshing area are considered by con-
tact distances deviating from the ideal involute. The contact
problem is transferred into a spring model with all potential
contact points on the contact line described by the contact
distance and their DIC in a linear system of equations which
is solved until all contact pairs with negative contact forces
are eliminated [20]. This method has been continuously ex-
tended for planetary gear simulation [21-23]. Due to the
contact algorithm, axis misalignments are converted into
additional contact distances while the contact line position
itself remains unchanged [24].

Ahmad extended the program system of the previously
described tooth contact analysis for cylindrical gears by
the consideration of long-wave axis misalignments as well
as pitch deviations and investigated the influence on the
excitation behavior of electric vehicle gearboxes [25]. These
deviations are calculated into flank topography data, which
are then calculated to additional contact distances onto the
contact lines. After experimental validation, Ahmad used
the method to derive analytical functional parameters for
an excitation-oriented tolerancing of long-wave deviations
[25].

The findings of the previously described work as well
as the extension of the program system cannot be directly
transferred to planetary gears due to the coupled meshing
areas and general operating conditions that require the mod-
eling of contact line shifting under load. For cylindrical gear
stages, the tooth contact analysis Zako3D was developed by
Hemmelmann, in which the tooth contact is modeled with
a numerical surface contact instead of analytical line con-
tact being able to consider premature tooth meshing and
contact line shifting [26]. The method is able to consider
long-wave deviations within the calculation procedure but
the kinetic and kinematic behavior of planetary gears is not
modeled.

Quasi-static calculation models are mainly used in gear
design applications. The calculation of tooth root stress,
flank pressure, excitation behavior based on the static trans-
mission error (STE) and efficiency is performed in short cal-
culation time especially with methods that solve the tooth
contact with spring equation systems. According to the cur-
rent state of the art, phenomenological models offer a faster
calculation approach for characteristic excitation frequen-
cies for condition diagnosis algorithms. Dynamic models
can provide information about the transfer path as well as
additional dynamic load effects. In addition to signal analy-
sis, the focus in dynamic modelling is also on fault seeding
and the influence of tooth damage on the contact stiffness
and consequently on the measured acceleration signal of
a sensor. Correlating the excitation behavior and other op-
erating data with manufacturing- as well as load-related
displacements could be an alternative approach to make
a failure prediction based calculating the time varying lo-
cal resilience. Collecting the historical resilience data and
accumulate it to a load collective could predict the end
of useful life much earlier. Quasi-static methods would be
advantageous for this due to calculation efficiency. Manu-
facturing- and load-dependent deviations, especially long-
wave deviations, and their influence on the running behav-
ior are mainly considered in commercial FE-based meth-
ods for planetary gears. These software solutions calculate
axis deviations onto the load-free and analytically prede-
termined contact lines onto the flank topography and use
model approaches for out-of-line contacts under load. The
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consideration of deviations in the contact areas directly is
not possible due to the contact algorithm approach. Also, in
these methods it is not apparent, if the deviations calculated
onto the flank topography vary with every discrete rolling
step, every base pitch or whether a change of the magnitude
of the deviations with a fluctuation of the working operating
pressure angle a., is considered. Further, with an increase
in flexibility of the gear system, due to weight reduction
of the gear wheel bodies, shafts and housing as well as the
usage of adjustable elements for better a load distribution
in planetary gear stages, a contact approach that solves the
tooth contact under cross influence of surrounding elements
is needed.

3 Objective and approach

To analyze the effect of long-wave deviations on the running
behavior of planetary gears, the objective is a quasi-static
tooth contact analysis considering displaced meshing con-
ditions including time varying axis misalignments. For this
purpose, a new contact algorithm was developed consider-
ing the load-dependent and kinematic conditions of a plane-
tary stage, taking into account displacements during a com-
plete roll-over in quasi-statics. The approach for achieving
the objective is shown in Fig. 1. The initial method carrier
was developed by Westphal et al. for calculating cylindrical
gear stages in dynamic simulations with a surface contact
algorithm based on Hemmelmann and the spring model
routine based on Neupert [20, 26, 27].

In step 1, the contact model is extended for a planetary
gear stage with coupled meshing areas. For this, a specifica-
tion of deviations of the gear and planet-carrier (PC) axes
is to be implemented. As the existing method calculates
a single mesh using the influence coefficient method, a sys-
tem of equations is to be set up and solved by combining
the displacement influence coefficient matrices and consid-
ering kinematic and kinetic boundary conditions for plan-
etary gears. In the industry, adjustable elements are used
to compensate unequal load-sharing [28]. For this reason,

Fig. 1 Objective and approach
Challenge

an algorithm is to be implemented to consider the behav-
ior of a flexible connection on the sun shaft. In addition to
the surface contact approach for higher computational effi-
ciency of the linear equation solver of the coupled spring
model, a numerical line contact approach is transferred to
the planetary gear stage contact model.

In step 2, the method is verified by comparing mesh-
ing sequence variants and their load distribution as well as
STE variation. The verification is based on a comparison
with a validated FE-based method by Theling, who ex-
tended the FE-based tooth contact analysis Stirak presented
by Schifer, in which planetary gears are modeled using an
analytical line contact approach [19, 23].

In step 3, the influence of long-wave deviations on the
excitation behavior of a planetary stage with sequential and
symmetrical meshing sequence without and with adjustable
sun is simulated. A single eccentricity and a wobble devi-
ation of the planetary gear is considered. Finally, the mod-
ulation effect due to an axis misalignment of a fixed ring
gear is investigated and the functionality of the method is
verified.

4 Simulation method for deviated meshing
areas in planetary gears

This chapter presents the simulation method developed for
calculating the operational behavior of misaligned plane-
tary gear stages. The calculation method is illustrated in
Fig. 2. Geometry and operating data are specified as in-
put variables for the calculation method. In addition, axis
misalignments as well as eccentricity errors and wobble de-
viations with their respective phase angle can be specified.
Further, an interface was created to specify individual tooth
deviations and pitch errors, concentricity errors and shaft
position deviations from measurement data.

Based on the specification of the macro geometry firstly,
node mesh coordinate data files are generated which are
then converted into FE-structures in Nastran format. The
next step is to calculate the DIC of the FE-structures on

Long-wave deviations effect the contact behavior of planetary gear stages
leading to varying load distribution and transmission error

Objective }

Quasi-static tooth contact analysis considering displaced meshing conditions
including time varying axis misalignments for planetary gear stages

® Extension of simulation method
considering deviated meshing
areas and an adjustable sun gear

Step 2 B Verification _ Step 3
METHOD VALDATED | | , d LU
METHOD
¥ Verification of the contact model ® Analysis of excitation influence
on ideal planetary gear stage of long-wave deviations and
against validated method adjustable sun gear
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Fig.2 Calculation procedure of the simulation model of planetary gear

the tooth flanks independently of the contact line for each
flank element. Compared to Stirak, it offers the advantage
of an independent determination of contact areas [19]. For
one macro geometry, the DIC calculation has to be carried
out only once for each gear wheel. This means that a new
FE-calculation does not have to be carried out for a new
specification of flank topography or axis misalignment.
After calculating the displacemenet influence coeffi-
cients, the tooth contact analysis is performed for the input
data set. Initially, the system is brought into contact and
the tooth flanks are rotated in discrete steps according to
the operating configuration. Based on the initial contact
determination, the specified displacements are applied and
the system is rotated until there is no penetration of the
contact flanks. In this way, the load-free STE on the one
hand and the contact distances of each contact field on the
other are determined. In the next step, the spring model
for the load calculation is set up and solved for the rolling
position using the load-free contact distances and the DIC.
It is interpolated to the contact point pairs in the normal
direction of the drive wheel depending on the power flow.
The system of equations corresponds to the system of equa-
tions set up by Heider, which is also used in the validated
method [23, 29]. The load distribution between the planets
as well as on the tooth flanks results from the solution of
the linear system of equations. The load-dependent STE is
evaluated based on the rigid body rotation, which must be
the same for all central gear meshing areas. The calculation
steps described above are now repeated until all rolling po-
sitions have been calculated. Time-variant misalignments,
analytically as well as from measurement data, are also
resolved via the rolling increment and taken into account

in the load-free contact algorithm. The deviations applied
by consecutive tooth numbering of teeth in contact. Once
the calculation of each rolling position has been completed,
the flank pressures and tooth root stresses are calculated for
base pitch and a transformation of the STE to the frequency
order spectrum is performed related to the PC rotation.
The steps for the initial contact algorithm are shown in
Fig. 3 using two planets with power flow from sun to ring
gear. The meshing areas are currently considered as sepa-
rate models and aligned with each other according to the
geometric boundary conditions. The aim of the penetration-
based contact determination is to determine the rotation an-
gles of the gears for the STE calculation on one hand and
the contact distances for the spring model on the other.
First, the reference gear pair is aligned, which is located
at the 12 o’clock position. This is achieved by performing
rotational operations on the node mesh coordinate data files
of the tooth flanks. The middle flanks of the sun and planet
are rotated until the minimal contact distance between the
flank points converges towards zero. The contact distance
calculation is a core component of the underlying method
for single gear pair meshes and has been adopted for this
method, see Fig. 3 right [27]. Since the nodal grid points in
rotational direction ¢ is congruent only in aligned case with
same gear face width, the grid points of the output tooth
flank are interpolated in order to be congruent to the flank
points of the input tooth flank, which is set as reference
flank according to the power flow. To calculate the mini-
mum contact distance, the point on the reference flank with
the smallest rotation angle distance between the flanks is
determined from all possible contact points. Furthermore,
the penetration point in the direction of the reference flank
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Fig.3 Contact finding and calculation of contact distances

normals An, which are assumed to remain common also
under load, is determined using orthogonal projection [27].

Once the reference gear pair has been defined, the other
meshes are positioned in relation to the reference mesh ac-
cording to the transverse normal base pitch closest to the
given planet position angle ¥, see Fig. 3 bottom left. In
this case, only the planet flanks are rotated since the angu-
lar position of the input gear is already determined. Next,
the meshes on the ring gear are prepositioned using the
planet flanks as a reference analog to the step before. Now,
the flank points only of the output gear, in this case the
ring gear, are iteratively rotated together until there is no
penetration at any of the contacts. As the system is al-
ready staticall y overdetermined if there is more than one
planet, there will be gaps at the other meshing points. Re-
sult are now the rotation angles of all tooth flanks of all
gears for all rolling positions, since the incremental rolling
position step is linear and the distance between other tooth
flanks on one gear, is defined by adding or subtracting the
transverse normal base pitch angle. After the ideal posi-
tioning was exercised, all other deviations are taken into
account and the algorithm starts by repositioning the plan-
ets on the input meshes and the output gear flanks on the
output meshes afterwards. After determining the position
angles in the final position for each rolling position, the
final calculation of all contact distances in all meshing ar-
eas is performed and handed over to the load calculation.
While the DIC of the nodes can be adopted for the refer-
ence flank as for the contact distance calculation, the DIC
for the mating gear must be interpolated through the pene-
tration point in the normal direction of the reference flank.
This is done directly via the conversion according to the
shape functions of the linear hexahedrons used; a quadratic
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compensation polynomial is not used. Linear hexaedrons
are used analogous to the tooth contact analysis Zako3D
developed by Hemmelmann, because the determination of
contact line independent DIC for all flank surface nodes
takes significantly more time than the use of contact line
dependent DIC used in Stirak [26]. Additionally, to achieve
comparable STE curves and converged flank pressure val-
ues, a higher number of tooth flank nodes have to be set. For
Zako3D the number of profile and lead direction nodes of
pxl=61x61 have shown good convergence as determined
by Willecke to predict STE values based on flank topog-
raphy data with a surrogate model compared to the tooth
contact analysis simulation data [30]. These values are used
for all following simulations and compared to Stirak simu-
lation results with half the number of elements due to use
of quadratic elements in the analytical line approach, see
Chap. 5.

With the new contact algorithm extended for planetary
gears, an iterative routine was developed in order to take
into account a reduced shaft connection stiffness of the sun
gear. In the approach, a uniaxial bending stiffness K and
the distance of the connection to the sun gear center are
specified for a rigid sun shaft. After the first calculation
of the load distribution between the planets of one rolling
position, the operating pressure angles of each planet-sun-
contact are determined on the basis of the center distances
and the base circle diameter of planet and sun gear [31].
The partial radial forces of each planet i in the x and y
directions of the global coordinate system are calculated
depending on the operating pressure angle dw; and the
planet position 1;, whereby the reference position ;=0°
corresponds to the planet position in the 12 o’clock posi-
tion. The radial forces are then superimposed and the sun
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Table 1 Gear data

Meshing sequence variant Symmetrical [33] Asymmetrical [33] Sequential
Number of teeth z sun/planet/ring [-] 15/16/-48 14/16/-46 22/17/-56
Center distance a [mm)] 105 101.373 112.5
Normal module m, [mm)] 6.5 6.5 5.2
Pressure angle on [°] 20 20 20

Helix angle f§ [°] 0 0 21.5

Gear face width b [mm] 70 70 45
Number of planets 7 [-] 3 3 3

Planet position angle ¥>.1/%¥3. [°] 120/120 114/114 120/120

gear is radially moved according to the resultant forces and
the specified connection stiffness and tilted according to
the connection distance. The radial displacement of the sun
gear tooth flanks are now again misaligned in the different
meshing areas of the different planets. The load-free con-
tact alignment is then carried out again, so that there is no
penetration between the tooth contacts and the additional
displacement of the sun is taken into account in the load-
free STE. In the next step the spring equation system is set
up again and solved under load. The procedure is carried
out until the amount of displacement of the sun falls below
a limit value of As=1um which means that the sun dis-
placement is in quasi-static equilibrium to the resultant of
the radial forces multiplied by the radial compliance. At the
end of a complete contact simulation, the method outputs
the x- and y-coordinates of the sun orbit over the discrete
rolling steps.

Due to the requirement of solving the spring model sev-
eral times to determine the sun displacement, solving full
surface areas in the spring model takes too much computa-
tional effort. Therefore, a numerical line contact according
to Westphal et al. was applied to the model; the contact dis-
tances in each meshing area are reduced equidistantly to one
possible contact point per profile line by fitting a quadratic
polynomial on the reference flank [32]. Each tooth has one
interpolated line of discrete springs over a possible line of
action brought into the spring model, so that also premature
tooth meshing under load can take place. Additional profile
line points getting into contact under load are no longer
taken into account. The contact line shifting due to dis-
placements is still considered due to the developed contact
finding algorithm.

5 Verification of the simulation method

The method was verified using two planetary stages
with different meshing sequences from Papies’ work, see
Table 1; [33]. Since the total contact ratio €, of all meshes
of both spur gear variants is between one and two, the
phase position can be verified using the teeth in contact.
The validated method, which is used to verify the correct

simulation of the meshing phase, load distribution and STE
of the newly developed method, is based on Stirak with
an analytical line algorithm and was developed by Theling
for planetary gear stages [23]. The meshing sequence on
the planet from sun to ring gear in this method are analyt-
ically determined using the calculation method developed
by Piel in order to align the rolling paths of the meshing
areas considering the planet positions and tooth thickness
[34]. The results of the planetary stage with symmetrical
meshing sequence are shown in Fig. 4.

The variant has an in-phase or meshing sequence of
all planets at the sun gear at the discrete rolling position
irr=30 as three teeth come into contact simultaneously,
which corresponds to the analytically calculated meshing
sequence, see Fig. 4 top. The total number of meshing teeth
of the planetary stage is compared load-free and under load
with the validated method. Without load, the number of
teeth in contact between the developed method and the val-
idated method matches with deviations of a maximum of
one rolling position. Under load, there is no premature and
late tooth meshing with the validated mehod due to the an-
alytically calculated contact lines. The new method shows
both effects under load. The load distribution between the
planets is ideal for both methods, see Fig. 4 centered.

The STE-varation from sun to ring gear shows very good
correlation between the methods, see Fig. 4 bottom. Due to
the load-related increase in contact ratio, a smaller fluctu-
ation in TE occurs with the new method. The premature
tooth meshes at rolling position igp=27 for the sun and
irp=13 for the ring gear leads to an increase in the STE
compared to the validated method. The peak-to-peak Fast
Fourier Transformation (FFT) also shows very good cor-
relation between the methods up to the higher harmonics
of the tooth mesh order. The first and second tooth mesh
orders Oy, in particular are excited, as on the one hand all
meshing on a central gear takes place simultaneously and
on the other hand all tooth meshes on the ring gear take
place about half a base pitch earlier.

The verification results of the asymmetrical variant are
shown in Fig. 5. Starting from the reference planet at
12 o’clock, the planet position angles 1 of the planets
are ¥=114° each. The load-free phase positions of the
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Fig.4 Verification of the results with symmetrical meshing sequence

meshing teeth on sun gear can be verified against the pre-
calculated phase position, see Fig. 5 top. The tooth meshes
in total in the load-free state correspond to those of the
validated method with a maximum deviation of one rolling
position. The simultaneous tooth meshing of two teeth in
rolling positions 5, 18 and 29 also verify the analytically
determined meshing sequence at the planetary meshes by
approximately one base pitch. As with the verification of
the symmetrical variant, premature and late tooth meshing
can be identified under load.

Howeyver, the influence of the load-related contact ratio
gain is smaller than with the symmetrical variant, as the
stiffness curves of the meshing areas on the central gears
are out of phase. The load distribution shows very good

correlation between the methods, see Fig. 5 centered. The
unequal load distribution due to the phase-related meshing
stiffness of the planets results in an unequal load distri-
bution over the rolling path compared to the symmetrical
variant. Differences between the tooth meshes are again
shown by the premature tooth meshing of the method. In
addition, in combination with the load-free meshing teeth,
the phase position of the tooth meshing can be assigned to
the correct planet.

Finally, TE fluctuation and amplitudes in the order spec-
trum of the method and the validated method show very
good correlation excluding the load dependent contact ratio
gain effects, see Fig. 5 below. The meshing of the planet
at ¥=0° and the planet at ¥ =228° are close to each other

Error Variation / ||Forces F,,, / kN
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Fig.5 Verification of unsymmetrical meshing sequence
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compared to that of the planet at ¥ =114°, the additional
flexibility is also noticeable in the fluctuation peaks of the
STE.

The method can be verified with regard to the stiffness
behavior and the meshing sequences on the central gears
as well as on the planet gear. It also shows that premature
tooth contact under load can be identified by the newly
developed method. In the future, the method can be used
for micro geometry design taking into consideration load
dependent contact ratio effects.

6 Quasi-static excitation behavior of long-
wave deviations

Finally, a calculation study with a helical planetary gear
with sequential meshing sequence on the center gears was
carried out. The geometry data can be found in Table 1 on
the right. The phase shift on the central gears is Apcengai=
0.333.pe on the planetary meshes with power flow from
sun to ring gear Appiane=0.946-p. calculated according
the method by Piel [34]. Order spectra of the peak-to-peak
static transmission error related to the carrier rotation were
analyzed. It was evaluated in the range of the rotational
orders and the first tooth mesh order 1.0, as well as the
peak to peak total STE variance around the mean value on
the sun gear over the rotation angle. The sun was chosen
as input with an input torque of Mix=1050Nm and as out-
put the planet carrier with fixed ring gear. Simulations were
carried out without adjustable sun gear (WOAS) and with
adjustable sun gear (WAS), whereby a bending stiffness K=
479 N/mm was selected in accordance to a metal bellows
coupling.

Simulation results for a single planet eccentricity error of
Age=50pum are shown in Fig. 6. The load distribution factor
of the WOAS-variant averaged over all rolling positions is
K,=2.5 versus the WAS-variant with K,=1 an ideal load
distribution can be observed. In the order spectrum in the
range of the rotational orders, the WOAS-variant excites the
first planetary shaft rotation order 1st Op=3.294 and even
higher harmonics. The WAS-variant shows only the 1st Op
with a lower amplitude which appears in direct proportion
to the eccentricity deviation amount.

In the area of the first gear mesh order, dominant first or-
der sidebands can be observed at a distance of 1st Op to 1st
Ou; sidebands also occur with significant amount at a dis-
tance of 3rd Op to 1st O, see Fig. 6 top left. These arise as
a result of the modulation effect of the tooth meshing stiff-
ness variation by the planet rotation order. In the simulation
of the WAS-variant, all order amplitudes are significantly
reduced, whereby the sidebands closest to the 1st Oz remain
dominant, see Fig. 6 bottom left. This can be explained by
the fact that the sidebands encounter even-numbered plan-
etary rotational orders. Since the 1st Op with a fixed ring
gear corresponds to the ratio of the number of teeth of the
ring gear and planet gear, the 1st O, corresponds to the 17th
Op according to the number of teeth of the planet gear. The
characteristic sideband orders of the WAS-variant therefore
correspond to 16th Op and 18th Op (1st On = 1st Op) and
of the WOAS-variant additionally to 14th Op and 20th Op,
(1st Om=3rd Opy). This indicates a single phase sinusoidal
modulation of the TE, which can be seen in particular in
the TE curve of the WAS-variant, see Fig. 6 bottom right.
The WOAS-variant shows an asymmetrical modulation of
the TE, see Fig. 6, top right. When the planet rolling angle
reaches ¢pi=90°, the eccentricity of the planet results in
a pure planet position error against the direction of rotation

— STE Order Spectrum and STE Variation without adjustable Sun Gear
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£ Pl 1. O 1. oPl Pl
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Fig. 6 Quasi-static excitation influence of planet eccentricity deviation
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of the carrier, causing the single planet to take more load.
At a rolling angle of @p=270°, on the other hand, a planet
position error results in the direction of rotation of the car-
rier, resulting in a load transfer to the two other planets and
resulting in a lower modulation of the TE and thus higher
contact stiffness. The results show the significance of an ad-
justable sun gear, although the 1st Op cannot be prevented
and could influence coupled planetary gear stages.

Figure 7 shows simulation results of a wobble deviation
with Afa=0.03° of the WOAS- and WAS-variants. This
corresponds to a counter-rotated eccentricity deviation of
the bearing positions of the planetary shaft of Ae=50um
with a distance of L¢=90mm to the gear center. The load
distribution factor of the WOAS-variant averaged over all
rolling positions is K,=1.2, while the WAS-variant with
K,;=1.0 still states an ideal load distribution between the
planets. In the order spectrum in the rotational order range,
see Fig. 4 left, the WOAS-variant excites the 1st Op and
2nd Op with similar amount as well as the planet rotation
orders 3rd Op and 4th Op.

For the WAS-variant, the 1st Op increases slightly, the
2nd Op to 4th Op decrease significantly. In the region of the
first gear mesh order, see Fig. 6 center left, the sideband or-
ders to the left of the 1st O, of the WOAS-variant dominate
and sidebands meeting both even-numbered and odd-num-
bered planetary rotational orders are excited. In contrast,
for the WAS-variant, all sideband orders are significantly
reduced, but the 1st O,, on the other hand increases almost
by the factor in comparison to the WOAS-variant. The side-
bands at a distance from the 2nd Op; to the 1st O, which
meet odd-numbered Op; and arise as a result of the modu-
lation of the meshing stiffness variation by the 1st Op;, can
be observed with the highest amplitudes. The results show
that the adjustable sun cannot compensate for excitation of

Ist O, and concentricity of bearing journals on the shaft
has to be guaranteed.

As with the eccentricity deviation, the excited 1st Op
indicates a sinusoidal modulation of the STE, which can be
seen in particular in the STE curve of the WAS-variant, see
Fig. 7 bottom right. The results of the WOAS-variant show
an asymmetrical modulation of the TE, see Fig. 7, top right.
Depending on the helix angle direction, the chosen operat-
ing mode and the rotating direction, the wobble deviation
influences the phase of the contact lines between input and
output. When the planet’s angle of rotation is ¢p=0°, the
planet’s wobble acts as an inclination, with the planet axis
on the output side facing the sun axis.

The phase shifting can be particularly observed in the
STE curves at a planet rotation angle of ¢p=270° for
both the WOAS- and WAS-variant. This angular position
is a transition from a pure inclination component facing
the drive side to a pure inclination against the meshing di-
rection facing the output side. There, the contact lines of
both sun and ring meshes begin with the chosen operating
conditions. Regarding the WAS-variant, this effect can be
reduced, but not prevented by inclination and skew of the
adjustable sun, especially for the ring contact.

For planetary stages with a sequential meshing sequence,
Theling was able to prove on the basis of test rig experi-
ments that axis misalignemts of the central elements lead
to a shift in the gear mesh order and higher harmonics of
the STE, and establishes conditions for the occurrence of
this effect [23]. A similar effect is also known in the vibra-
tion diagnosis of planetary gearboxes, where the measured
acceleration amplitude by a fixed sensor is dominated by
the planet rolling by close to the sensor. The tooth mesh
frequency in the frequency spectrum is then modulated ac-
cording to the number of planets which results to a shifting
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e 12 1.0, 204, 1.0, -1.0p 10
5 g 6 1.0 -2.0p 1.0, +1.0p, 6
> £
3 41-0m-3.0p 3 -2
56 3.0p 10,420, ~ -6
H— Lu -
g ° =" gL T
< 0 — —0 H - | m 18
16 20 40 43 46 49 53 56 59 63 66 69 72 0 89 178 267 356

K,=12 Carrier order (Zgjg = 56) / - 1"Pee | Planet rolling angle / °
- STE Order Spectrum and STE Variation with adjustable Sun Gear Af, =0,03°

1.0 o 12
e 12 B 8
3 8
= 9 6 £ 4
o 1.0, +2.0p, g
3 6 4 10,20 .
2 2.0p, ) 1.0 -2.0¢ w -4
[=% = -8
qE: 0 ls(ﬁl 4;OPI 0 -— . | H = 12

3 7 10 13 16 20 40 43 46 49 53 56 59 63 66 69 72 0 89 178 267 356

K,=1.0 Carrier order (Zgj,q = 56) / - 1*Pg Planet rolling angle / °

Fig. 7 Quasi-static excitation influence of a wobble deviation of one planet
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Fig. 8 Quasi-static excitation influence of fixed ring gear position deviation with adjustable sun gear

of the tooth mesh frequency in out-of-phase planetary gear
configurations [8].

For this reason, an axis misalignment of the ring gear in
the y-direction of Aygin,=50um was simulated as a WAS-
variant, see Fig. 8. The order spectrum shows that the de-
veloped method can be used to analyze the effect of the
amplitude modulation of out-of-phase central gear meshes,
see Fig. 8 top. Only orders that are divisible by the number
of planets occur. At low amplitude, the planetary passing
order Opp can be recognized, which corresponds to the
number of planets. Furthermore, the 1st O,, and 2nd O,, are
each shifted to the next order that is divisible by the num-
ber of planets, while the 3rd O, with the highest amplitude
remains unshifted, as it fulfills the divisibility by the num-
ber of planets. Asymmetric sideband orders arise around
the tooth mesh orders and are divisible by the number of
planets.

The STE over the planet carrier rotation angle gives fur-
ther information about the modulation effects, see Fig. 8 be-
low. Essentially three envelopes can be recognized, which
can be traced back to the planets with out-of-phase meshes
and are offset from each other by the planet position angle.
All planets pass the position, at which the ring gear axis
misalignment acts as a planet position deviation in carrier
rotation direction which results in a minimum of the sin-
gle planet stiffness variation. The maximum on the other
hand is due to the planet position where the ring gear axis
misalignment acts a planet position error against the car-
rier rotation direction which results in a maximum of the
single planet stiffness variation. Between the minimum and
maximum of STE of one planet, the planet with the highest
stiffness variation changes and is also in a different phase
as the previous planet, see Fig. 8 below marked in red.

Ultimately, the meshing stiffness oscillation of the planet
shifted in phase by —1/3-p. increases and a phase transition
takes place. As this happens three times with three plan-
ets, the meshing frequency gains an additional oscillation
per carrier rotation, which visually explains the order shift
of the first tooth mesh order. The phenomenon described
is interesting for the application in that displacements of
the central elements due to manufacturing, assembly and
weight influences as well as non-torque loads can rarely be
prevented. Deviations of central elements, including those
from the planet carrier, should be analyzed for specific ap-
plications in the future. The method proves to consider
modulation phenomena taking into consideration load de-
pendent effects and is also able to evaluate flank pressure
and tooth root stress based on the determined contact forces
which are to be evaluated in the future.

7 Summary and outlook

An FE-based method with surface contact and numerical
line contact was developed, which considers coupled plan-
etary gear meshing taking into account long-wave axis mis-
alignments in a quasi-static tooth contact analysis. In addi-
tion, an algorithm was implemented considering compen-
sation of uneven load-sharing by an adjustable sun gear
arrangement. The Method solves FE-Stiffnesses indepen-
dent from contact lines with a general FE-Solver. Further
an iterative contact finding is performed between the tooth
flank notes to establish the meshing phases between the
Planets on the central gears as well as between the con-
tact on each planet. Further the method interpolates the
meshing areas to a numerical line contact considering pre-
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mature tooth meshing under load. For the load calculation
the nodal FE-Stiffness and contact distances are transferred
into a linear spring equation system. An iterative load cal-
culation and contact finding approach was implemented to
consider radial and angular sun displacement and simulate
the load sharing behavior, additional static transmission er-
ror as well as the sun trajectory itself dependent on a given
sun connection stiffness.

The method is verified against a validated method with
an analytical line contact approach. The results show very
good correlation, whereby the new method can consider
premature tooth contact under load. Furthermore, devia-
tions with long-wave excitation behavior with rotating car-
rier with and without adjustable sun gear were investigated.
The presented results shows relevance of adjustable central
elements in practice of planetary gears.

The results with regard to the eccentricity and compara-
ble wobble deviation of a planetary gear indicate a higher
influence of the wobble deviation on the excitation behavior
compared to the eccentricity deviation for the analyzed gear
set and configuration. Additionally, there is a lacking ability
of the adjustable sun gear to compensate excitation of the
first gear mesh order by the wobble deviation. Furthermore,
sidebands can be identified and traced back to the planet
rotation orders. When investigating simulation results of
eccentricities, it can be observed that only even-numbered
planet rotation orders and sideband orders that fall on these
are excited by a significant amplitude. Static axis misalign-
ments of the central elements have a long-wave excitation
influence with a rotating planet carrier. This can also be
observed on a simulation result using the method for a ring
gear position error. The shifting of the gear mesh order is
reasonable and consistent with investigations in the state of
the art [23].

The validation of the method on a planetary gear test
rig using STE signal curves and specifically manufactured
axis misalignments is the next step. Furthermore, the influ-
ence of the stiffness of the planet carrier on the planetary
gears analog to the method for calculating the adjustable sun
gear should be implemented into the method to determine
the cross influence between deviated meshing condition and
surrounding stiffness. For the signal analysis method based
on a fixed sensor position, the transfer path must be mod-
eled. Subsequently, based on speed and torque data as well
as the modeling of planetary stages in the tooth contact anal-
ysis, estimated signals can be simulated at a fixed sensor
position. The reverse path can then be analyzed to infer the
displaced tooth contact based on the operating data and to
deduce the remaining service life of the planetary gearbox
from a local stress calculation in combination with histori-
cal data. In addition to the operating data, displacement data
of the sun shaft could be included in order to increase the

@ Springer

correlation quality between displacements occurring during
operation and those determined by simulation.
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