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Abstract. This work focuses on the effect of time-dependent errors in the behav-
ior of planetary transmissions. More precisely, this work analyses the response of
low-speed planetary transmissions to the presence of time-varying manufacturing
errors such as run-out and index errors, which are some of the most common errors
inherent to the gear manufacturing process. Thus, in order to observe the inter-
action of these transmissions to the presence of those errors the analysis focuses
on its transmission error. In the context of this work transmissions with in-phase
and sequentially phased mesh phasing are considered. These transmissions also
implement a pair of state-of-the-art roller bearings modelled in the sun support.
As aresult of the error modelling, it is possible to see how the results for in-phase
transmissions are not affected by the size of the error. However, in the sequentially
phased transmissions the change in the geometry of the contacts varies the mesh
phasing and leads to discrepancies in the transmission’s behavior.

Keywords: Planetary transmissions - Spur gears - Roller bearings -
Transmission error

1 Introduction

In today’s society, gear transmissions are a commonly used solution to transmit power
in a number of different applications. In the field of gear transmissions many different
configurations are available and one common configuration is planetary gear transmis-
sions. These transmissions are experimenting an ongoing growth in their applicability,
from more classical applications such as internal combustion vehicles [1], to more recent
applications as electrical vehicles [2], wind generators [3, 4], and aircrafts [5, 6].

The raise in the interest on gear transmission analysis is patent in the increment on the
number of publications related to this field [ 7]. This growth led to the development of new
models to analyze the behavior of these transmissions at a lower cost than experimental
studies. However, these models provide several different solutions that present a variety
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of advantages and disadvantages depending on the chosen formulation. Thus, analytical
models provide a great ratio between accuracy and computational effort, but the degree
of detail that can be included is limited. On the other hand, it is possible to opt for a more
advanced formulation by defining a finite element model of the transmission. This raises
the degree of accuracy in the results, however, raises the computation time. Therefore,
from the advantages of both these approaches the proposal to combine them [8] and
extract the main advantages from each, avoiding the majority of the inconveniences,
resulted in the development of a wide range of hybrid models [9-11].

These models are employed to analyze the static and dynamic performance of plan-
etary transmissions. One of the common applications of these models is the simulations
of the transmission’s performance under the presence of several inherent manufacturing
errors [12—16]. However, these studies focus normally on the impact of manufacturing
errors such as pinhole-position and tooth thickness errors that do not vary in time. On
the other hand, various different studies observe the impact of time-dependent errors in
the planetary transmission’s load sharing [12, 15, 17].

This work sets the focus on the behaviour of planetary transmissions affected by
time-dependent errors (run-out and index errors), however, in the dynamics of this trans-
mission for low-speed performance given their importance in some industrial applica-
tions and its relation to the NVH. In addition, the transmission’s behaviour includes the
effect of a pair of roller bearings in the sun support. This study is performed for a number
of scenarios that contemplate in-phase and sequentially phased transmissions, as well
as several different error sizes both for eccentricity and index errors.

2 Methods

This section gathers all the relevant details of the algorithms employed to recreate the
transmissions that are the object of study in this work. Thus, at the beginning the specifics
regarding the hybrid model employed for the simulations are given. Then, the implemen-
tation of the roller bearings is presented. Finally, the modelling of the time-dependent
errors is included.

2.1 Hybrid Model

The model employed in this work [10] consists of an analytical-finite-element hybrid
model that is based on the proposal presented by Vedmar and Henriksson in [18]. There-
fore, this model is developed in two different lines. The first of them, the use of analytical
formulations to solve the geometrical problem regarding the contact between external
and internal gears with involute profile teeth. Thus, to this aim this model considers the
possible contacts between a Z number of teeth.

Z =2 ceile +1) (1)

Then, with this formulation for a common contact ratio (&), which for spur gears is
between 1 and 2, the number of possible contacts that are considered is 6. However, this
formulation provides the opportunity to study also high-contact ratio spur gears, where
the contact ratio is over 2.
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Afterwards, the algorithms employed to determine the distance between flanks of
opposite gears are employed, these formulae are covered in detail in [10]. As a singularity
of this proposal both gears and their teeth are considered infinitely solid rigids and they
are allowed to overlap with one another. Consequently, the indicative of an existing
contact is the existence of a positive overlap.

On the other hand, while the overlaps are determined the contact solving algorithm is
activated. This algorithm is the part of the model where the hybrid approach is necessary
and determinant. On the one hand, a pair of finite element models, as seen in [10, 18,
19], are defined for each kind of gear that composes the planetary transmission. Thus,
these models are used to solve the linear part of the contact problem, which consists in
determining the deformations in the teeth and body of the gear due to the application
of the contact force somewhere along the tooth profile. To this aim, these finite element
models are a global one, which represents the body of the gear and the same Z number
of teeth calculated in (1). The other finite element model consists in a local model that
represents the profile of the active flank to a depth 4. By employing the superposition
principle, as seen in [10, 18, 20], it is possible to eliminate the distortion related to the
application of a point load in the finite element models and obtain the deflections both
in the teeth and body of the gear.

While the linear part of the contact is solved, the analytical formulation presented
by Weber and Banaschek in [21] and modified by Iglesias et al. for internal gears in [10]
is employed to iteratively converge to a solution for the local contact.

Once this procedure is finished and all the pieces are put together, the contact forces
in all the existing contacts are known, as well as the effects of the flexibility of the
elements.

Thus, with the results to the contact forces, the next step is determining if there is
balance in the transmission. In this current case, balance refers to the balance in the
power transmission between the input and output elements, considering there are no
losses due to any effect, the torque balance in each planet, considering its simultaneous
contact with the sun and ring gears. Finally, the balance in the sun gear support between
the contacts and the support force, as shown in [14].

2.2 Non-linear Roller Bearings

As far as the bearings are concerned, the data employed for its modelling correspond
to the characteristics of a NU1008-XL-M1 manufactured by Schaeffler. This bearing
is modelled in LAGER?2 [22, 23]. As a result, the values of the deflections suffered
by the original configuration of the bearing can be calculated for given loads. This
allows its implementation in the hybrid model presented above. This consists in the
use of numerical splines to convert the discretized values provided by LAGER?2 into a
continuous function within the scope of loads considered, as seen in Fig. 1.

For every iteration of the non-linear contact problem solver, the balance problem
in the transmission is analyzed. Beyond reaching the balance or not, the algorithm
calculates a force in the support of the sun gear. These positions are taken from the
initial conditions provided for the calculation. Thus, with the deflection, the force in the
bearing is established.
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Fig. 1. Diagram of the force-deflection ratio in the NU1008-XL-M1 roller bearing.

The non-linearities in the behavior of the bearing increases the degree of realism
reached in the simulation, but at the cost of a higher computation time.

2.3 Time-Dependent Errors Definition

The hybrid model employed for this work provides the opportunity of including several
different manufacturing and mounting errors. Thus, in this case, the focus is set on
time-dependent errors, and among the gamut of possibilities the ones chosen are the
eccentricity error and index errors. Both these errors are implemented in the sun gear,
where the bearings are mounted, too.

Starting off with the eccentricity error, it depends completely on the angular position
of the gear where it exists. Therefore, it is modeled by defining the maximum magnitude
of this error and applying the sinusoidal function necessary to recreate the influence of
the shaft rotation in the error, as the following:

ecc(Os) = Agce - cos(Os + ) ()

Thus, A is the amplitude of the sinusoidal wave that defines the time dependent
eccentricity error, 6 is the actual rotation in the sun gear, and ¢ is the phasing.

As far as the index error is concerned, it can be modelled in many different ways.
The actual index error consists in an advancement or delay between the actual position
of atooth in a gear and the ideal position of that tooth. However, in this case, considering
the gear cutting process, it is modelled as a function dependent on the sun gear rotation,
as presented in [24].

eing (05) = ZnNzl A, - sin (n : ﬂ00r<00—5> .eps) (3)

pS

where A, is the error amplitude in the nth harmonic, the 6 is the actual rotation in the
sun gear, 0, is the pitch angle in the sun, and the floor function rounds double number
to the closest lower or equal integer number.
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3 Working Configurations

This study focuses on the behavior of low speed 3-planet planetary gears whose
geometrical specifications are gathered in Table 1.

Table 1. Specifics of the tooth profile

Characteristic Magnitude
Module (mm) 4

Pressure angle (°) 20
Addendum (mm) 1m
Dedendum (mm) 1.25m
Tip rounding arc radius (mm) 0.05 m

The number of teeth defined for each gear is gathered in the Table 2. Thus, a pair of
transmissions are considered. In the first, every sun-planet or planet-ring contact happen
at the same time, therefore, the mesh phasing is in-phase. This transmission is Equally
Spaced In-Phase (ESIP). Then, the second configuration considered includes a delay in
the mentioned contacts, therefore, it is Equally Spaced Sequentially Phased (ESSP) as
seen in [14].

Table 2. Number of teeth in each gear for the studied configurations

Configuration Zs Zp 7R
ESIP 30 29 90
ESSP 29 30 91

In addition, this study considers two different errors. These errors, defined in
Sect. 2.3, are eccentricity and index errors and their amplitudes are given in Table 3.

Table 3. Eccentricity and index errors amplitudes

Error Amplitude (pm)
Eccentricity 10 30 50
Index 10 30 50

Finally, these simulations are performed for an input torque of 2000 Nm. In addition,
in order to observe the effect of these periodic errors and extract the most relevant
information of the results the simulations are carried out up to 15 meshing cycles in the
sun of input element rotation.
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4 Results

In this section the results obtained for the simulations established previously in this
work are gathered. At first, the focus is set on the transmission error in these planetary
transmissions under the presence of the mentioned errors. Then, the sun gear orbits in
those same scenarios are extracted and analyzed.

4.1 Transmission Errors

First of all, this work focuses on low-speed transmissions, therefore, the dynamic effects
have not been considered in the transmission error (TE).

On these grounds, in Fig. 2 the results obtained for the ESIP transmission with a
10 wm eccentricity and index errors are presented. It is possible to see how even though
the definition of the errors is similar, but not identical, the results obtained for the TE are
almost identical. In order to extend the analysis, the same results are presented for the
ESIP transmission, but in this case with 50 pum eccentricity and index errors. As seen in
Fig. 3 the results are identical to the previous ones.

_3Transmission error comparison for A and A =10pm
13 x10 ecc n

Eccentricity error
Index error

09

0.8

0.7

L .
0 5 10 15
Meshing cycles in the sun

Fig. 2. Transmission error comparison for ESIP transmissions with a 10 wm error

This leads to think that the interaction between the gear and the roller bearings are
making that the rotational behavior of the sun gear is the same for any of the scenarios
considered.

The next step is to analyze these scenarios, but for the ESSP transmission, in which
a priori a change in the geometry of contacts can be expected to have a more significant
effect in the TE results. At first, in Fig. 4 the case with 30 wm eccentricity and index
errors are presented and compared.

It is possible to see how the influence of the error in ESSP transmissions is visible,
first of all, and both errors have a different behavior. In fact, seeing the results obtained
for 30 pwm (Fig. 4) and 50 pwm (Fig. 5) eccentricity and index errors it is possible to
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Fig. 3. Transmission error comparison for ESIP transmissions with a 50 pwm error.
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Fig. 4. Transmission error comparison for ESSP transmissions with a 30 pwm error.

observe how the TE in the sun in both under each error does not resemble any other
scenario.

These changes are related to the variation in the mesh phasing due to the errors.
Furthermore, the change in the mesh phasing is different for each kind of error and
becomes more influential as the error grows. These errors have an impact also in the peak-
to-peak value, however, the index error prove to be more impactful in the transmission’s
behavior as far as TE is concerned.

5 Conclusions

The conclusions that can be extracted to the current analysis are the following:
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Fig. 5. Transmission error comparison for ESSP transmissions with a 50 wm error.

— The transmission error in ESIP transmissions under the impact of an eccentricity or

index sinusoidal error is identical and is not affected by the size of the error.

The change in the mesh phasing due to the errors does modify the TE in the ESSP
transmissions, whereas in the TE for ESIP transmissions the changes due to the
implemented errors are not visible in the TE.

The peak-to-peak value of the TE in ESIP transmissions does not vary with the error.
However, in the ESSP transmissions it does vary, reaching higher values for the index
error.
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