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Optimizing the Operational Behavior
of Bevel Gears Using a Tolerance
Field-Based Approach
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Introduction

In the design process of gears, several
criteria must be considered, such as a suf-
ficient durability, a low noise excitation,
and a robust design in terms of manufac-
turing and assembly deviations (Ref.1).
Bevel gears present a challenge in the
design, due to the complex contact geom-
etry and the operating-dependent con-
tact conditions. In practice, deviations
resulting from the manufacturing process

as well as the assembly of the gears also
influence the operational behavior of the
gears. A comprehensive consideration of
these expected deviations in the design
process for bevel gears by varying the
topography parameters as well as the
mounting tolerances has not yet been
conducted. (Ref.2)

As Figure 1 shows, the Ease-Off gener-
ated in the design is influenced by man-
ufacturing-related flank deviations and
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What is the optimal Ease-Off? What does optimal operational behavior mean?

® Deviations due to manufacturing and assembly influence the operational behavior.

m Tolerances are reduced and lead to increased production costs.

Methodology for robust and application-oriented design of bevel gears considering
manufacturing and assembly-related deviations

Figure 1 Motivation for robust microgeometries.
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Figure 2 Method for optimizing the microgeometry by variation calculation.

assembly related position deviations. In
addition, load-related displacements dur-
ing the operation have a major influence
on the operational behavior. Since the
reduction of manufacturing and assem-
bly tolerances leads to increasing costs in
the production, it is important to gener-
ate an optimal micro-geometry regard-
ing deviations in the design. Optimal
does not only refer to the quality of the
operational behavior but especially to the
robustness of the design against devia-
tions (Refs.3-4).

For cylindrical gears, robust
microgeometries are designed using vari-
ant calculations. This way, production
costs can be reduced. For bevel gears,
such a design method is presented in
this report and applied on a near-series
pair of bevel gears. Following, the calcu-
lation and design method is described
and the optimization potential is shown.
The optimization method was developed
within the IGF research project 18450
BG/1 (FVA 739 1) and validated by means
of test-rig investigations.

Method for Optimizing the
Microgeometry

The operational behavior of bevel gears is
significantly influenced by deviations to
the ideal micro-geometry. With the help
of the variant calculation, it is possible
to consider and examine the influence of
micro-geometry and position deviations
in the design of the target geometry. The
procedure developed within the scope
of the research project for the optimiza-
tion of the micro-geometry by means of
a variant calculation specifying the toler-
ance and load range is shown in Figure
2. Using a methodological tool, an input
data set is created for each variant, a cal-
culation with the bevel gear tooth con-
tact analysis BECAL is started and the
results are merged and evaluated in the

This paper was presented at the 2018 Lyon International Gear Conference and his republished here with permission of the Conference and the authors.

68

GEARTECHNOLOGY | August 2019

[www.geartechnology.com]



methodological tool (Ref. 5).

In the beginning, the macrogeometry
is determined based on the preferred
manufacturing process, the transmission
ratio, and other constructionally speci-
fied parameters. In the next step, the
microgeometry of the pinion flank is var-
ied and designed. Regarding the design
of the microgeometry it is important to
ensure the manufacturability and measur-
ability for the production. Therefore, the
tooth contact analysis BECAL is coupled
with a manufacturing simulation to cre-
ate the geometry data for the calculation
(Refs. 5-6). Within the scope of the evalu-
ation, the robustness of the micro-geom-
etry design is evaluated regarding manu-
facturing and assembly related deviations.
The quality is evaluated regarding the
operational behavior. The considered tol-
erance parameters include flank and posi-
tion deviations as well as load-dependent
misalignments, which are specified by
the user together with the calculated load
range. In addition to the tolerance param-
eters, evaluation variables (e.g. loaded
transmission error, flank pressure) and
load-dependent weighting factors for each
of these evaluation variables are spec-
ified. The excitation behavior is evalu-
ated based on the loaded transmission
error, the load-carrying capacity based
on the tooth root stresses as well as the
flank pressure. The gear efficiency is used
to evaluate the performance of the gear
set. The introduction of grading scales in
combination with the weighting factors
makes it possible to summarize different
evaluation variables and load levels for
each variant (Ref.7). Based on the over-
all grades of each variant, the different
variants can be evaluated and compared
with each other regarding their robust-
ness against deviations and their quality
of operational behavior. A full factorial
calculation with 14 varied parameters in
three steps already results in 4.78 million
calculations. Due to a calculation time of
~10 sec. per variant, this procedure is par-
ticularly unsuitable in industrial practice.

Accordingly, the optimization was
divided into a pre- and final-design.
Simplifications are made for the first
assessment of a design in the pre-design
to save calculation time. In the subse-
quent final-design of one or more poten-
tial target designs, all topographical and
positional deviations are considered.
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Figure 3 Assignment of the variants to target designs in the pre-design.
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Figure 4 Calculation approach and evaluation of the final-design.

The aim of the pre-design is to identify
potential target designs within a given
tolerance field, considering all possible
variants. For this reason, only the five
micro-geometry parameters of the pin-
ion flank shown in Figure 3 are varied
to reduce the necessary calculation time.
Based on the defined variation values,
the microgeometry variants are generated
and then calculated in BECAL.

The evaluation of the calculated vari-
ants is also based on the defined variation
steps. For this purpose, the calculated
micro-geometries are divided into target
designs as it is shown in Figure 3. The
maximum number of calculated vari-
ants Ny, results from the number of
steps of each deviation parameter Ny. The
number of designs Ny, results from
the reduction by the boundary values of
the variation space (Nx-2). In the next
step, the variants of the specified evalua-
tion area are assigned to the correspond-
ing target design. This assignment of the
microgeometry variants is the basis for

the grading, weighting, and evaluation of
the calculated varijants.

In the final-design calculation, no sim-
plifications are made to represent the
influence of manufacturing-related and
assembly related deviations of the gear set
as precisely as possible. The five topog-
raphy parameters of the pinion and gear
flank are varied as well as the load-free
mounting position. These 14 parame-
ters are randomly varied according to the
Monte Carlo method using a given pro-
cess variation and tolerance limits. The
user specifies the number of calculated
variants and the process variation by the
process capability index c,. For the valu-
ation of the final-design, the algorithm
provides the opportunity to evaluate the
sensitivity of the calculated variants using
statistical parameters. The microgeom-
etry variants of the final-design calcula-
tion correspond to a “virtual production.”
so that the operational behavior of the
gear set can be assessed under realistic
production and assembly variations.
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Application of the Method
The presented method for optimizing the
microgeometry was applied to a near-
series automotive gear set. The individual
work steps are shown in Figure 5. The
reference design corresponds to the near-
series gear set. The load-related displace-
ments are approved by measurements
in the real application and considered in
the calculations. In the first step, a pre-
design calculation for the five load levels
M, =100, 200, 300, 400 and 500 Nm was
carried out. The parameters fy, f,, f., and
f.» were varied in seven steps. The param-
eter f, was constant for the calculations.
From the calculated variants, the opti-
mal redesign regarding the excitation
behavior was selected and transferred to
a new microgeometry. The redesign then
was examined in the final-design regard-
ing the variance of the loaded transmis-
sion error in case of realistic manufac-
turing and assembly deviations. In all
calculation steps, only the drive flank was
examined, and the loaded transmission

error was used to evaluate the variants.
The reason for these limitations is the
predominant use of the method for opti-
mizing the noise and excitation behavior
of bevel gears.

Pre-Design

The simulation parameters used in the
pre-design calculation and the results are
shown in Figure 6. The range between
minimum and maximum values was
divided into seven steps for the calcu-
lation. Except the profile crowning f,,,
the tolerance limits were assumed sym-
metrical around zero. All five calculated
load levels were equally weighted for
evaluation. Four varied parameters in
seven steps each result in a total num-
ber of Ny =7 =2,401 variants and
NDes,-gm=54=625 redesigns. The calcula-
tion time for the calculation was =33 h.
For each new design, the quality of the
operational behavior and the robustness
of the design against deviations were
evaluated. The quality rating evaluates
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Figure 5 Calculation approach for the optimization of the reference design.
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Figure 6 Evaluation of the pre-design calculation.
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how good the operational behavior of the
design is regarding the evaluated param-
eters. In this case, this is equivalent to
the magnitude of the loaded transmis-
sion error of a variant. The stability rating
evaluates how robust a design is regard-
ing deviations on the pinion tooth flank.
In the present case, this means how large
the variance of the loaded transmission
error is when the pinion micro-geometry
is varied. A quality rating of g=1 indi-
cates the lowest or the best loaded trans-
mission error. Whereas, a quality rating
of q=6 indicates the highest or worst
loaded transmission error. The assign-
ment of the rating scales to the values of
the loaded transmission error consid-
ers all calculated variants. To determine
the overall quality score of a variant, the
quality scores of the individual load lev-
els are summarized using the predefined
weighting factors.

To determine the stability rating of the
redesigns, all variants of the correspond-
ing evaluation are considered. The vari-
ance of the evaluation parameters is rated
using the standard deviation. The stan-
dard deviations of the different redesigns
are converted into the stability ratings
based on a given rating scale. The evalu-
ation of the pre-design calculation and
the selection of the optimal redesign are
based on the representation of quality
and stability ratings (Fig.6). In the dia-
gram on the right, the reference design
is marked, which was used as input for
the pre-design. An equal weighting of
all load stages results in numerous rede-
signs, which, on the one hand, have an
improved operational behavior and, on
the other hand, are more robust against
deviations than the reference design.

The optimal microgeometry found in
the pre-design strongly depends on the
selected weighting for the evaluation;
Figure 7 compares the optimal variants
for three different weightings with the
reference design. With the same weight-
ing of all load levels, the loaded transmis-
sion error of the optimal variant is always
lower than the reference design, except
for M, =500 Nm. If only the two load lev-
els M2 =100 and 200 Nm are used for the
evaluation the loaded transmission error
is considerably lower for these two load
levels compared to the reference design.
However, the loaded transmission error
at M, =400 and 500 Nm is higher than the
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loaded transmission error of the refer-
ence design.

A comparable result is obtained if only
the upper-three load levels are weighted
in the evaluation. A load-dependent
weighting of the evaluation variables to
determine the overall grade of a variant
is necessary in practice to meet the vari-
ous design criteria. On the one hand, the
designer must ensure that the gear set
has a high efficiency and low noise exci-
tation at low loads. On the other hand,
the load carrying capacity of the tooth
root and the tooth flank must be ensured
under high loads, while efficiency and
excitation behavior are of secondary
importance.

The comparison of different weightings
in the evaluation of the calculation results
shows that it is possible to consider dif-
ferent load-depended design criteria in
the evaluation method for the pre-design
calculation. The optimization potential
depends significantly on the selected
weighting. Therefore the weighting of
the considered load stages and evalua-
tion variables must be tailored exactly to
the final application to find an optimal
microgeometry design. For the next step
of the final-design, the microgeometry
variant with an optimum at M,=100 and
200Nm was selected and converted into
new geometry data for BECAL.

Final-Design.
The microgeometry variant optimized in
the pre-design calculation was simulated
under consideration of realistic process
scattering and deviations. The process
capability index was set to ¢,,=1.33. The
tolerance limits for the deviation param-
eters were assumed production-related
values. All flank deviations on the pin-
ion and gear as well as the four devia-
tion parameters of the mounting position
were considered in the calculation. The
calculation in BECAL was done for the
loads M, =100, 200, 300, 400 and 500 Nm
as in the pre-design. 500 micro-geometry
variants were generated and calculated
according to the “Monte Carlo” method
assuming a normal distribution (Ref.8).
The research project has shown that a
range of 500 variants is sufficient for esti-
mating the spreading of the evaluation
variables in the final-design; the calcula-
tion time is 7 hours.

Figure 8 shows the calculated loaded
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Figure 8 Statistical evaluation of the final-design calculation.

transmission errors of all variants
over the considered load stages. The
maximum transmission error is up to
TE=5pm. The minimal occurring trans-
mission error is TE=0.16 um. Both
the minimum and maximum loaded
transmission error increase with the
torque and show a local minimum for
M, =200Nm. Furthermore, the transmis-
sion error of the nominal design without
manufacturing and assembly deviations
is highlighted in the diagram. A compari-
son of the nominal design with the mini-
mum and maximum transmission errors
shows that the scatter range of the occur-
ring transmission errors is very large.

For the statistical evaluation of the cal-
culation results, the mean value of all
variants was calculated for each load
level and displayed in the diagram. The
mean value of all calculated variants is
very close to the values of the nominal
design. Most of the variants of the “vir-
tual production” thus show the loaded

transmission error defined in the design.
The design must be rated as robust
against deviations. However, it is also evi-
dent that there are “worst case” variants,
which have very high transmission errors
and lead to the wide range of loaded
transmission errors. A further reduc-
tion of the resulting scatter of the loaded
transmission error is possible on the one
hand by selecting a new target design in
the pre-design calculation and evaluat-
ing it using the final-design calculation.
On the other hand, it is possible to use
the final-design to identify critical devia-
tion parameters regarding the evaluation
parameters. These critical tolerance lim-
its, as well as the process scatter, can be
adjusted in a new final-design calculation
to analyze and understand the influence
of the deviation parameters on the scatter.

One possibility to determine critical
tolerance parameters is the multi-vari-
ant data analysis (MVDA). The results
of the first final-design calculation are
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statistically examined and the main influ-
encing variables on the respective evalu-
ation parameters are calculated. The cor-
responding procedure is shown in Figure
9. The results of the first final-design cal-
culation already presented are analyzed
with the help of MVDA. The main vari-
ables influencing the loaded transmission
error are the lengthwise crowning at pin-
ion and gear fy5, and fy;, and the twist
at the pinion f,,. The influence of the
other deviation parameters on the loaded
transmission error is small compared to
these three parameters.

Based on these results, the tolerance
limits for the lengthwise crowning of the
pinion and gear were reduced by 40%.
Furthermore, the tolerance limits of the
twist on the pinion have been reduced
by 30%. The tolerance limits of the other
deviation parameters and the process
capability index remained unchanged.
Using these values, a new final-design
calculation with 500 variants was carried
out and evaluated. In the lower part of
Figure 9 the results of the first and sec-
ond final-design calculations are com-
pared. The adjustment of the tolerance
zones leads to a significant reduction of
the scatter of the loaded transmission
error. At a load of M, =100Nm, the maxi-
mum transmission error is reduced by
~44%. For M,=400Nm the decrease is
~27%. The adjustment of the tolerance
limits leads not only to a reduced scat-
ter but also to a changed mean value of
the occurring transmission errors. The
mean transmission errors in the second
final-design calculation decrease for all
load levels. For the loads M,=100 and
200 Nm, the difference between the new

Fine Calculation

mean value and the nominal design is
~TE=0.27 um. For the loads M,=300
and 400 Nm, the mean values almost
exactly match the values of the nominal
design. For the load stage M,=500Nm,
the mean value of the transmission error
is even lower and thus better compared
to the nominal design. The consideration
of the tolerance limits within the “vir-
tual production” of the final-design cal-
culation shows that a simulative toler-
ance engineering is possible with the help
of the developed procedure. Besides the
restriction of tolerance limits to reduce
the scatter of the evaluation variables, the
method also offers the possibility of esti-
mating the influence of an expansion of
individual tolerance limits on the produc-
tion result. This results in an additional
potential to reduce production costs.

Summary and Outlook
Bevel gears have operation-dependent,
complex contact conditions that pose a
design challenge. Furthermore, in prac-
tice, production and assembly related
deviations influence the operational
behavior. A consideration of the effects
of manufacturing and assembly toler-
ances on the variation of the character-
istic values for the operational behavior
within a variant calculation has not yet
taken place. This deficit was considered
in this presented research project IGF
18450 BG/1 and a method for the design
of flank topographies robust against devi-
ations for bevel gears was developed, con-
sidering manufacturing and assembly
related deviations as well as load-related
displacements.

Within the scope of this report, the
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Figure 9 Tolerance engineering using the final-design calculation.
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method for optimizing the pinion micro-
geometry is presented and applied on a
near-series bevel gear set. The method is
divided into two sub-calculations. The
pre-design calculation makes it possible
to optimize the pinion micro-geometry
regarding the quality of the operational
behavior and the robustness against devi-
ations. In the second calculation step, the
final-design, the micro-geometry selected
in the pre-design is examined and evalu-
ated in the environment of a “virtual pro-
duction” Based on the calculation results,
the expected variation of the operational
behavior can be considered, and the
influence of manufacturing and assembly
tolerances can be analyzed.

The evaluation of the presented pre-
design shows that different load-depen-
dent weightings lead eventually to differ-
ent excitation characteristics. This allows
the designer to adapt the optimization
to the specific requirements of the final
application. The statistical evaluation of
the calculation results of the final-design
calculation shows that the mean value of
the loaded transmission error of all vari-
ants is close to that of the nominal design.
However, the scatter of the transmission
error is large. A multi-variant data anal-
ysis is used to determine the tolerance
parameters with the greatest influence on
the loaded transmission error. The toler-
ance limits of the corresponding param-
eters are then restricted, and the detailed
calculation is repeated. The adjustment of
the tolerance limits leads to a significant
decrease in the scatter of the transmission
error and thus to a better result of the
“virtual production”

The results of this report show that
the developed method makes it possible
to optimize the pinion micro-geometry
regarding quality and stability as well as
tolerance limits in the production. In this
way, production costs can be reduced by
widening suitable tolerance limits and by
an increased material utilization.
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