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Validation of the Calculation of
Dynamic Tooth Root Stresses

Moritz Zalfen

Introduction and Motivation
The development process for gear
transmissions in the fields of elec-
tric mobility and turbomachinery is
characterized by increasing require-
ments with regard to the transmit-
ted power, the required installation
space, and the operating conditions.
On the one hand, the increasing elec-
trification of powertrains is causing an
increase in operating speed (Ref. 20).
On the other hand, due to the high-
efficiency requirements in aircraft
engines, gearboxes with extremely
high power requirements and oper-
ating speeds are used (Ref. 33). Due
to the increasing speeds in the pow-
ertrain, the power transmitting com-
ponents are loaded with a high num-
ber of load cycles and the load speed
is increased Ref. 5). The gears used,
achieve load cycles in the Very High
Cycle Fatigue (VHCF) range with 107 <
Ng < 10° load cycles (Ref. 29). This can
lead to a decrease in fatigue strength
depending on the material and surface
treatment (Refs. 6, 32). For gears in
high-speed applications, methods for
determining the remaining service life
of a component in operation are nec-
essary. On the one hand, the acqui-
sition of condition data by means of
suitable sensors for continuous moni-
toring is required. On the other hand,
an intelligent evaluation of these data
to assess the condition of the compo-

nent must be developed. Crucial for
a correct calculation is the material
strength at the operating point and the
real stresses in the high-speed range.

Investigations in materials engi-
neering show that steels exhibit a pro-
nounced dependence of the load-car-
rying capacity on the loading speed
during plastic as well as elastic defor-
mation (Refs. 1, 13, 24, 28, 31). The
left part of Figure 1 shows the speed-
dependent influences on the material
stress and strength of the tooth root.
On the one hand, variable, additional
dynamic loads occur during operation
due to the tooth excitation as a func-
tion of the rotational speed. These are
taken into account in the load capac-
ity calculation of the ISO 6336 using
the speed-dependent dynamic factor
Kv (Ref. 22). On the other hand, the
increased speed leads to a significant
increase of the strain rate in the tooth
root, since the time interval of one
gear mesh decreases while the maxi-
mum stress remains nearly constant.
A classification of previous and future
strain rates in gear applications in the
state of the art shows that the strain
rates in the tooth root of gears reach
or exceed the values from the state of
the art (Ref. 5). The investigation of the
influence of the strain rate in the tooth
root on the tooth root load capacity
has not been carried out in the current
state of the art.
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Figure 1 Speed influence on the fatigue strength.
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The investigation of the strain rate
influence on the tooth root load carry-
ing capacity requires the consideration
of different speeds in the test. The right
part of Figure 1 shows the influence of
the speed on the maximum tooth root
stress in operation. Due to the speed-
dependent tooth excitation, it is to be
expected that the maximum tooth root
stress will vary at different speeds as a
result of the dynamics. Before deter-
mining the tooth root load carrying
capacity in the test, it must therefore
be ensured that the influence of the
strain rate on the tooth root load carry-
ing capacity is not superimposed by the
influence of the dynamics and incor-
rect conclusions are drawn. A validated
method for calculating the local and
time-related tooth root stress at vari-
able operating points, taking dynam-
ics into account, is required to differen-
tiate between these influences on the
stress and strength in the tooth root.

State of the Art
Additional dynamic loads in gears
result from internal and external exci-
tations and have a significant influ-
ence on the load carrying capacity and
service life of the gearing (Refs. 2, 22,
27, 34, 35). “Dynamic Tooth Loads”
gives an overview of the relevant
influencing variables on the vibra-
tion excitation and the previous work
on the measurement of additional
dynamic loads. “Standardized Calcu-
lation Approach for Dynamic Tooth
Root Stresses” presents the calcula-
tion approach for dynamic additional
loads according to ISO 6336. “Numeri-
cal Calculation Approaches” presents
numerical methods for evaluating the
vibration behavior.

Dynamic Tooth Loads
The varying tooth mesh stiffness, mod-
ified tooth flanks and external loads
lead to a vibration excitation of the
elastic drivetrain (Refs. 3, 25, 26, 30, 34,
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35). During operation, this vibration
excitation leads to additional dynamic
loads which are superimposed on the
load from the static torque. During the
transition between the meshing areas
at spur gears, e.g., from single to dou-
ble tooth contact, there is a step in the
tooth force due to the changed tooth
stiffness (Refs. 17, 27). At high loads,
the influence of a premature tooth
mesh resulting from tooth deformation
is also superimposed. The load mag-
nification is maximal when the tooth
mesh frequency coincides with the nat-
ural frequencies of the system (Refs. 3,
11, 19, 22, 23, 27, 30, 34, 35). In the case
of these main resonances, the addi-
tional dynamic loads increase and can
lead to premature failure of the gears.
Flank form and pitch errors also lead to
vibration excitation. The relative influ-
ence of the geometry deviations on the
excitation is more pronounced for heli-
cal gears than for spur gears since the
excitation caused by the stiffness varia-
tion is lower for helical gears due to the
higher total overlap (Ref. 27).

The dynamic load increase due to
the vibration excitation from the gear
mesh has been investigated in numer-
ous works on the basis of calculations
and measurements. Bosch developed
a model for calculating dynamic tooth
loads taking into account the periodi-
cally varying tooth mesh stiffness for
variable speeds (Ref. 3). The calcula-
tion results were confirmed by mea-
surements of the dynamic tooth loads
using strain gauges. Winkler carried
out metrological investigations on the
dynamic load of high-speed gears on
a high-speed back-to-back test rig with
up to ng, = 15,000 min™ (Ref. 35). Based
on the results of the investigations,
Winkler developed a calculation model
for quantifying the additional dynamic
loads of spur and helical gears. Rettig
carried out investigations on a back-
to-back test rig up to n;, = 6,000 min™
on the pinion (Ref. 34). Based on the
results of Rettig and Winkler, Rettig
developed a simplified calculation
method for determining the average
additional dynamic loads in the sub-
and supercritical speed range as well
as the main resonance (Ref. 34). The
corresponding calculation principles
were later transferred to the standard

calculation of DIN 3990 and serve as a
basis for the calculation of the Ky factor
of ISO 6336 nowadays (Refs. 10, 22).
Gold analyzed the gear stiffness and
investigated the influence on the gear
dynamics. The natural frequencies of
multistage gears must be determined
with the aid of a spatial computational
model. Only in exceptional cases, e.g.,
low stiffness of the drive elements, the
first natural frequency can be deter-
mined in a torsional vibration model.
The results were confirmed by mea-
surements of the radial and tangential
vibration of the gear shafts (Ref. 19).
Gerber investigated the internal
additional dynamic loads and the
gear damping. A partial absorption of
the vibration energy is caused by the
damping in the drivetrain. Bearing
friction, flow resistance and damp-
ing in the tooth contact play a role.
The damping in the tooth contact is
determined by the existing elastohy-
drodynamic conditions and is strongly
dependent on the lubricant film prop-
erties. For conventional forged steels,
material damping is negligible com-
pared with lubricant damping. In this
case, mesh geometry, velocity condi-
tions and lubricant viscosity are the
main influencing variables (Ref. 18).
Baud et al. used an electrical power
circle test rig to investigate the addi-
tional dynamic loads. The simula-
tion program for the calculation of the
dynamic additional loads was suc-
cessfully validated. The comparison
between simulation and measurement
shows that a detailed model taking into
account all degrees of freedom is nec-
essary for the correct calculation of the
dynamic tooth root stress (Ref. 2).

Standardized Calculation Approach
for Dynamic Tooth Root Stresses
The additional dynamic loads described
canlead to premature failure of the gear-
ing and to noise excitation during opera-
tion. In the standard ISO 6336, the influ-
ence of additional dynamic loads on
the stress in the tooth root is taken into
account by the Ky factor. Various meth-
ods with different degrees of abstrac-
tion are available for determining the
Ky factor. Method A represents the most
accurate variant, whereby the additional
dynamic loads are determined on the

basis of measurements or with the aid
of validated simulation models (Ref. 22).

Method B makes it possible to esti-
mate the additional dynamic loads
without complex and expensive mea-
surements and simulations. For this
purpose, the gear stage is converted
into a single-mass oscillator to enable
classification with respect to the speed.
A distinction is made between the four
ranges shown in Figure 2. In the sub-
critical range, depending on the gear
set, preresonances with correspond-
ing local maxima can occur with
regard to the additional loads. Method
B assumes an additional load that
increases linearly with the speed and
approximates the actual additional
loads. In the area of the main reso-
nance, the additional load becomes
maximum and is represented by a
constant value. The transition region
is characterized by a linear decrease
of the additional load. In the super-
critical region, the additional load is
constant. The amounts of additional
load are calculated separately for
each range, taking into account the
gear geometry (e.g., rotational iner-
tia, meshing stiffness). Method C is
based on method B and uses further
simplifications (Ref. 22).

The described model approach of
method B is often not sufficient, since
the vibrations excite the entire drive-
train and thus influence the vibration
amplitude and frequency. The course
of the actual torque variation is approx-
imated by a linear course of the Ky fac-
tor in the calculation according to ISO
6336. Drivetrain-dependent resonance
points in the sub- and supercritical
range are not taken into account. This
can lead to critical resonance points
not taken into account, especially in
the case of multistage gearboxes and
complex drivetrains (Ref. 22).

Numerical Calculation Approaches
Numerical calculation approaches
enable the operating point-dependent
calculation of the additional dynamic
loads, taking into account the entire
drivetrain and all resonance points.
For an exact consideration of the
dynamic tooth loads, the mapping of
the entire system in six degrees of free-
dom (6 DOF) is necessary (Refs. 2, 19).
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Figure 2 Estimation of the additional dynamic loads according to method B of ISO 6336 [ISO19)].

Friih built a model for the representa-
tion of the gear excitation in the multi-
body simulation (MBS) and integrated
it into an MBS model. The method
was validated by means of experimen-
tal investigations on a gear test rig. It is
shown that for the correct determina-
tion of the resonance points the detailed
mapping of the tooth contact under
consideration of misalighments and
deformations is necessary (Ref. 14).

For the computational investiga-
tion of highly dynamic contact pro-
cesses in gear sets, an FEM computa-
tional model exists, which allows the
consideration of impact processes, but
requires higher computation times
than a quasistatic tooth contact analy-
sis (Ref. 12). The program system DZP
(Dynamic Tooth Load Program) allows
the calculation of the dynamic load
distribution of a single stage consider-
ing multidimensional rotational and
translational degrees of freedom (Refs.
17, 21). In this case, the calculation of
the tooth meshing stiffness is based on
simplified analytical approaches.

With the MBS in connection with
the force coupling element developed
by Gacka and Carl, it is possible to
simulatively map the dynamic excita-
tion in the tooth meshing taking into
account the drivetrain in the torsional
degree of freedom (Refs. 7, 16). In this
way, the dynamic tooth forces in all
operating points can be calculated
taking into account the drivetrain as
well as the gear geometry.

Brecher et al. developed a method
for the penetration calculation of
curved tooth flanks, whose computa-
tional efficiency allows an application
within the MBS. The method allows
the consideration of the influence

of displaced gears on the excitation
behavior in the MBS. The method was
successfully verified by means of a val-
idated FE-based tooth contact anal-
ysis. The application of the method
shows that manufacturing and load-
induced misalignments have to be
considered for the correct representa-
tion of the excitation behavior (Ref. 4).

Summarized, it can be stated that
with the help of today’s MBSs, the
additional dynamic loads in opera-
tion can be quantified in detail as
a function of the rotational speed.
Depending on the selected discreti-
zation of the drivetrain, either the cal-
culation of the maximum additional
dynamic load or the progression of
the additional dynamic load over a
gear mesh is possible. Furthermore, it
is also possible to consider the influ-
ence of modifications and deviations
of the gear. Determining the course
of the additional dynamic load over
a complete tooth mesh enables the
additional load to be converted into
a dynamic tooth root stress. This has
not been done before. With the aid of
a validated method for calculating the
dynamic tooth root stress, it is possible
to take the influence of the dynamics
directly into account when calculating
the tooth root stress.

Objective and Approach
The state of the art shows that the
speed-dependent dynamics have a
significant influence on the stress in
the tooth root. To determine the tooth
root strength at different speeds, it is,
therefore, necessary to calculate the
tooth root stress taking into account
the respective additional dynamic
load in order to be able to separate
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the influences of the strain rate and
the additional dynamic loads. MBS
models offer the possibility of cal-
culating the time-dependent load
curves in detail, taking into account
the individual vibration behavior of a
powertrain. The tooth root stress can
be calculated on the basis of the time-
related load curves. Validation of the
local and time-related tooth root
stresses calculated in this way has not
yet been carried out.

The aim of the report is to validate
the calculation of the local, time-
related tooth root stress curves. To
this end, the tooth root stress is mea-
sured in operation using strain gauges
and compared with the calculated val-
ues. In the first step, the test rig and
the measurement setup and proce-
dure for determining the tooth root
strain in operation are presented. In
the second step, the test setup is trans-
ferred to the Simpack MBS and the
influence of the coupling stiffnesses
on the tooth root stress in operation is
evaluated. In the third step, the tooth
root stresses calculated in Simpack are
compared to the measured values in
the area of quasistatics and dynamics,
and the calculation of dynamic tooth
root stresses in the MBS is validated.
With the help of the validated calcu-
lation method, the tooth root stress
occurring in operation at variable test
speeds or at different test rigs can be
evaluated and taken into account in
the evaluation of the load capacity.

Test Rig and Measurement
Setup

The measurement of the tooth root
strain in operation and the conver-
sion into the tooth root stress was car-
ried out at the 30° tangent in the tooth
root. For this purpose, a helical gear
was equipped with a strain gauge
and installed in a back-to-back test
rig. The test gearing, the application
of the strain gauge, the test setup and
the test and evaluation procedure are
explained below.

Test Gear and Strain Gauge
Application
To investigate the tooth root stress,
the gearing shown in Figure 3 with a
center distance of a = 112.5 mm was
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Figure 3 Test gear geometry and strain gauge application.

used. This was designed and manu-
factured within the framework of the
IGF project 18085/N1 for the measure-
ment of tooth root strain by means of
strain gauges (SG) in quasistatic (Ref.
15). The relatively large normal mod-
ule of m, = 6 mm and the face width
of b = 25 mm allow the application of
a strain gauge chain with ten measur-
ing points. This makes it possible to
record the tooth root strain at differ-
ent face width positions within one
tooth mesh. The strain gauge chain
was applied at the 30° tangent of the
tooth root. The gear has a tip short-
ening of k-m, = -2.5 mm. This is nec-
essary to prevent damage to the strain
gauges and the cabling in the root of
the pinion. The pinion flank is modi-
fied with alead crowning of ¢z, = 3 pm.
The gear is designed with a profile and
lead crowning of c,, = 25 um and c;.
= 32 pm. The manufacturing-induced
twist is ¢,z = 160 pm.

The tip shortening and modifica-
tions to the wheel result in a reduced
load-free overall contact ratio of ¢, =
1.03. At a torque of My, = 238 Nm, the
overall contact ratio increases to gy =
1.24. Due to the low overall contact
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ratio for a helical gear, a pronounced
single tooth contact area and an
increased vibration excitation occur
during operation. A spur gear with a
number of teeth z, , = 28, normal mod-
ule m, = 4 mm, and pressure angle a
= 18° was used as a reference gear set.
The overall contact ratio of the refer-
ence gear is g, = 1.595.

The measurement signals were
transmitted in the test rig with the aid
of a slip ring transmitter. Since its size
increases with the number of trans-
mission channels, the number of eval-
uated measuring points in the tooth
root was limited to five, see Figure 3.
The strain gauge chain was applied
in such a way that the third measur-
ing point is located in the center of
the tooth. The face width positions of
the individual strain gauges measured
after application are shown in Figure
3. The tooth mesh starts at measuring
point I at the active tooth root diame-
ter of the pinion.

Test Setup
The tooth root stress in operation
was investigated on a back-to-back
test rig according to DIN ISO 14635,

Figure 4 Test rig setup for the measurement of the tooth root sirain.

see Figure 4 (Ref. 9). The test rig con-
sists of a test gear set and a reference
gear set, which are connected via a
torque measuring shaft and a ten-
sion shaft with a clutch. By twisting
the clutch, for example with the aid of
a lever and weights, a torque can be
generated in the power circle shown.
The torque measuring shaft is used to
measure the applied torque with cali-
brated strain gauges. The motor brings
the test rig up to a defined rotational
speed and only has to apply the losses
of the gears, bearings, and seals. This
makes this test concept very efficient
since the drive power is only approx.
10% of the actual power in the power
circle (Ref. 8).

The right part of Figure 4 shows the
integration of the test gear into the
test rig. The signal lines of the strain
gauges on the pinion were led out
of the test gear via a hollow shaft. By
sealing the bore, the gearbox could
be operated with splash lubrication.
The slip ring transmitter was flanged
to the end of the pinion shaft. The
maximum test speed of the slip ring
transmitter and thus of the entire test
setup is limited to n;, = 2,000 min™. To
measure the tooth root stress during
operation, the test rig was tensioned
to different defined torques, each
torque was controlled by means of a
torque measuring shaft and the tooth
root stress was recorded at various
constant speed levels.

Evaluation of the Strain Measurement
The measurement of the tooth root
strain by means of strain gauges is car-
ried out with the Wheatstone measur-
ing bridge. Each strain gauge in the
tooth root was supplemented with a
supplementary resistor on the pinion
shaft to form a half-bridge, see Figure 5.
The voltage across the supplementary
and strain gauge resistors was trans-
mitted via the slip ring transmitter for
each measuring point. With five mea-
suring points and three signal lines per
strain gauge, a total of 15 channels are
required for transmission. The voltage
signals were recorded using the Lab-
view software from National Instru-
ments and internally supplemented to
form a full bridge. Based on the change
in resistance and the proportional-
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ity factor of the strain gauge chain,
the strain at the strain gauge was cal-
culated. For each time step, the strain
was determined for the individual face
width positions. In a subsequent step,
the measured tooth root strain curves
were converted into tooth root stress
curves using Hooks law. Since the cal-
culation methods of the quasistatic
tooth contact analysis and the calcula-
tion methods in the MBS evaluate the
tooth root stress over the pitch angle, it
is necessary to transfer the measured
data into the path domain for the com-

r Measurement Parameter
m Sampling rate
fyeas = 25 kHz

r Approach for the Stress Calculation
Strain measurement

parison between calculation and mea-
surement. For this purpose, the time
steps of the measurement were con-
verted into rolling angles using the for-
mula shown in Figure 5. After the con-
version, the tooth root stress related
to the rolling angle for the face width
positions is available.

Simulation Model for the
Calculation of the Dynamic
Tooth Root Stress
The test rig presented in “Test Setup”
and the test gear set used were mapped

m Strain gauge proportionality factor
k =193

m Strain gauge resistance
Roys =1200

= Young's modulus
Eyeer = 210000 N/mm?

Legend

Time t / sec

Rolling position ¢ / rad
Driving speed ny, / min!
Strain at the 30°-tangent

Post-processing of measurement data :
o(¢.b)

Er a0 = ® o/ Nimm?# 2. Conversion
— Stress at the 30°-tangent mad AR, time, path domain
Orage / N/Mm? 2-metong
— Change in resistance strain gauge (P(Cr"m) =
ARIR 60

. Conversion
HOOKS law
OF, 30° = EF.30° * Esteel

Figure 5 Conversion of the measured tooth root strain.
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Figure 7 Comparison of contact patterns.
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in the Simpack MBS. In the following
chapter, the topology and the model
structure of the simulation model are
described, the contact pattern under
load from the tooth contact analysis is
compared to the contact pattern from
the test rig and the influence of modi-
fied tip stiffnesses and damping on the
tooth root stress is evaluated.

Topology and Model Design

The transfer of the test rig to MBS
requires the simplification of the test
rig. In the MBS, only rotating parts of
the drivetrain are modeled. The shafts
and couplings of the drivetrain are
modeled as linear-elastic bodies with
their eigenmodes. The test and ref-
erence gears are considered as rigid
bodies. The dynamic excitation and
vibration behavior of the gears is rep-
resented by the WZL GearForce6D
user force, see Figure 6.

The dynamic tooth contact analy-
sis GearForce6D was developed by
Brecher et al. and is integrated into
Simpack as a Fortran user force (Ref.
4). The calculation method uses the
positions and rotation angles calcu-
lated by the MBS solver to completely
define the contact conditions, see
Figure 6. Based on these contact con-
ditions, a penetration calculation is
performed for the potential contact
points. With the help of the previously
calculated influence numbers and
the penetrations, the spring model is
solved, and the contact forces are con-
verted to the gear centers. These forces
and torques are finally transferred to
the MBS solver (Ref. 4).

The coupling between gears and
shafts as well as between shafts and
clutches among each other is done
with one degree of freedom in the
direction of rotation. The coupling is
parameterized as a torsion spring-
damper element. The shafts are mod-
eled with six degrees of freedom and
constrained by the corresponding
bearings. The bearing stiffness is cal-
culated using the geometry data of
the bearings in Simpack. The bearing
damping is not taken into account.
The load is applied by twisting the two
clutch halves analogically to the real
test rig. The angle of twist is adjusted
iteratively until the desired torque is
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achieved in the power circle. The oper-
ating speed is specified by applying an
external torque at a defined speed.

Comparison of Contact Pattern
An initial comparison of the simula-
tion model and the test rig is made on
the basis of the contact pattern under
load. For this purpose, the loaded
pinion flank in the test rig was col-
ored with contact pattern paint and
the contact pattern was recorded at
increasing torque levels. The calcu-
lated contact pattern was calculated
using the FE-Stirnradkette (Stirak).
The results are compared in Figure 7.
The drive torques M;, = 140, 336, and
483 Nm were considered.

The contact pattern in the test rig
shows unloaded areas of the tooth
flank at the top left and bottom right
for all torques considered. These are
due to the high amounts of profile and
lead crowning as well as the twist. In
addition, it can be assumed that there
is a misalignment of the two gear axes
in the test rig since the contact pattern
is shifted to the right at low loads. It
was not possible to measure the actual
axes positions in the test rig.

The right part of Figure 7 shows the
contact pattern of the FE-Stirnradkette.
The calculation was performed tak-
ing into account the measured flank
topography at the wheel. The manu-
facturing deviations at the pinion are
< 5 pym and were therefore not taken
into account.

The influence of the axes misalign-
ment was approximated by a lead
angle modification of fy;, = -10 pm.
The amount of correction was deter-
mined iteratively based on the con-
tact pattern and tooth root stress at

r Comparison of Tooth Root Stresses

different width points. Also in the
FE-Stirnradkette, the upper left and
lower right regions of the tooth flank
are not in contact. Furthermore, a
shift of the contact pattern to the right-
hand side can be seen. The contact
patterns in the test rig and calculation
agree to a good approximation. The
deviations are due to the fact that the
exact position of the axes relative to
each other is unknown. The influence
numbers required for the calculation
using GearForce6D are determined on
the basis of the microgeometry used
for the comparison.

Influence of the Stiffness on the
Dynamic Tooth Root Stress

The dynamic vibration behavior of
powertrains is significantly influ-
enced by the stiffnesses of the individ-
ual components and coupling points.
The stiffnesses of the components,
e.g., shafts, couplings and gears, are
represented by elastic modeling. The
stiffnesses and damping of the cou-
pling points are specified by the user.
Since uncertainties exist here, the
influence of stiffness and damping
on the tooth root stress at different
speeds is considered. Figure 8 shows
the calculated tooth root stresses
from the multibody simulation (MBS)
with rigid and elastic couplings. For
the calculation of rigid couplings,
the corresponding torsional degrees
of freedom were constrained so that
no relative torsion was possible. The
elastic coupling points were modeled
with a torsional stiffness of Cspiine shate =
10° Nm/rad and Creather key = 5-10° Nm/
rad as well as a torsional damping ofk
=500 Nms/rad. The measuring points
I and V are evaluated as examples.
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Figure 8 Impact of stiffness on the calculated tooth root stress.

Ata quasistatic speed of ny,; =100min™,
no significant influence of the coupling
points on the calculated tooth root
stress is discernible. At an increased
rotational speed np,, = 1,500 min”, an
influence of the coupling points can be
detected. However, the change in the
tooth root stress is in the range of Aoy <
2 %. Both operating points are outside
the resonance points of the test setup.
At resonance areas, a higher influence
of the coupling points on the system
behavior and the dynamic tooth root
stress is to be expected. Since the test
rig is not operated in the area of res-
onances, it can be assumed that the
influence of stiffness and damping
values that are not calculated exactly
or determined experimentally on the
calculated tooth root stress is negli-
gibly small.

Comparison between
Measured and Calculated
Tooth Root Stresses
The comparison between measured
and calculated tooth root stress is
carried out in the area of quasistatics
and in the area of dynamics. In quasi-
statics, the measured tooth root stress
is compared to the calculated values
of the MBS and the FE-Stirnradkette
(Stirak). In the area of dynamics, only
the results from measurement (SG)
and MBS calculation are compared.
The tooth root stress of the respec-
tive measuring points from the cal-
culation is interpolated using the face
width positions presented in “Test
Gear and Strain Gauge Application,’
since the resolution of the FE mesh
does not match with the exact face

width positions.

Quasistatic

Figure 9 shows the tooth root stresses
from the measurement (SG), the
MBS and the FE-Stirnradkette for the
measuring points I, II, IV and V. The
measuring point III is not consid-
ered, since an increased measure-
ment noise occurred here due to a
defect in the measurement chain of
the strain gauge.

The calculated tooth root stresses
from the MBS and the FE-Stirnradkette
agree with regard to course and maxi-
mum value for all measuring points.
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Figure 9 Comparison of the calculated and measured tooth root stress in quasistatics.
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Figure 10 Comparison of calculated and measured tooth root stress at variable speeds.

This was to be expected, since the
MBS method has already been veri-
fied using the FE-Stirnradkette and
the point clouds of the gear teeth
used are identical. Differences occur
between the calculated and mea-
sured tooth root stresses. In par-
ticular, at the beginning of tooth
mesh between 0.2 rad < ¢ < 0.3 rad,
the calculated tooth root stresses
increase faster than in the measure-
ment. In the area of maximum tooth
root stress in the range 0.3 rad < ¢
< 0.4 rad, the measured and calcu-
lated values converge. The maximum
deviation of all measurement points
at the maximum tooth root stress
is between MBS and measurement
OFmax,MBS-sG = 8.7D N/mm?and between
FE-Stirnradkette and measurement
Omaxsurakse = 4.7 N/mm?. These devi-
ations are Acy < 10% and thus repre-
sent a high level of agreement. The
existing deviations are due to devia-
tions of the strain gauge position in
the profile direction, axis deviations
in the test rig not taken into account
and measurement uncertainties in
the strain gauge measurement.

Influence of the Rotational Speed
The influence of the rotational speed
on the dynamic tooth root stress in
measurement and MBS is shown in
Figure 10. The upper diagrams show
the tooth root stresses at the speeds
n, = 100 min™ and n, = 1,500 min™
over the tooth mesh for the measur-
ing pointII. The measurement shows
that the tooth root stress increases at
the increased speed n, in the region
of the start of mesh at ¢ = 0.1 rad and
decreases in the region of the maxi-
mum tooth root stress at ¢ = 0.35 rad.
The tooth root stress of the MBS sim-
ulation also shows a similar curve.

The lower diagrams show the
section of the maximum tooth
root stress at 0.3 rad < ¢ < 0.4 rad.
The measured tooth root stresses
decrease by approximately Acyeas =
8.8 N/mm? or Ayes = 7% due to the
dynamics. This can be explained
by the subcritical operation points
from the measurements. Only in the
main resonance the excitation of the
drivetrain, which corresponds to
maximum tooth root stress, and the
additional dynamic load occur at the
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same moment. In the MBS, the effect
is less pronounced with a decrease
of Acwss = 5 N/mm? or Awss =~ 4%. The
fundamental influence of the rota-
tional speed on the dynamic tooth
root stress is represented by the
MBS. The differences can be attrib-
uted, among other things, to the fact
that in the measurement, imbal-
ances, pitch errors, and radial run-
out have an influence on the vibra-
tion behavior. These influences are
not yet mapped in the MBS.

Summary and Outlook

The investigation of the strain rate
influence on the tooth root load
capacity requires the consideration
of different speeds in the test. Due to
the speed-dependent excitation, it
is to be expected that the maximum
tooth root stress will be different at
different speeds due to the dynam-
ics. Before determining the tooth root
load capacity in the test, it must there-
fore be ensured that the influence of
the strain rate on the tooth root load
capacity is not superimposed by the
influence of the dynamics. In order to
differentiate between these influences
on the stress and load capacity in the
tooth root, a validated method for cal-
culating the local and time-related
tooth root stress at variable operating
points, taking dynamics into account,
is required.

The aim of the report is to validate
the calculation of the local, time-
related tooth root stress curves. For
this purpose, the tooth root stress is
measured in operation with the help
of strain gauges and compared with
the calculated values. In the first step,
the test rig as well as the measure-
ment setup and procedure for deter-
mining the tooth root stress in opera-
tion are presented. In the second step,
the test setup is transferred to the
multibody simulation Simpack and
the influence of the coupling stiff-
ness on the tooth root stress in oper-
ation is evaluated. In the third step,
the tooth root stresses calculated in
Simpack are compared with the mea-
sured values in the area of quasistat-
ics and dynamics and the calculation
of dynamic tooth root stresses in the
multibody simulation is validated.
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The measurement of the tooth root
stress in operation was carried out with
the help of strain gauges in the tooth root
on a back-to-back test rig. The transmis-
sion of the measurement signals was
carried out by a slip ring transmitter,
which limited the maximum speed of
the test set-up to ny, = 2,000 min™. The
real position of the strain gauges in the
tooth root was measured and taken into
account in the evaluation of the cal-
culated tooth root stresses. The mea-
sured strain in the tooth root in the time
domain is converted into a tooth root
stress in the path domain.

The test setup is transferred to the
multibody simulation Simpack. There,
the shafts and couplings are mod-
eled as elastic bodies with their eigen-
modes. The coupling points, e.g.,
between gear and shaft or between
coupling and shaft, are modeled by
torsion-spring-damper elements. The
gears and their characteristic excita-
tion are represented by GearForce6D.
This also enables the calculation of the
dynamic tooth root stress taking into
account the dynamic displacements
and loads. The comparison of the con-
tact patterns under different loads

For Related Articles Search

tooth root stress

at www.powertransmission.com

does not show any significant differ-
ences between test rig and simulation.
The coupling parameters torsional
stiffness and torsional damping have
no significant influence on the calcu-
lated maximum tooth root stress and
the course over the mesh at the oper-
ating points considered outside the
resonance points.

The quasistatic comparison between
the measured tooth root stresses and
those calculatedinthe FE-Stirnradkette
and the MBS at n;, = 100 min™ shows
a high level of agreement in the area
of the maximum tooth root stress. In
the dynamic range at n;, = 1,500 min™,
the measurement shows an increase
in the tooth root stress in the area of
the mesh start and a decrease at the
maximum tooth root stress compared
to the quasistatic case. The tooth root
stress calculated in the MBS also
reproduces this effect. However, the
decrease of the maximum tooth root
stress in the MBS with Aygs = -4% is
about half as large as in the measure-
ment with Ayes = -7%. This is due,
among other things, to imbalances,
pitch and runout errors that are not
taken into account in the MBS.

The results of the analyses show
a high level of agreement between
the calculated and measured tooth
root stresses, both in quasistatic and
dynamic operation. The calculation
of the dynamic tooth root stress with
the help of the MBS was success-
fully validated. GearForce6D can be
used for the simulation of differ-
ent test rigs or operating points to
investigate the strain rate influence
and enables the quantitative evalu-
ation of the speed influence on the
maximum tooth root stress at the
operating point. The next step is
the investigation of the strain rate
dependency of the tooth root fatigue
strength of gears regarding different
operating speeds.
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