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Two-Stage Gearbox Based Upon
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In order to reduce costs for development and production, the objective in gearbox development and design is to predict running and
noise behavior of a gearbox without manufacturing a prototype and running expensive experimental investigations. To achieve this
objective, powerful simulation models have to be set up in a first step. Afterwards, those models have to be qualified and compared to
experimental investigations. During the investigation procedure of gearboxes, there are two possibilities to evaluate the running and
noise behavior: quasi-static and dynamic investigations. In times of engine downsizing, e-mobility and lightweight design, the dynamic
excitation behavior is becoming increasingly important. Opposed to the quasi-static excitation, the dynamic excitation behavior of the

gearbox regards increased load at resonance points caused by the dynamic behavior of the complete drive train.

The dynamic behavior of one-stage gearboxes has been the subject of scientific research for many years. In contrast, there have
been few reports which investigate the running behavior of multi-stage gearboxes in the last few years. Most of them are based on
computational investigations. However, to utilize the results of those simulation models for design purposes, it is indispensable to
compare simulation results with experimental results.

Additionally, the objective of this paper is the analysis of the excitation behavior and the development of a simulation model for a

two-stage gearbox. Based on a reference test variant, several gear parameters, such as helix angle and number of teeth, are varied in
both stages by changing the gears and are investigated. Subsequently, a simulation model is presented which is able to calculate the
dynamic excitation behavior of the two-stage gearbox tests.

Introduction

Multi-stage cylindrical gearboxes are
used in the entire drive train technology.
In addition to a sufficient load capacity
and high gearbox efficiency, the acous-
tic behavior has to be taken into account.
The increasing demands on the acous-
tic behavior appear in customer require-
ments and amended law restrictions,
e.g., in automotive or wind industry
(Refs.21; 19). For a single-stage gearbox,
several research projects have been car-
ried out (Refs.3-4; 13; 15-16). Because
of the mutual interactions between the
gear meshes at a two-stage gearbox, the
knowledge cannot be transferred directly
without restrictions.

The excitation behavior of gearboxes
is mainly determined by the gear mesh
excitation. A selection of influence fac-
tors is shown in Figure 1. In order to
reduce the parametric excitation, an inte-
ger contact ratio is recommended by
changing, for example, the helix angle or
the face width (Ref.23). On the one hand,
flank modifications influence the path-
dependent excitation. On the other hand,

they are often used to reduce the impact
excitation. The consideration of paramet-
ric, path-dependent and impact excita-
tion in the acoustic-oriented design of
single-stage gearboxes is state of the art,
especially for quasi-static and partly for
dynamic conditions (Refs. 11; 16-17).

For multi-stage gearboxes, additional
parameters have to be taken into account.
Firstly, the gears of the first stage enter
mesh related to the line of action. Due
to the gear geometry, the time when
the gears of the second stage enter
mesh is mostly temporally displaced.
This phenomenon is called phase shift.
Furthermore, the stiffness of the con-
necting shaft between the gear meshes
influences the interaction of the single
gear stages. Due to a differing number of
teeth in the two stages, the noise behav-
ior of the entire gearboxes changes, as
well. In this report, the influence of the
phase shift between the gear meshes is
investigated by means of calculations.
Hence, discrete values of the phase shift
are inserted and investigated. The cal-
culation procedure was validated based

on tests with a single-stage gearbox and
enhanced to a two-stage gearbox.

State of the Art

The excitation behavior of single-stage
gearboxes is topic of many research activ-
ities (Refs.3-4; 13; 15-16). Based on
these researches, there are scientific pub-
lications dealing with multi-stage gear-
boxes. Mostly, the excitation behavior is
discussed by means of calculated theo-
retical models and rarely compared with
empiric investigations.

Gold conducts numerical and experi-
mental investigations with three-stage
gearboxes. Hence, he develops a vibration
model using only the torsional degree
of freedom. This model is extended to
a spatial system using all six degrees of
freedom to perform a dynamic analy-
sis. His work indicates the necessity of
spatial simulation models to identify the
Eigen frequencies of multi-stage gear-
boxes. Only in special cases can the low-
est Eigen frequencies be calculated by
using torsional vibration models. In order
to get results close to reality, the coupled

Printed with permission of the copyright holder, the American Gear Manufacturers Association, 1001 N. Fairfax Street, Fifth Floor, Alexandria, VA 22314-1587. Statements

presented in this paper are those of the author(s) and may not represent the position or opinion of the American Gear Manufacturers Association.

94 GEARTECHNOLOGY | September/October 2017

[www.geartechnology.com]



- Parametric Excitation

r Path-dependent Excitation =

- Impact Excitation

Central Influences
on Gearbox Noise

C M(t)

Figure 1

elements like shafts and machinery have
to be included in calculation (Ref.9).

Vinayak et al. describe the equation
of motion for single-stage gearboxes,
including all six spatial degrees of free-
dom. The simulation model is expand-
ed to analyze a gear chain using three
gears and a two-stage gearbox. There is
an investigation of the model using tem-
poral variable (LTV =linear time vari-
ant) and temporal constant parameters
(LTI=linear time invariant). The numeri-
cal results show the existence of an inter-
action between the gear meshes (Ref. 20).

Sattelberger investigates the dynamic
behavior of single- and two-stage cylin-
drical gearboxes by means of experimen-
tal and mathematical results. The focus
of his analysis includes coupling stiffness
and phase shift between both gear mesh-
es. Concerning the coupling stiffness, he
discovers that the gear meshes are not
affected by each other for a low coupling
stiffness. In contrast, for a high stiffness,
the stiffness between individual gear
meshes can be relevant. Regarding identi-
cal or similar tooth contact frequencies of
the gear meshes, the adaption of a phase
shift of a half pitch is usable for excitation
reduction. This result can be confirmed
by a parallel connection of two cylindri-
cal gears that are distorted a half pitch
against each other (Ref. 18).

The results of Sattelberger are veri-
fied by the investigations of Cheon. In
his paper he also studies the phase shift

Central Influences on Gearbox Noise.

mathematically by parallel connection of
two cylindrical gears. The model has a
minimum of excitation when the cylin-
drical gears are distorted a half-pitch
against each other (Ref.5).

Kuber et al. also use a model with six
degrees of freedom for theoretical analy-
sis of multi-stage gearboxes, which can
contain any number of gears. The model
is validated through experimental results
of a single-stage gearbox. Subsequently
several parameters are varied on the basis
of a two-stage gearbox. The effect of the
change of the intermediate shaft length,
the bearing stiffness, the phase shift,
and the orientation of the helix angle on
the tooth and bearing force is evaluated
(Ref. 12).

Zhou et al. conduct acoustical research
on two-stage gearboxes — theoretical-
ly and experimentally. The comparison
between measurement and simulation
shows good correlation. Additional to
the gear mesh frequency, there are also
modulation frequencies that indicate an
interaction between the gear meshes. The
analysis of the appearing orders identifies
the gear mesh responsible for the modu-
lation (Ref.22).

Hesse investigates the excitation behav-
ior through variation of gear mesh excita-
tion experimentally. The gear mesh exci-
tation is varied by changing the topog-
raphy of the tooth surface. The analyzed
test setup consists of a manual gearbox.
Together with the gear stage on the coun-

Table1 Nomenclature

b, Face Width

i Gear Ratio

m, Module

N, Rotational Speed

T, Torque
2/ Number of Teeth

a, Pressure Angle
B:/B, Helix Angle

&, Contact Ratio

& Overlap Ratio

tershaft, the setup matches a two-stage
gearbox. The gearbox is connected by a
constant velocity joint shaft to the hypoid
gear stage. Because of the large distances
between the stages and the influence of
the drive train stiffness, there are minor
interactions between the gear meshes.
According to this, the behavior of the
drive train elements between gear sets
has significant influence (Ref. 10).

As the state of the art shows, the
minority of the reports focuses on the
dynamic excitation behavior of two-stage
gearboxes. Furthermore, there are fewer
reports which regard the dynamic inter-
actions between the different influences
on noise behavior of two-stage gearboxes
mathematically as well as experimentally.

Objective and Approach

The objective and the approach of this
paper are presented in Figure 2. The
objective is the evaluation of dynamic
excitation behavior of two-stage gear-
boxes with a focus on phase shift. For this
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reason, a two-stage test gearbox is devel-
oped and designed based on an existing
single-stage gearbox. In order to analyze
the excitation as well as noise behavior,
measurement equipment is integrated
in the test setup to detect the machine-
acoustic noise generation. For single-
stage gearboxes, a simulation model is
presented. The simulation model of the
single-stage gearbox is validated with
experimental results. Based on this model
and its parameters, an enhanced model is
developed which enables analysis of the
dynamic behavior of two-stage gearboxes.

Consequently, the model is used to ana-
lyze the influence of dynamic interactions
on the excitation behavior. Thereby, the
focus of this analysis is on the phase shift
between the gear meshes.

Test Setup and Test Specimen

For the investigations of this work, both
test gearboxes in Figure 3 are taken into
account. The setup of the single-stage
gearbox is described in detail (Ref. 4).
Based on this concept a two-stage gear-
box prototype has been developed. The
central component of the gearbox is the

P

housing, which is constructed in a shell
construction of upper and lower shell.
For easier handling during assembly, the
upper shell is manufactured in two parts.
The housing is mounted on damping ele-
ments in order to decouple vibrations
of the test rig. To change the emission
characteristics of the test gearbox, the
strength of the thin-walled side elements
can be varied.

The shafts with the bearings are
mounted through bushings in the hous-
ing. The tapered roller bearings are
designed in X-arrangement. By cover

Objective

shift

Evaluation of dynamic excitation behavior of two-stage gearboxes with focus on phase

m Design and
development of a test
gearbox to investigate
two-stage gearboxes

m Integration of

m Setup of a dynamic

m Validation of the

simulation model

simulation model with
a single-stage test

m Calculated analysis of
the influence of dynamic
interactions on the
excitation behavior with
focus on phase shift

measurement gearbox
equipment in the test
setup
Figure2 Objective and Approach.
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element
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Figure 3 Design of the Test Gearboxes.
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plates, the bearing pre-load can be adjust-
ed. A piezoelectric force sensor can be
integrated in the test setup. Thereby, it is
possible to flexibly measure and adjust
the axial pre-load force of the tapered
roller bearings. Furthermore, a support
bearing can be mounted optionally on
the connecting shaft between the gear
meshes in order to reduce the bending
of the shaft. During the investigations,
gears with the same macro geometry are
mounted at each gear stage (Table 2). In
the bottom plate, the exhaust system for
the oil sump of the injection lubrication
is mounted. An external unit with a con-
stant temperature-controlled tank sup-
plies the oil. The supply of oil to the gear
meshes is realized via a pipe duct to the
rear wall of the test gearbox and a tan-
gential injection into the incoming gear
mesh. The bearings are supplied via pipe
ducts with oil as well. The flow distribu-
tion was adjusted to an optimal supply.
To analyze the excitation and noise
behavior of the gearboxes, different mea-
surement equipment is integrated in the
test setups. Figure 4 gives an overview.
The measurement equipment is divid-
ed into three groups along the machine-
acoustic noise generation: source, path
and receiver. Firstly, the source of the
excitation is represented by the gear
mesh. In principle, the gear mesh exci-
tation can be analyzed by measuring
dynamic tooth force, tooth root strain or

torsional vibrations. The first two meth-
ods mentioned are not feasible, due to
either the difficult realization or to design
limitations. Therefore, the torsional
vibration measurement has been estab-
lished to measure the gear mesh exci-
tation (Refs.2; 14). Hence, the angular
acceleration of each shaft is measured.
In (Ref.7) the angular acceleration is
converted in a translational differential
acceleration in the line of action using
Equation 1. For an adequate character-
ization of the excitation, the position of
the angular measurement systems is to
choose the closest to the gear mesh as
possible (Ref. 10).
A=y -§,(0) = 1§, (8) 1)

where

A is difference acceleration

1, is base circle

¢; is angular acceleration

The angular measurement systems are
integrated into the test setup; see Figure
4 on the right. These consist of a rotor,
which is co-rotating with the shaft, and a
stator, which is fixed to the housing. On
the rotor, two acceleration sensors with
an offset of 180° are mounted. By adding
the acceleration signals of both sensors,
radial vibration components can be com-
pensated and only the tangential accel-
eration is measured. The power supply is
provided via the inductive coil. Following
the machine-acoustic noise generation in
Figure 4 on the left, the next step is the

structure-borne noise.

The structure-borne noise is measured
on the surface of the gearbox housing
with accelerometers. Due to the large sur-
faces, it is not possible to measure the
structure-borne noise simultaneously at
all surfaces. Therefore, single measure-
ment points are selected as reference
points according to (Ref. 8).

The last step of the machine-acous-
tic noise generation is the receiver. The
received airborne noise is measured
under free field conditions with electro-
static microphones. Hence, five micro-
phones are placed around the gearbox.
Four microphones are in the axis plane
of the gearbox. The last microphone is
placed above the gearbox with the same
distance. Thus, the five microphones
describe a cuboid.

Table 2 gives an overview over the gear
sets whose influence on the excitation
behavior is to be evaluated in this paper.
All gear sets can be manufactured with
the same tool. Therefore, all gear sets
have the same pressure angle «,=20° and
module m,=3.5mm. The face width of
all gears is equal as well. The variants
vary in the helix angle and the number of
teeth. Gear sets 1 and 3 are helical gears
with a helix angle of $=19.3° (Ref. 1)
and =20° (Ref. 3). Gear set 2 is a spur
gear ($=0.0°). Gear set 1’s gears have 25
and 36 teeth, which leads to a gear ratio
of i=1.44. The gear sets 2 and 3 have an

SOURCE
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acceleration measuring

systems

el

821

PATH

SN
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on the component
surface with structure-|
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(accelerometers)

- Airborne Noise

RECEIVER

Airborne noise under
free field conditions
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measuring systems
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Figure 4 Measurement Equipment.
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identical number of teeth for both gears
and therefore a gear ratio of i=1. For the
two-stage gearboxes, gears with the same
macro geometry are mounted at both
gear stages, as mentioned before.

Setup and Validation of the
Dynamic Simulation Model
Due to varying requirements and work-
ing conditions during the operational
use of gearboxes, the operating condi-
tions (for example torque and rotational
speed) are not constant. For special oper-
ational points, the overload can be criti-
cal for the load carrying capacity and the
excitation behavior. Mostly, the critical
operational points occur when the excita-
tion frequencies coincide with Eigen fre-
quencies of the test setup. In this case, a
quasi-static investigation is not effective,
and a dynamic analysis is necessary. For
both test gearboxes shown in Figure 3, a
similar approach to build up a dynamic
simulation model is selected. Figure 5
illustrates the two main components and
their interaction. The force coupling ele-
ments represent the gear mesh, and the
drive train model includes the properties
of the gearbox and the entire drive train.
The force coupling element requires a
subroutine of the tooth contact analysis
FE-Stirnradkette (STIRAK) that is devel-
oped at WZL (Ref.1). STIRAK enables
the calculation of excitation maps based
on input data; see Figure 5. As data is
put in the gearbox structure, the macro

P

Table 2 Investigated Gear Sets
Gear Set 1 Gear Set 2 Gear Set 3
Pressure Angle a, 20° 20° 20°
Module m, 3.5mm 3.5mm 3.5mm
Helix Angle B:/B, -19.3/19.3° 0° —20/20°
Gear Ratio i 1.44 1 1
Number of Teeth 22z 25/36 32/32 30/30
Tooth Width b,/ b, 415/44mm 41.5/44mm 41.5/44mm
Contact Ratio £, 1.75 1.7 1.6
Qverlap Ratio & 1.25 0 1.3

and micro geometry of the gears and tool
data, for example. the properties of the
tooth flank can be set via nominal data
or be imported either by data of a manu-
facturing simulation or by real measure-
ment data. Based on the input data, a
spring model is set up and solved. As a
result, the excitation maps are obtained.
Depending on the load-dependent trans-
mission error and the current angular
position of the gear, actual excitation
forces and torques can be determined.
The approach to build up the drive
train model is presented in Figure 5 on
the right. The objective of this step is to
provide the system matrices for the simu-
lation (inertia, stiffness, and damping).
In this paper, only the torsional degree of
freedom is regarded. Due to the domina-
tion of rotational excitation of the gear
mesh, this assumption is suitable (Ref.4).
In order to identify realistic Eigen fre-
quencies and Eigen modes of the test
setup, a model of the complete test rig is
regarded. The setup contains the motor
and the generator and includes each

part between the two machines, such as
the gearbox and constant velocity joint
shafts. The first step in the approach to
design the drive train model in Figure 5
is the discretization. In this step, the drive
train is divided into discrete inertias.
Each inertia is connected to its neighbor-
ing inertias by massless spring-damp-
er units. The closer a mass is placed to
the gear mesh, the more finely it is dis-
cretized to accurately represent the vibra-
tional behavior near the gear meshes.
Subsequently, the numerical values of the
parameters are determined. Simple com-
ponents can be parameterized using ana-
lytical equations. Furthermore, the inertia
of the non-cylindrical components can be
extracted from CAD models. However,
some parameters are difficult to calculate,
such as the contact stiffness of frictional
connections, form closures, and damp-
ing. An iterative procedure has been
established to compare measurement and
simulation results when setting param-
eters for these components.

The first two steps of the approach

- Tooth Contact Analysis —

Defined Flank Topography
ey’

- Dynamic Simulation

Excitation forces

Force
Coupling
Element

Dynamic
Drive Train

Kinematic state
variables

- Drive Train Mode| —————

%

"‘ L -
Parameter Setting

Jn, Kns Co,

Condensation & Reduction

Kep = DL, + K+ Dy
TN — = =

Figure 5 Components of the Dynamic Simulation Model Referring to [4].
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generate models with a high number of
degrees of freedom. Hence, the numeri-
cal solution of those systems would be
uneconomically long, and the numer-
ical accuracy would be decreased. To
avoid both disadvantages, a modal reduc-
tion of degrees of freedom by Craig and
Bampton is performed (Ref.6). For this
procedure, the rotational vibration and
the external torques are inserted at the
external degrees of freedom. The external
and the modal degrees of freedom of the
lowest Eigen frequencies can be main-
tained. The frequencies within the acous-
tically relevant frequency range are not
reduced and only high Eigen frequencies
are neglected. Therefore, this reduction
method is suitable.

The interaction between the force cou-
pling element and the drive train model
is shown in the middle of Figure 5. For
each time step, the drive train model
transfers the kinematic state variables
(angle of rotation and rotational speed)
to the force coupling element. Depending
on the input data, the force coupling ele-
ment determines the excitation forces
with excitation maps and returns them
to the drive train model. The excitation
forces are composed of a variable tooth
stiffness term and a damping term. The
tooth stiffness term is determined by the
aforementioned excitation maps from
STIRAK. In contrast, the damping term

utilizes a velocity proportional approach.
With the excitation forces and the gen-
erated system matrices, the differential
equations can be solved. This procedure
will be repeated for each time step.

For the single-stage gearbox in Figure
3, the comparison between experimen-
tal and arithmetical results is shown in
Figure 6. Table 1 gives an overview about
the symbols used in Figures 6 through 9.

The experimental investigations have
been performed on a universal gear-
box test rig. For the calculated results, a
simulation model referred to in Figure
5 has been developed. For this model,
the complete setup has been regarded in
the drive train model. The investigations
are evaluated for the difference velocity.
According to Equation 1, the difference
velocity is the integrated difference accel-
eration. The results are compared for two
constant driving torques and rotational
speed run-ups from n, =150 ... 3,500
min"'. For the averaged frequency spec-
tra in the upper row of Figure 6, there is
a high conformity between experimental
and simulation results. The averaged fre-
quency spectra enable an identification
of the Eigen frequencies of the test setup
independent from the rotational speed.
Especially for the acoustically sensitive
frequency range between 1 and 5kHz, the
amplitudes of the resonance frequencies
at 460 Hz, 1,180 Hz and between 3 and

4kHz correlate well. For the order spec-
tra, the amplitudes of the gear mesh fre-
quencies match well. However, the arith-
metical results have greater amplitudes
than the experimental results (especially
for the higher driving torque). In summa-
ry, the validation of the simulation model
with the experimental results from the
test rig has been successful.

For the two-stage gearbox, a sec-
ond force coupling element is added.
Furthermore, the model setup has to be
expanded in order to regard the phase
shift between the gear meshes. The phase
shift is the temporal offset between the
two gear meshes. It is defined as the dif-
ference between the points when the gear
stages enter mesh (relating to the contact
path). Possible numerical values of the
phase shift are between 0 and 1 in rela-
tion to the beginning point of the first
gear mesh. The values 0 and 1 mean a
simultaneous beginning of the two gear
meshes. For a phase shift between 0 and
1, the gear meshes begin with a temporal
offset. The integration of the phase shift
in the simulation model takes place in the
force coupling element of the second gear
mesh. Hence, the drive train model has to
be modified as well. The parameter set-
ting is based on the validated model of the
single-stage gearbox. Hence, the validated
single-stage model has been extended to a
two-stage model; compare Figure 3.
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Figure 6 Validation of the Single-Stage Simulation Model [4].
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Analysis of Dynamic Excitation
Behavior of Two-stage Gearboxes
With the two-stage simulation model
introduced in the previous section, the
dynamic simulations are performed.
Firstly, the excitation behavior of gear set
1 is analyzed. Subsequently, the influence
of the phase shift is evaluated by means
of the gear sets shown in Table 1. Hence,
every gear set is used twice for each of the
two stages.

Reference Gear Sets

The simulation model of the single-
stage gearbox is validated by means of
the experimental results of gear set 1.
Therefore, this gear set has been selected
as reference gear set for the calculative
investigations of the two-stage gearbox
as well. In this case, the gear ratio of one
stage is i=1.44, which leads to total gear
ratio i=2.07 of the two-stage gearbox.
The operating conditions are oriented
to the torques and rotational speed of
the single-stage gearbox. For the aver-
aged frequency spectrum in the upper

row of Figure 7, the Eigen frequencies of
the test setup can be identified. In the left
column, the results of the first stage are
shown. The results of the second stage are
presented on the right. The little sketches
in the upper right corner of the averaged
frequency spectrums are an indicator
for the investigated gear stage. For both
stages, the dominant resonance frequen-
cies occur at f=1,180Hz and between 3
and 4kHz. The frequency spectrum of
the single-stage in Figure 6 was domi-
nated by the same resonance frequen-
cies. These frequencies are characterized
by frictional connections and form fits
inside the gearbox. Due to the unchanged
parameters, the frequencies remain the
same for both gearboxes. Within the
lower frequency range up to 700 Hz, dif-
ferences between the single- and two-
stage test setup occur. The setup, which
consists of constant velocity joint shafts
and bearings, is slightly changed for the
two gearboxes. Those components have
a low stiffness. Hence, the differences
within the lower frequency range can be

P

explained. However, a higher excitation
can be detected within the acoustic rele-
vant frequency range for the higher driv-
ing torque. These differences are more
pronounced for the second stage.

For the averaged order spectrum
of both stages, both gear mesh orders
and their harmonics can be detect-
ed. According to the number of teeth,
the gear mesh order of the first stage is
the 25th order. The order of the second
stage is referred to the rotational speed
of shaft 1 as well. Therefore, the order of
the second stage can be calculated with
Equation 2:

@
17.4

N3+ 2 Z
Ordy, =M% % -
2st n, i

where
Ord,, is gear mesh order of the second
stage
n, is rotational speed
z;is number of teeth
iis gear ratio
For the spectrum of the first stage, the

first gear mesh order (=25") and its har-
monics dominate the spectrum. In con-
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trast, the gear mesh orders of the sec-
ond stage have greater excitation levels
in the spectrum than the orders of the
first stage. It is also striking that the sec-
ond gear mesh order of the first stage
(50" order) is very close to the third gear
mesh order of the second stage (52.1"
order). Within this order range, there is
an increased excitation. The differenc-
es between the two input torques in the
order spectrum are confirmed by means
of the last row of Figure 7. Mostly, the
orders of the higher excitation torque
have a higher excitation level.

Phase Shift

The influence of the phase shift is ana-
lyzed with the gear sets shown in Table
1. For this purpose, two configurations
of the phase shift are regarded, in which
the two gear meshes begin either simul-
taneously (p=0) or by a half pitch offset
(p=0.5). A compensation by the phase
shift on a two-stage gearbox is to be
expected when the gears on the interme-
diate shaft have either an equal number

of teeth or multiples of the numbers of
teeth (Ref. 18).

Firstly, gear set 1 is investigated. Hence,
the gears on the intermediate shaft have
different numbers of teeth (36 and 25).
Due to the different number of teeth of
both gears on the intermediate shaft, the
start of the second gear mesh shifts from
tooth to tooth in each pitch relative to the
first. Therefore, the phase shift does not
reach a constant value. The aforemen-
tioned parameters for the phase shift are
only valid at the beginning of the simu-
lation. Due to that fact, no influence of
a phase shift on the difference velocity
level at the reference gear set is expected.
Figure 8 confirms this expectation. For
the averaged frequency spectrum, the
average order spectrum, and the differ-
ence in the order spectrum of the first
and the second stage, no deviations can
be noted.

Therefore, two alternative gear sets
with a gear ratio i=1 have been designed
(for gear data, see Table 1). Hence, the
two gears on the intermediate shaft have

the same number of teeth. Gear set 2
has a helix angle $=0°, and gear set 2 is
a helical gear pair ($=20°). In difference
to the analysis of gear set 1, the excitation
behavior of gear set 2 and 3 are analyzed
by a difference velocity across input and
output. Consequently, the influence of
the phase shift can be summarized in one
parameter. According to the investigat-
ed phase shifts with gear set 1, the same
phase shifts are analyzed. For these cases,
the results are shown in Figure 9. Due
to the helix angle and the higher total
contact ratio, gear set 3 has a lower exci-
tation behavior than gear set 2. For the
averaged frequency spectra in the upper
row, differences between the two data
sets occur. Within the frequency range
between f=1 — 2kHz, the variant with
phase shift p=0.5 has a lower excitation
level. Because of the high human sensitiv-
ity within this frequency range, these data
have to be analyzed by the psychoacous-
tic metrics at a later date. These differenc-
es are confirmed by means of the aver-
aged order spectra. In this case, the gear
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Figure 8 Excitation Behavior of Gear Set 1 with Varied Phase Shift.
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mesh order of gear set 2 are the 32" and
of gear set 3 the 30" order. For both gear
sets, the excitation level of the first and
the third gear mesh order decreases for a
phase shift p=0.5. In contrast, the second
gear mesh order remains the same. The
differences of the orders show a differ-
ence around 3.5dB for the first gear mesh
order and around 2.5dB for the third
gear mesh order of both gear sets. Hence,
the phase shift enables us to reduce tor-
sional vibrations of the drive train.

Summary and Outlook

Nowadays, multi-stage gearboxes are
often used due to the need for high ratio
gearboxes. Besides current development
trends such as electrification and hybrid-
ization of the drive train, increased cus-
tomer requirements and amended law
restrictions result in an increased impor-
tance of the acoustic behavior. Existing
papers show methods to optimize the
excitation and noise behavior of single-
stage gearboxes. Due to the interactions
between the gear meshes, the methods

for noise optimization of single-stage
gearboxes cannot be transferred to two-
stage gearboxes without restrictions.
Among other parameters, the phase shift,
the stiffness of the intermediate shaft,
and the number of teeth are parameters
which influence the excitation behavior.
Therefore, the objective of this paper is to
analyze the dynamic excitation behavior
of two-stage gearboxes with focus on the
phase shift.

First, an existing single-stage gearbox
is introduced. Furthermore, a two-stage
gearbox has been developed and designed
which is based on the concept of the sin-
gle-stage gearbox. Regarding the machine-
acoustic noise generation, different mea-
surement equipment is integrated in the
test setup. Angular acceleration measure-
ment systems detect the gear mesh exci-
tation. Furthermore, the structure- borne
and airborne noise is detected.

Secondly, a simulation model is pre-
sented which consists of two main com-
ponents. The force coupling element rep-
resents the gear mesh and a drive train

P

model based on a torsional multi-body-
simulation model. For the single-stage
gearbox, the simulation model is vali-
dated by means of experimental results.
Especially within the acoustic relevant
frequency range, experimental and
analytical results show a good correla-
tion. Afterwards, the validated model is
enhanced to a two-stage model.

With this model, the dynamic excitation
behavior is analyzed. Hence, three dif-
ferent gear sets are investigated. The first
gear set has a different number of teeth
on the intermediate shaft. Therefore, the
phase shift has no influence on the excita-
tion behavior. Gear sets 2 and 3 have the
same number of teeth on the intermediate
shaft. Gear set 2 is a spur, and gear set 3 a
helical gear pair. In order to investigate the
influence of the phase shift, two different
phase shifts are investigated (p=0, 0.5).
Compared to a simultaneous entering of
gear meshes of the two gear stages, a shift-
ed entering of the gear meshes (p=0.5)
leads to decreased vibration levels of the
gear mesh orders.
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In the future, the calculated results
of the two-stage gearbox model have
to be validated experimentally. For that
purpose, the two-stage gearbox will be
manufactured. Different transfer func-
tions can be obtained by means of the
experimental results. On the one hand,
the transfer function between the gear
mesh excitation and the airborne noise
has to be analyzed. On the other hand,
the mutual interaction between the gear
meshes can be analyzed by a transfer
function as well. Furthermore, a detailed
parameter study can be performed by cal-
culation based on the validated model.
Both experimental and analytical results
have to be analyzed with psychoacoustic
metrics. The psychoacoustic metrics eval-
uate noise based on human perception.
Consequently, the annoyance of noise can
be quantified. (&}
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