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Abstract
With the increasing electrification of vehicles, the demand for suitable transmission concepts is growing. The high volume
and weight of batteries require savings in other areas. Furthermore, due to the differing output characteristic curves of
electric motors, shiftable transmissions are often unnecessary. Instead, a single gear transmission is sufficient. High-speed
electric motors offer a weight advantage due to lower torques, which creates a need for especially high transmission ratios.
Stepped planetary gearboxes meet these requirements while also delivering high power density. The elimination of masking
noises from the combustion engine further highlights the acoustics of the transmission. Consequently, excitation behavior
is increasingly seen as a quality criterion. The excitation behavior of planetary gear systems has already been the subject
of numerous research studies. In contrast, there are only a few investigations regarding stepped planetary gear systems.
Previous simulation studies indicate that stepped planetary gearboxes are sensitive to axis misalignments [1]. However,
sufficient experimental results are not yet available. This paper presents the results of investigations conducted on a stepped
planetary gearbox test rig with a sequential mesh sequence in both the sun-planet and planet-ring gear contact and a floating
sun. The measurement setup allows the investigation of transmission error, structure-borne noise, and displacement of the
sun gear shaft and the planet carrier. Using eccentric bushings, defined misalignment states can be imposed on the otherwise
rigid gearbox. This enables the investigation of the influence of axis misalignments of the stepped planets and the carrier
on the excitation and dynamic displacement behavior.
The investigations show frequency and amplitude modulations that had previously only been observed in planetary gear
systems. Additionally, long-wavelength excitations in the range of the rotational frequencies of the shafts were identified,
occurring either exclusively in the transmission error or in the structure-borne noise. The displacement behavior is analyzed
based on the sun gear trajectory. A trochoidal path of the sun gear can be seen. The loops superimposed on the circular sun
trajectory can be attributed to geometric deviations in the gears. The investigations demonstrate that planet pin position
errors have the greatest influence on the sun gear trajectory. For these cases, it is shown that the sun gear is deflected by
the reaction forces from the tooth contacts until a load balance is established.
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1 Motivation and introduction

With the increasing electrification of vehicles, the demand
for suitable transmission concepts is also growing [2]. The
large volume and weight of batteries require compensations
in other areas [3]. Moreover, electric motors can often op-
erate without variable gear ratios due to their torque-speed
characteristics, which differ from those of internal combus-
tion engines [4]. In many cases, a single gear reduction or
increase stage is sufficient [2]. Especially high-speed elec-
tric motors offer a weight advantage, which in turn requires
particularly high transmission ratios [5]. Stepped planetary
gearboxes meet these requirements by extending the ad-
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vantages of conventional planetary gear systems with an
additional gear stage [6].

With the elimination of the masking noise from com-
bustion engines, the acoustic behavior of the transmission
becomes increasingly relevant. As a result, excitation be-
havior is becoming an important quality feature and should
therefore be considered in the design process [7]. In stepped
planetary gearboxes, the vibration behavior is significantly
more complex than in conventional cylindrical gear sys-
tems. The multiple meshing contacts lead to additional
interactions that must be accounted for during the design
[6].

To further increase power density, material usage is min-
imized, with the gearbox housing in particular offering sub-
stantial savings potential. This results in a more elastic gear-
box environment and leads to additional shaft displacements
in the gear contact [8]. In stepped planetary gearboxes, tol-
erances and displacement behavior are often determined
based on experience. While planetary gear systems have al-
ready been extensively studied, there are only a few inves-
tigations regarding the influence of axis misalignments in
stepped planetary gearboxes [1, 9, 10]. Experimental stud-
ies on the impact of axis misalignments on the excitation
behavior in stepped planetary gearboxes are still lacking.
Test bench investigations can contribute to an enhanced
understanding of the system and serve as a basis for the
validation of simulation models.

2 State of the art

Stepped planetary gearboxes include various configurations
of planetary gear systems in which the individual planets
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Fig. 1 Structure and power flow of stepped planetary gear stages (planet carrier not shown)

are replaced by stepped planets. This means that instead of
a single gear, two gears are mounted on each planet shaft,
see Fig. 1 left. Each of these gears meshes with one of
the two central gears. The sun gear engages with the larger
planet in the first stage, while the ring gear meshes with the
smaller planet in the second stage. This configuration allows
for an extended transmission ratio range while preserving
the advantages of conventional planetary gear systems yet
introduces additional complexity in its operational behavior.
Due to the different numbers of teeth of the two planets
of a stepped planet, a transmission ratio of up to itotal =
20 between the sun gear and the carrier is possible with
a stationary ring gear [6].

The resulting power flow is shown on the right side of
Fig. 1, where the power is split at the sun gear and recom-
bined at the planet carrier. Manufacturing and assembly
deviations can result in an imbalanced power distribution
among the individual stepped planets. These load imbal-
ances are of great importance to the operational behavior
of the system [6]. In this paper, the excitation and displace-
ment behavior of a stepped planetary gearbox is investigated
experimentally. Therefore, the following section addresses
the specific characteristics of stepped planetary gear sys-
tems in this context.

2.1 Excitation behavior of stepped planetary gear
stages

Both transmission error and structure-borne noise are com-
monly used to evaluate the excitation behavior of cylindri-
cal gears and have been validated through both simulation
and experimental studies. In single-stage cylindrical gear
systems, bearing force and moment excitation are directly
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proportional to the tooth forces. In planetary gear systems,
however, this relationship does not apply because of the
multiple gear meshes. Depending on the phase of the indi-
vidual mesh engagements, translational and rotational ex-
citations can either superimpose or compensate each other.
Due to this decoupling from the tooth forces, it is no longer
sufficient in planetary gear systems to consider only one ex-
citation component in isolation. According to Heider, trans-
lational excitation can be assessed either via bearing force
excitation or through displacement behavior, while rota-
tional excitation can be evaluated using either the torque
level or the transmission error. [11]

While cylindrical gear systems typically exhibit excita-
tions at the gear mesh frequency, planetary gearboxes are
additionally affected by modulations. Inalpolat conducted
a comprehensive parameter study involving various plan-
etary gear configurations with a stationary ring gear to
investigate the origin of these effects. The excitation be-
havior was measured using acceleration sensors mounted
uniformly around the circumference of the ring gear. In all
investigations, excitations were observed to occur symmet-
rically or asymmetrically around the tooth mesh order, at
integer order distances. Inalpolat classified the examined
planetary configurations with uniformly distributed planets
into two categories: (i) systems with symmetric meshing se-
quence, and (ii) systems with sequential meshing sequence.
The gearbox analyzed in this report, featuring double-se-
quential meshing and uniformly distributed stepped planets,
belongs to the second category. Based on this classification,
various characteristic influences on the excitation behavior
were identified. According to Inalpolat, no excitation at the
first tooth mesh order is observed in group (ii). Instead,
asymmetric excitations arise at orders that are integer mul-
tiples of the number of planets. The highest amplitudes were
found at the order closest to the tooth mesh order. Inalpolat
attributed the observed modulation effects, the excitation
occurring at integer orders away from the tooth mesh order
to the characteristics of structure-borne noise measurement.
The planet closest to a given sensor dominates the measure-
ment excitation response. Due to its relative motion with re-
spect to the sensor, it causes both amplitude and frequency
modulation [12].

Theling also conducted test bench investigations on plan-
etary gearboxes belonging to group (ii). The peak-to-peak
transmission error between the sun and the carrier was
used as the measurement quantity to characterize the ex-
citation behavior. In the order spectrum, Theling observed
the same modulation effects as previously described by In-
alpolat [12]. As a result, the relative position of individual
planets with respect to a structure-borne noise sensor can be
excluded as the primary cause of the modulation. Theling
attributed the modulation effects to positional deviations
between the central elements of the system. These devia-

tions lead to load imbalances that alternate between planets
due to carrier rotation. On the one hand, a load imbalance
results in amplitude modulation, where a single planet dom-
inates the excitation. This leads to excitation at the mesh
order itself rather than at integer multiples of the mesh or-
der defined by the number of planets. In addition, frequency
modulation occurs as the path of highest excitation shifts
from one planet to another. In sequential meshing condi-
tions, individual planets are phase-shifted. Consequently,
each change in the dominant excitation path is accompa-
nied by a phase jump. During one full carrier rotation, the
number of phase jumps corresponds to the number of plan-
ets. Therefore, an order is always excited that is offset from
the mesh order by a multiple of the planet-to-planet phase
shift. [8]

The stepped planetary gear topology investigated in this
paper exhibits a high degree of kinematic similarity to
single-stage planetary gear systems. Consequently, simi-
lar excitation and displacement behavior can be expected.
According to Inalpolat, characteristic modulated excitation
patterns can be observed in various planetary gear config-
urations [12]. However, such modulation effects have not
yet been identified in stepped planetary gear systems. In-
alpolat attributes these modulation effects to the method
of structure-borne noise measurement, whereas Theling ex-
plains them as a result of carrier axis misalignments [8,
12]. Investigations into carrier axis misalignments, com-
bined with measurements of transmission error and struc-
ture-borne noise, may provide further insights in this con-
text.

2.2 Displacements in stepped planetary gear stages

The operational behavior of a gearbox is ultimately deter-
mined by the contact conditions that occur under real oper-
ating conditions [13]. Deviations from an ideal gear mesh
can be classified into translational and rotational displace-
ments. In the case of stepped planetary gear systems, a fur-
ther distinction must be made between misalignments of the
stepped planets themselves and those of the central com-
ponents. Additionally, in stepped planetary systems, such
misalignments can lead to load imbalances during multiple
meshing conditions. One approach to counteract this and
to achieve load balancing is the use of elastic or floating
components.

Deviations from the parallelism of the rotational axes of
gears are referred to as rotational displacements. A devia-
tion within the plane defined by the parallel rotational axes
is described by Wittke as axis inclination, while a devia-
tion in the perpendicular plane is referred to as axis skew
[13]. Translational displacements include radial, axial, and
tangential shifts of the gears relative to the central axis.
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Fig. 2 Translational displacements according to [14, 15]

A radial displacement results in a change in center distance
�a.

The line of action in involute gear meshes corresponds
to a straight line tangential to the base circles. This ensures
that a change in center distance does not violate the funda-
mental law of gearing. However, a varying center distance
changes the angle of the path of contact and thus the profile
contact ratio, which in turn affects the total contact ratio.
As a result, changes in center distance influence the over-
all mesh stiffness and thereby the parametric excitation [7].
A reduction in center distance also leads to a decreased
backlash and may cause interferences of the gears [13].

In planetary gear systems, a change in the center distance
at one central gear always leads to an opposite change at the
other central gear. According to Iglesias et al., such a center
distance variation causes a phase shift of the affected planet
[14]. A reduced center distance causes the planet to engage
earlier at one contact point, while increasing the backlash
at the opposite contact. Due to force equilibrium, the planet
rotates until contact is re-established at both meshes, see
Fig. 2 left [14]. For a change in center distance to be fully
compensated by a pure rotation of the planet, the pressure
angles at both engagements must be identical. Otherwise,
the resulting backlash is either too large or too small, lead-
ing to both a phase shift and an additional influence on load
distribution [14]. A tangential displacement of the planet is
also referred to as a planet pin position error. This causes
the affected planet to engage earlier or later in both sun-
planet and planet-ring contacts, depending on the direction
of deviation, Fig. 2 right [14].

In the case of a planet pin position error, the planet that
is ahead theoretically carries the entire load, or conversely,
if one planet lags behind, the remaining planets are as-

sumed to carry the full load instead [15]. Due to the applied
torque, the corresponding teeth are already under load be-
fore the other planets come into contact, see Fig. 2 right.
From that point onward, any additional load is distributed
evenly across the available power paths. The force required
to compensate for the misalignment leads to a significant
deviation from the ideal load distribution. The lower the
transmitted torque, the more uneven the load sharing be-
comes. As the torque increases, the proportion of force re-
quired for deformation decreases in relation to the total load
[15].

3 Objective and approach

The operational behavior of planetary gear systems has
already been the subject on numerous research studies. In
contrast, only a few investigations exist regarding stepped
planetary gear systems. In particular, there is currently
a lack of sufficient experimental studies on the effects of
axis misalignments on the excitation behavior. Building
on the research of Westphal et al., this paper presents
experimental investigations into the influence of axis mis-
alignments in stepped planetary gear systems on excitation
and displacement behavior [1].

According to the state of the art, rotational and transla-
tional axis misalignments in stepped planetary gear systems
have differing effects on excitation and displacement behav-
ior. Resulting load increases can be partially compensated
by elastic or floating elements. In order to evaluate excita-
tion behavior, both rotational and translational excitations
must be considered in stepped planetary gear systems [11].
The literature discusses various explanations regarding the
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Fig. 3 Objective and approach

origin of modulation effects in planetary gear systems [8,
12].

Therefore, the objective of this paper is to investigate
the excitation behavior based on transmission error and
structure-borne noise, as well as to analyze the displace-
ment behavior using the sun gear trajectory and carrier dis-
placement, see Fig. 3. For the experimental investigations,
a stepped planetary gearbox test rig is available at the WZL
of RWTH Aachen University. By using eccentric bushings,
specifically defined misalignment states can be applied to
the otherwise rigid gearbox.

In the first step, the manufacturing and assembly devi-
ations of the test rig are analyzed. Additionally, the test
parameters and misalignment variants are defined. This is
followed by experimental investigations in which measure-
ment data are collected in the form of transmission error,
structure-borne noise, and displacement behavior. Based on
a reference configuration, modulation effects are analyzed,
and characteristic orders are identified, serving as a founda-
tion for further analysis. In a subsequent step, the influence
of different axis misalignments of the stepped planets is
systematically examined. The effects on transmission er-
ror, structure-borne noise, and displacement behavior are
evaluated across various rotational speeds.

4 Experimental setup and test plan

The investigations into the excitation and displacement be-
havior of stepped planetary gearboxes were carried out us-
ing a test rig at the WZL. The test rig is based on a plan-
etary gearbox test setup developed by Theling, which has
already been used for similar studies on single-stage plan-

etary gearboxes [8]. Westphal et al. adapted the test rig
concept to a stepped planetary gearbox configuration and
provided a detailed description of the setup [1, 10].

The gear manufacturing was carried out at the WZL. Due
to the low production volume, power skiving was selected
for the internal ring gear, while profile grinding was used
for the external gears. For the geometrical characterization
of the gears, full-tooth topography measurements were per-
formed using the KLINGELNBERG P65 gear measure-
ment center at WZL. All gears meet at least tolerance class 5
according to DIN ISO 1328-1 with regard to manufactur-
ing accuracy [16]. In addition to the flank topography, pitch
and runout deviations were also measured. The pitch devi-
ation trends are shown on the left side of Fig. 4 for both
the sun-planet 1 gear mesh and the planet 2-ring gear mesh.
Furthermore, the phase offset between the two planets was
determined via an alignment measurement. The specified
teeth of the planets zP1 and zP2 were taken into account
during the assembly of the stepped planets into the carrier
and the phase alignment of the sun and ring gear during
installation.

The positioning of the bearing blocks on the mount-
ing plate as well as manufacturing deviations at the bear-
ing locations determine the axis alignment of the central
shafts. Likewise, the boreholes in the planet carrier plates
have a significant influence on the alignment of the stepped
planets. In order to ensure accurate alignment of the bearing
blocks and to consider existing deviations in the analysis,
components of the test rig were measured using a coordi-
nate measuring machine from ZEISS (model: Zeiss Prismo
Navigator). For each bearing location, measurement circles
were recorded, and a reference coordinate system was de-
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fined at the input shaft bearing, aligned with the sun shaft
bearing, see Fig. 4 right.

Based on the center points determined from the measure-
ment circles, translational deviations of the carrier and ring
gear mounting positions were identified relative to the refer-
ence coordinate system. The bearing blocks are not pinned
to the mounting plate, which means they must be manually
aligned during assembly. The actual positional deviations
in the fully assembled state are listed in Table 1. A notable
aspect is the predominantly vertical offset in the y-direc-
tion between the carrier bearing position and the ring gear.
This misalignment results from manufacturing deviations
and cannot be corrected during assembly. Compensation
using eccentric bushings is not possible in this case, as
the reference configuration already utilizes the maximum
upward eccentric offset at the carrier bearings. Carrier mis-
alignments result in varying mesh conditions for the planets
around the circumference. For example, depending on the
angular position of a stepped planet, a vertical offset of the
carrier can temporarily increase or decrease the center dis-
tance, or lead to a positive or negative planet pin position
error. These effects are sinusoidally distributed and phase-
shifted by one quarter of a carrier revolution [8].

In addition to the determined position of the carrier,
the carrier side plates were also geometrically character-

Table 1 Misalignments of the
components

Deviation Bearing carrier input Ring gear Bearing carrier output

�x / µm 11.4 –9.0 –7.3

�y / µm –10.9 –19.3 –43.3

�z/ µm –159.1 –97.4 –32.9

�φx / ° –0.023 –0.012 0.014

�φy / ° 0.006 –0.013 0.010

ized, see Fig. 4 bottom right. The carrier plates contain
six equally spaced bores of identical dimensions, which are
used either for mounting the planets or for connecting struts.
To identify suitable bores for the stepped planets, the posi-
tion of the bores on both carrier plates were analyzed. For
this purpose, measurement circles were used, and the cen-
ter point displacement was converted into an axis offset and
a planet pin position error. The results of this measurement
are shown in Table 2. A positive planet pin position error
corresponds to a mathematically positive rotation around
the z-axis.

All position deviations are within the specified manufac-
turing tolerances. However, the deviations at the input-side
carrier plate are up to four times higher than those at the
output-side plate. On the input-side carrier plate, bores one,
three and five were selected to ensure the lowest possible
pitch error between the stepped planets. On the output-side
carrier plate, the deviations are nearly identical across all
bores. For simplification, bores one, three and five were also
selected on this side, as existing bores for sensor mounts
were already available at these positions. In the following,
the stepped planet position in bore one is referred to as 0°,
in bore three as 120°, and in bore five as 240°.

The investigations are carried out at various constant in-
put torques and a constant rotational speed in order to elim-
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Table 2 Geometric deviations in the planet carrier side plates

Input-side carrier plate Output-side carrier plate

Bore Center dist. deviation / µm Planet pin pos. error / µm Bore Center dist. deviation / µm Planet pin pos. error / µm

1 10.57 0.77 1 1.36 –0.48

2 –3.43 –6.43 2 –2.61 –1.09

3 –13.58 7.25 3 –1.48 –0.50

4 –9.48 19.42 4 –4.68 –2.57

5 1.60 23.28 5 –2.26 –5.15

6 12.48 16.40 6 1.16 –4.11

Table 3 Axis misalignments of the stepped planets

Variant Combined axis misalignment of the first stage

Combined axis misalignment of the second stage

Center distance deviation Planet pin position error Inclination Skew

P0° | P120/240° P0° | P120/240° P0° | P120/240° P0° | P120/240°

Reference 0 µm | 0µm 0 µm | 0µm 0 µm | 0µm 0 µm | 0µm

0 µm | 0µm 0 µm | 0µm 0 µm | 0µm 0 µm | 0µm

Skew 71 µm | 100µm 25 µm | 0µm 0 µm | 0µm –23 µm | 0µm

71 µm | 100µm –22 µm | 0µm 0 µm | 0µm –33 µm | 0µm

Inclination –25 µm | 71µm 0 µm | 0µm 23 µm | 0µm 0 µm | 0µm

22 µm | 71µm 0 µm | 0µm 33 µm | 0µm 0 µm | 0µm

Pos. planet pin pos.
error

87 µm | 87µm 100 µm | 0µm 0 µm | 0µm 0 µm | 0µm

87 µm | 87µm 100 µm | 0µm 0 µm | 0µm 0 µm | 0µm

Neg. planet pin
pos. error

87 µm | 87µm –100 µm | 0µm 0 µm | 0µm 0 µm | 0µm

87 µm | 87µm –100 µm | 0µm 0 µm | 0µm 0 µm | 0µm

inate dynamic influences caused by changes in speed or
torque. The torque levels for the tests are determined based
on the motor characteristics and the component with the
lowest transferable torque. The metal bellows coupling is
rated for a torque of Mmax= 150Nm, which is therefore de-
fined as the upper limit for the input torque Min. The max-
imum speed is limited by the slip ring transmitter on the
output side to nout, max= 200 rpm, corresponding to nin, max=
3328.2 rpm. For the quasi-static investigations, two oppos-
ing requirements must be considered. On the one hand,
a high rotational speed is desirable in order to achieve a high
number of carrier revolutions within the defined measure-
ment time of t= 60s to allow for the identification of low-
frequency excitation components. On the other hand, a low
and resonance-free speed is required to minimize the influ-
ence of dynamic effects. Based on a dynamic run-up from
nin= 400rpm to nin= 2000rpm at a constant torque of Mout=
385.5Nm, natural frequencies of the test rig were identified.
Figure 5 left shows the frequency-based Campbell diagram
of this test. At a frequency of approximately f� 1200Hz,
a natural frequency appears, which correlates with a sim-
ulated natural frequency of the ring gear mounting block.
The second harmonics of the gear mesh frequency of the
first stage Oz, S-P1 enters the range of this natural frequency
at approximately nin� 1400rpm. Based on this analysis,

a maximum input speed of nin= 1000rpm was defined to
ensure that no resonance-induced amplification of the ex-
citation occurs. To verify whether dynamic effects arise at
the selected test speed, additional trial measurements were
conducted at a reduced input speed of nin= 500 rpm.

As described by Westphal et al., a misalignment of
the corresponding shaft can be induced by rotation of the
eccentric bushings at the bearing locations of both the
stepped planet shafts and the planet carrier [1]. The bush-
ings exhibit an eccentricity of e= 100µm between the inner
and outer cylindrical surfaces. The bearing span amounts
to LG, Planet = 215mm for the stepped planets and LG, Carrier=
511mm for the carrier. If the rotation of two opposing
eccentric bushings occurs in the same direction, a trans-
lational displacement of the respective shaft results, see
Fig. 5 top right. In contrast, counter rotation of the bush-
ings leads to a rotational displacement, see Fig. 5 bottom
right. The reference configuration is defined by aligning
all planet eccentric bushings tangentially in the same di-
rection relative to the carrier. Based on this configuration,
four planet misalignment variants are investigated, as listed
in Table 3. The values presented in Table 3 describe the
resulting displacement state of the gears in the first and
second stage. The variants are labeled based on the dis-
placement component that defines the respective case. To
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provide additional context, the inclination and skew com-
ponents can be transformed into a lead angle deviation
of the tooth contact [13]. For the skew variant, this re-
sults in an absolute lead angle deviation of Planet 0° with
FHβ, P0,Skew, Stage_1= 21.2µm and FHβ, P0,Skew, Stage_2= 31.2µm, and
for the inclination variant with FHβ, P0,Inclination, Stage_1= 9.0µm
and FHβ, P0,Inclination, Stage_2= 10.4µm. In principle, the misalign-
ments applied to a single stepped planet (Planet 0°) are
investigated. Due to the circular motion of the eccentric
bushings, combined misalignments may occur. Therefore,
the remaining stepped planets (Planet 120° and Planet 240°)
are positioned in such a way that pin position errors arising
from rotatory misalignments are partially compensated, and
center distance changes are as uniform as possible across
all planets.

All tests are conducted in the mathematically negative
direction of rotation, meaning that the left tooth flanks of
the planet gears are in contact. This configuration is re-
ferred to as counterclockwise rotation in this paper. A posi-
tive planet pin position error indicates that the test planet is
shifted along the circumference in the positive direction of
rotation. In counterclockwise rotation, this results in a shift
into the gear mesh and a load increase on the correspond-
ing planet gear. For all tests, the input torque is applied
via the sun gear. Prior to each test series, the test rig is
brought to a steady-state operating temperature by means
of a warm-up run lasting twarm-up= 40min, with an output
torque of Mout, warm-up= 1312Nm and an input speed of nin=
500 rpm. During operation, a volume flow of PV Oil= 60ml/s
of Shell Spirax MA 80W oil is supplied to the test rig at
an oil temperature of toil = 60°C.

5 Analysis of the excitation and
displacement behavior

This chapter evaluates the measurement results regarding
the excitation and displacement behavior of stepped plane-
tary gear stages. The reference variant is initially described
in detail, with relevant excitation frequencies identified for
further analysis. Subsequently, different types of axis mis-
alignments as well as various rotational speeds are ana-
lyzed.

5.1 Investigation of the excitation behavior of the
reference variant

To assess the influence of different axis misalignments on
the excitation and displacement behavior, the reference vari-
ant is first examined in detail. It should be noted that the
reference already exhibits deviations from the ideal axis
alignment due to manufacturing errors. Noteworthy are, on
the one hand, the planet pin position error resulting from
misalignments of the boreholes in the input-carrier plate,
see Table 2. On the other hand, manufacturing deviations
at the carrier bearing locations lead to axis misalignments
of the central shafts, see Table 1.

The excitation behavior is evaluated based on the total
transmission error between the sun gear and the carrier, the
single-stage transmission error between the sun gear and
the measuring planet, as well as the structure-borne noise.
From the encoder signals, the rotation angle differences are
determined considering the respective gear ratio. Using the
center distance a= 112.5mm, the transmission error is cal-
culated. A Fast Fourier Transform (FFT) is then applied
to decompose the resulting time signal into its excitation
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Fig. 6 Order spectrum of the reference variant

components, enabling the identification and comparison of
excitation sources [7]. In a stepped planetary gear stage,
a wide range of frequencies can be excited. These include
the short-wavelength meshing frequencies of the individual
gear stages, as well as long-wavelength excitations related
to the rotational and hunting tooth frequencies of the sun
gear, planet gears, and the carrier. Additionally, there are
excitations that do not originate directly from the gearbox,
but rather from the surrounding test bench setup. These
include, for example, the bearings, intermediate gearbox,
both electric motors, and the measurement system. Further-
more, higher-order harmonics of the respective excitation
frequencies occur. To identify interference frequencies from
the test bench environment, the signals are compared with
the measurements of the acceleration sensors mounted on
the respective bearing blocks.

Figure 6 shows the order spectrum of the total transmis-
sion error at a medium torque level of Mout= 1157Nm. The
spectrum is depicted for orders up to O= 100 at the top
and for the higher orders up to O= 1100 at the bottom. The
lower order range shows high amplitudes of the transmis-
sion error. Notably, the excitation in the carrier rotational
order is several times higher than that of the surrounding
orders. Amplitudes at orders that are integer multiples of 2n

result from the measurement system and are not further dis-
cussed. According to Neubauer, planetary gear stages with
three planets and sequential meshing exhibit maximum ex-
citation amplitude from the tooth contact at the third tooth
mesh order [17]. However, the present spectrum shows ex-
citation at the first tooth mesh order Oz, i for both the first
and the second stage, see Fig. 6 bottom. This suggests that
one of the planets transmits more load, undergoes greater
deformation, and consequently dominates the excitation be-

havior. This may be caused either by axis misalignments
due to deviations at the carrier bearing locations. Since the
floating sun gear is expected to enable a static load bal-
ancing under constant deviations, this observation tends to
indicate the presence of amplitude modulation, as described
by Theling [8]. For this reason, the order region around the
two tooth mesh orders is analyzed in more detail in the
following.

According to Theling, axis misalignments of the central
gears in planetary gear systems with sequential meshing
lead not only to amplitude modulations, but also frequency
modulations [8]. The frequency modulation depends on the
phase shift present at the central gears. In the investigated
gearbox, different phase shifts of the individual planets
are present in each stage. In the first stage, the planet at
φcarrier, P120°= 120° has a phase shift of �psun, P120°= 2/3, and in
the second stage of �pring gear, P120°= 1/3. For the other planet
P240°, the relationship is reversed, with �psun, P240°= 1/3 und
�pring gear, P240°= 2/3. If an increased load share occurs due
to axis misalignments of the central elements, it always
arises at the same location of the stationary ring gear. Due
to the carrier rotation, however, the planet experiencing the
maximum load continuously changes. Consequently, the se-
quence in which the planets are subject to this overload also
depends on the direction of rotation. In the case of coun-
terclockwise rotation, following the first planet, P120° and
subsequently P240° pass the same location. Top center in
Fig. 7 illustrates the origin of the frequency shift during
counterclockwise rotation for the first stage. The stepped
planet carrying the highest load determines the excited or-
der through amplitude modulation. When the path of max-
imum load changes, an additional phase shift in excitation
occurs, depending on the existing phase shift. The resulting

K



  118 Page 10 of 16 Forschung im Ingenieurwesen          (2025) 89:118 0123456789

Phase Shift 1st Stage Counterclockwise 2nd Stage Counterclockwise

2nd Stage Counterclockwise1st Stage CounterclockwiseOperating Test - Reference

Sequential mesh sequence

1st stage: Sun - Planet 1
sun,P120° = 2/3 / pet

sun,P240° = 1/3 / pet

2nd stage: Planet 2 Ring gear
ring gear,P120° = 1/3 / pet

ring gear,P240° = 2/3 / pet

P0 P0P240 P120P240 P120 P0

+2/3 +2/3 +2/3

-1/3-1/3-1/3 +2 pitches
-1 pitch

P0P120 P240P120 P240 P0

-2/3 -2/3 -2/3

+1/3+1/3+1/3 +1 pitch
-2 pitches

P0

Order

Tr
an

sm
is

si
on

 e
rro

r
su

n-
ca

rri
er

/ µ
m

138136134
0

0.3

0.6
-1

Order

Tr
an

sm
is

si
on

 e
rro

r
su

n-
ca

rri
er

/ µ
m

361.74359.74357.74
0

0.1

0.2 -1 +2nin = 1000 rpm | Mout = 1157 Nm

Tooth mesh order
1st stage: OZ, S-P1 = 359.74
2nd stage: OZ, P2-R = 136

FFT Analysis avg. freq. spectrum
Window width 1048576, VON HANN
Overlap 50 %, RMS value

Fig. 7 Frequency modulations

excitation may lead by two-thirds of a base pitch or lag
by one-third. With three planets, this process repeats three
times per carrier rotation, as the path of maximum excita-
tion changes three times. As a result, an excitation occurs
that lies either two pitches above or one pitch below the
original mesh order. Due to the different phase shift in the
second stage, a similar mechanism results in an expected
excitation that lies one pitch above or two pitches below
the mesh order, see Fig. 7 top right.

The transmission error of the reference variant in coun-
terclockwise rotation is shown in the order ranges of both
mesh orders in the lower section of Fig. 7. In both gear
stages, frequency modulations occur at orders deviating by
one or two integer multiples of the pitch from the respec-
tive mesh order. This confirms modulation effects that were
previously observed in planetary gear systems by Theling
and can now also be identified in stepped planetary gear
stages [8]. In the first stage, the excited orders correspond
to those predicted by theoretical considerations, see cen-
tral section of Fig. 7. In contrast, the second stage exhibits
deviations from the expected excitation patterns, as shown
on the right side of Fig. 7. Moreover, it is noticeable that
in the second stage, a single order stands out with a sig-
nificantly higher amplitude than the others. This dominant
order trails the mesh order by one pitch, is divisible by
the number of planets, and lies closest to the original mesh
order. Such behavior aligns with the predictions of Inalpo-
lat, who observed similar excitation patters in single-stage
planetary gearboxes with sequential meshing [12]. In com-
parison, the sun-planet stage shows several orders excited
with similar amplitudes, see central lower part of Fig. 7.
This behavior may be attributed to the floating sun gear,
which leads to variable contact conditions. The influence

of this floating behavior may also be reflected in the ex-
citation of the original mesh order. Notably, this order is
only significantly excited in the stage where the sun gear
actively compensates for load imbalances.

The investigations reveal that, in addition to the tooth
mesh frequencies, modulated frequencies are also excited. It
appears that, despite the use of a floating sun gear, load im-
balances may still occur that cannot be fully compensated.
The location of the excited frequencies can only partially
be explained using the approach proposed by Theling [8].
One possible reason for this discrepancy is that, due to the
additional mesh frequencies in a stepped planetary gearbox,
further interactions may arise. In addition, it is assumed that
load imbalances caused by carrier misalignments occur at
a specific location and are sequentially passed by the plan-
ets once per carrier revolution. This assumption may not
hold true, and the test bench might exhibit a more complex
behavior in which the path of maximum excitation varies.
Additionally, an influence of the floating sun gear was iden-
tified. The compensating motion of the sun gear, resulting
from its one-sided bearing support, also induces a rotational
axis misalignment. This may lead to altered meshing condi-
tions, causing a time-varying phase shift. In his test bench
investigations, Theling did not include a floating sun con-
figuration, limiting the possibility of load compensation to
elastic mechanisms only [8]. Therefore, in further investiga-
tions of the influence of axis misalignments on excitation
behavior, it is essential to analyze not only the primary
tooth mesh order but also the adjacent orders at �O=±1
and �O=±2 pitches.
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5.2 Influence of axis misalignments of the stepped
planet

The influence of axis misalignments on the operational be-
havior is analyzed based on induced axis misalignments of
the planet shafts. A defined displacement is introduced into
the system by rotating eccentric bushings at the bearing lo-
cations in the planet carrier. In each case, the measuring
planet P0° is misaligned relative to the other two planets.
The test plan includes the reference case, an inclination,
a skew and both a positive and a negative planet pin posi-
tion error, see Table 3. Due to the rotation of the eccentric
bushings, all variants exhibit not only the intended displace-
ment but also a combined axis misalignment.

5.2.1 Evaluation of the excitation behavior

Figure 8 shows the excitation in the first stage based on
the overall transmission error. As explained in the previous
chapter, not only the tooth mesh order OZ, S-P1, see Fig. 8
bottom left, but also the surrounding orders at �O=±1 and
�O=±2 pitches are considered. Already in the reference
case, it was observed that more frequencies are excited in
the first stage than in the second. For the misalignment
variants inclination and planet pin position errors, the or-
der at �O=+1 pitch is additionally excited to a signifi-
cant extent, see Fig. 8 bottom center. These misalignments
lead to a load imbalance that must be compensated by sun
gear movement. The fact that an additional frequency is
excited when further misalignments are applied supports
the assumption that the sun gear movement influences the
frequency modulation in the order range of the stage in
which the sun-planet contact occurs. It is also noticeable
that the inclination variant shows an almost identical re-
sponse to the reference across all orders, see Fig. 8. This is
consistent with findings by, for example, Iglesias et al. who
observed that rotational misalignments have up to 40 times
less influence on load distribution behavior compared to
planet pin position errors [14]. The inclination variant is
the only configuration without a combined planet pin po-
sition error component, which explains the comparatively
low excitation. The tangential deviation induced by the ec-
centric bushings is, at eeff = 100µm, larger than the planet
pin position error that results from the vertical offset carrier
at certain angular positions of the carrier, caused by man-
ufacturing deviations. As a result, the measurement planet
affected by the imposed planet pin position error is located
furthest ahead or behind on the circumference, regardless
of the position of the other planets. This implies that the
maximum excitation no longer varies, or varies significantly
less, with the carrier rotation, and the resulting frequency
modulation effects no longer occur. In theory, during coun-
terclockwise rotation in the first stage, the orders excited are

not the tooth mesh order itself, but those at �O=–1 pitch
and �O=+2 pitches, see Fig. 7. However, it is precisely at
these frequencies that the planet pin position errors result
in the lowest excitation, see Fig. 8 right. In contrast, the
planet pin position errors lead to the highest excitation in
the tooth mesh order, see Fig. 8 bottom left. Consequently,
for the misalignment cases where no frequency modulation
due to a shift in the path of maximum excitation is ex-
pected, an opposite trend is observed. This result supports
the theory of modulation formation in planetary gearboxes
as proposed by Theling [8].

The fact that this behavior is more pronounced for the
negative pin position error than for the positive one is also
consistent. In the counterclockwise rotation, the manufac-
turing deviation of the position of the boreholes on the in-
put-side carrier plate already results in an effective negative
pin position error for the measuring planet compared to the
other planets, see Table 2. As a result, the axis misalignment
induced by the eccentric bushings is higher negative in the
case of a negative pin position error and less positive in the
case of a positive one. Consequently, the path of highest
excitation is less affected by the carrier misalignment when
a negative pin position error is present than when a positive
one is applied.

For comparison, Fig. 9 shows the influence of rotational
speed on the excitation behavior based on the overall trans-
mission error at the top and the structure-borne noise mea-
sured at the ring gear in the vertical direction at the bottom.
The evaluation focuses on both the tooth mesh order and
the order increased by �O=+2 pitches in the first stage. As
examples, the two types of rotational axis misalignments,
skew and inclination, as well as the negative planet pin po-
sition error are considered. At the rotational speed of nin=
1000rpm a comparable trend between the structure-borne
noise and the transmission error can be observed in both
orders. Only the initial decrease in the transmission error in
the tooth mesh order up to a torque of Mout= 540Nm can-
not be seen in the structure-borne noise signal, see Fig. 9
center. Therefore, the influence of the type of measurement,
previously cited by Inalpolat as a potential cause for these
modulation effects, can be ruled out [12].

For the investigations at a reduced speed of nin= 500 rpm,
trial measurements were carried out at four torque levels.
The excitation characteristics are identical for both speed
variants. In the tooth mesh order, both the overall transmis-
sion error and the structure-borne noise are approximately
twice as high for the negative planet pin position error com-
pared to the rotational axis misalignments, see Fig. 9 cen-
ter. In the order OZ, S-P1, +2 = 361.74, the behavior is reversed,
with higher excitation for the rotatory misalignments, see
Fig. 9 right. Notably, the transmission error in the mesh
order is significantly higher at the lower rotational speed
for both the skew and the negative pin position error com-
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Fig. 8 Excitation in the tooth mesh order of the first gear stage
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Fig. 9 Influence of rotational speeds on transmission error and structure-borne noise

pared to the reference speed of nin= 1000rpm. In contrast,
the excitation in the modulated frequency remains indepen-
dent of rotational speed. A resonance-induced amplification
can therefore be ruled out, as this would also affect adja-
cent orders. However, the structure-borne noise excitation
is significantly lower at nin= 500 rpm than at nin= 1000rpm
for both considered orders.

Figure 10 illustrates the excitation behavior of the first
carrier rotation order OC, 1 in the center and the third car-
rier rotation order OC, 3 right. The upper diagrams show
the overall transmission error between the sun and the car-
rier, while the lower diagrams display the structure-borne
noise measured in the vertical direction on the ring gear. In

contrast to the excitation observed in the mesh orders, the
transmission error and structure-borne noise signals exhibit
different behaviors in this case. The presence of a signal
in the transmission error that is not observed in the struc-
ture-borne noise may be attributed to the effects within the
transfer path, see Fig. 10 center. On the other hand, the
excitation in the third carrier rotation order observed in
the structure-borne noise suggests a potential correlation
within the number of planets. The localized proximity of
the planets to the acceleration sensor on the ring gear may
lead to increased excitation in the structure-borne noise.
These observations support the considerations of Heider,
who emphasized that both the translational and rotational
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Fig. 10 Excitation in the carrier rotational order

excitations must be taken into account when evaluating the
excitation behavior of planetary gearboxes [11].

In the overall transmission error within the first carrier
rotation order, an influence of the misalignments on the ex-
citation can be observed, see Fig. 10 center. In particular,
the variant with a negative planet pin position error devi-
ates noticeably from the others. At the lowest torque level,
the transmission error is more than twice as high compared
to the reference. Apart from the positive planet pin posi-
tion error, the excitation increases with rising torque for
all other variants. The rotational misalignment variants and
the reference exhibit largely similar behavior. Since only
the planet pin position errors differ, this indicates the influ-
ence of a load imbalance. It is possible that the sun gear
is unable to fully compensate for the load imbalance oc-
curring in the case of the negative pin position error. This
imbalance then leads to increased excitation per carrier rev-
olution. This finding is consistent with the simulation re-
sults of Westphal et al., which show that load imbalances
can occur despite a floating sun gear when planet pin po-
sitions error are present [1]. In the structure-borne noise
signal within the third carrier rotational order, an inverse
sequence of excitations among the different variants can
be observed, see Fig. 10 bottom right. The excitation from
the negative planet pin position error is significantly lower
than for the other variants. As the amount of positive pin
position error in the misalignment increases, so does the ex-
citation. For the reference and the inclination variant, only
a small pin position error is introduced by the borehole po-
sition deviations in the carrier side plates. In the case of
skew, the eccentric bushings cause a combined axis mis-
alignment with a pin position error component. The highest
excitation is observed for the positive pin position error.

Figure 10 bottom left shows the single mesh transmission
error between the sun gear and the planet. In contrast to
the overall transmission error, no clear dependence on the
misalignment conditions can be seen here. The excitation
in this order could be attributed to the axis offset of the
planet carrier. Due to this offset, the planet must perform
a rotational compensation once per carrier revolution. The
resulting excitation is proportional to the rotational speed
and independent of the misalignment condition of the plan-
ets. This result suggests that the variation in excitation in
the carrier rotation order originates from the ring gear con-
tact but cannot be identified in the structure-borne noise
signal.

5.2.2 Evaluation of the sun gear trajectory

For analyzing the displacement behavior of the stepped
planetary gear stage, the sun gear trajectory is of relevance.
To evaluate the influence of planet axis misalignments on
the displacement of the sun gear, the resulting sun gear tra-
jectories are shown in Fig. 11 for the highest torque level
of Mout= 2392Nm at nin= 1000rpm and nin= 500rpm. For
improved clarity, the axes for the pin position error cases
shown at Fig. 11 bottom are scaled by a factor of 1:2 com-
pared to the reference and the rotatory misalignment vari-
ants shown at the top. Planet pin position errors exhibit
a significantly greater influence on the trajectory than the
other variants. For both positive and negative pin position
errors, the inner and outer radii are enlarged, whereas ro-
tatory axis misalignments do not significantly alter the tra-
jectory compared to the reference.

Figure 11 shows the influence of rotational speed on the
displacement behavior for a negative pin position error at
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Fig. 11 Sun gear trajectory under axis misalignments

the bottom right and for rotatory axis misalignments in the
center and top right. In all three cases, the center displace-
ment of the sun gear trajectory at nin= 500 rpm is approxi-
mately 25% lower compared to that at nin= 1000rpm. The
loop-shaped displacement superimposed on the circular tra-
jectory is similarly pronounced for all variants as well. Es-
pecially in the planet pin position error variants the loops
are clearly visible. Since neither the type of misalignment
nor the rotational speed affects the magnitude of the loops,
this suggests a geometric deviation of the sun gear. Per car-
rier revolution, nloops= 15.6 loops occur, corresponding to
the number of relative sun gear rotations with respect to
the carrier. The loops can therefore likely be attributed to
a pitch deviation of the sun gear. In contrast, the effect of
rotation speed on the radial expansion of the sun gear dif-
fers. For the cases with rotational axis misalignments, the
radial expansion of the sun gear trajectory is significantly
reduced at lower speeds, whereas it remains constant in the
case of a negative planet pin position error. This suggests
that constraint forces in the case of the pin position error
hinder the expansion caused by inertial forces.

Based on Fig. 11 bottom left, the angular position of the
sun gear relative to the carrier is analyzed for the torque
level of Mout = 2392Nm at nin= 1000rpm. The polar coordi-
nate plot illustrates the angular position of the sun relative
to the carrier and to the planets P0°, P120° and P240°.
Each arc represents the range between the minimum and
maximum angular deflection of the sun with respect to the
carrier. The radial distance from the center of the plot corre-
sponds to the average radius of the sun gear trajectory. The
analysis first focuses on the positive planet pin position er-
ror of planet P0°. For the counterclockwise rotation shown
here, this axis misalignment means that the test planet is

shifted along the circumference in the negative x-direction
into the mesh contact. As a result, this planet initially carries
the full load, and the sun gear is deflected by the resulting
forces. If only the contact forces from planet P0° act on the
sun gear, the displacement is directed towards planet P120°,
due to the vector sum of the tangential and radial contact
forces. As the sun gear displaces, the other two planets also
come into contact, establishing a load sharing condition. In
contrast, a negative planet pin position error causes the test
planet to be shifted out of the mesh. The resulting sun gear
motion is now driven by the superimposed contact forces
of Planet P120° and P240°. Although the sun gear is signif-
icantly displaced from its center position in both cases, the
angular variation of the sun relative to the carrier during one
carrier revolution remains limited with �φSun, pos. pin position=
23.5° and �φSun, neg. pin position= 27.1° respectively. In contrast,
the radial displacement of the sun gear is smaller for the
rotary axis misalignments and the reference configuration.
Previous analyses in this chapter have already indicated that
the variants with planet pin position errors are less affected
by load imbalances resulting from carrier misalignments.
This is due to the large imposed tangential deviation, which
primarily determines the path of the highest excitation. For
other variants, however, modulation effects were observed
that can be attributed to a shift in the path of maximum ex-
citation. This shift is also reflected in the angular position of
the sun gear. A local load increase on one planet causes the
sun gear to be displaced more strongly by the correspond-
ing reaction forces. As the planet carrying the highest load
changes circumferentially, varying force conditions occur.
This leads to a broader range of angular displacement of
the sun relative to the carrier, with values of �φSun, reference=
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103.15°, �φSun, inclination= 108.8°, and �φSun, skew= 148.1°, re-
spectively.

The effect of stepped planet axis misalignments is con-
sistently superimposed by the manufacturing induced mis-
alignment of the carrier. As a result, it is difficult to assign
a clear influence on the excitation behavior to individual
misalignment types. Modulation effects occur in both the
transmission error and the structure-borne noise, and the
influence of planet pin position errors on the modulation
behavior can be explained based on the approach proposed
by Theling [8]. The sun gear trajectory is affected differ-
ently depending on the type of planet axis misalignment.
Even at relatively low rotational speeds, a significant influ-
ence of speed on both excitation and displacement behavior
is observed. It therefore appears reasonable to further inves-
tigate dynamic effects such as unbalanced excitations, gy-
roscopic forces, centrifugal forces, and to extend the range
of rotational speeds considered.

6 Conclusion and outlook

By introducing an additional gear stage, stepped planetary
gearboxes extend the inherent advantages of conventional
planetary gear systems. They further enhance the power
density and transmission ratio range of planetary gears.
A deeper understanding of excitation behavior enables the
development of quieter stepped planetary gearboxes and of-
fers potential savings in tolerance design. Stepped planetary
gearboxes are sensitive to axis misalignments, which can,
however, be partially compensated by floating elements.
Despite their advantages, stepped planetary gearboxes have
been underexplored in the literature. Building on the work
of Westphal et al. this paper addresses the need for further
investigations [1].

This paper presents experimental investigations con-
ducted on a stepped planetary gearbox test rig. The use
of eccentric bushings enables the controlled application of
defined misalignment states on the otherwise rigid gearbox.
These modifications allow for the variation of the stepped
planets axis alignment. However, manufacturing-induced
misalignments of the carrier superimpose the effects of
stepped planet misalignments, leading to varying contact
conditions. As a result, the path of highest load shifts
multiple times during a single carrier rotation. The result-
ing modulation effects, previously observed by Theling in
planetary gearboxes, were for the first time identified in
stepped planetary gearboxes as well [8]. The findings indi-
cate that frequency modulations are less pronounced in the
presence of planet pin position errors, suggesting that even
with a floating sun gear, load imbalances still occur on the
misaligned stepped planets. These modulation effects were
observed in both transmission error and structure-borne

noise, confirming that the measurement methodology itself
is not the source of the observed modulations.

Additionally, the influence of rotational speed was ex-
amined. The results show that excitations at different orders
can either be speed-dependent or speed-independent. Apart
from the influence of axis misalignments, both the center
displacement and the radial expansion of the sun gear tra-
jectory were significantly affected by rotational speed, even
at relatively low test speeds. Due to their high transmission
ratio, stepped planetary gearboxes are well suited for high-
speed applications, making their dynamic behavior partic-
ularly relevant. Future studies at higher speeds could pro-
vide insights into how dynamic effects such as unbalance
excitations, gyroscopic and centrifugal forces influence the
excitation and displacement behavior.
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