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Dynamic modeling of drivetrains is a highly required and
indispensable task in the efficient and reliable design,
development, and optimization of many engineering appli-
cations and modern vehicles. More recently, it provides a
comprehensive framework in the context of NVH analysis
for understanding, predicting, and mitigating vibrations
and noise, ensuring optimal performance, passenger com-
fort, and regulatory compliance. As a determinative factor,
damping is well known for its role in the design of struc-
tures to minimize noise, structural instability, and fatigue
failure of components. Damping mechanisms dissipate
energy, reducing the amplitude of vibrations and miti-
gating the risk of resonance. The internal damping of the
elements including bearings and supports, shafts and gears
represents different levels of energy dissipation under
specific running conditions. Incorporating damping into
the analysis, particularly in the gear meshes, shafts, and
bearings, is essential for accurately predicting the dynamic
response. The presence of damping in these components
is crucial for enhancing the stability and longevity of the
gearbox under varying torque conditions.

Damping in gear meshes primarily arises from three
sources: internal hysteresis of gear teeth, lubricant film (oil
squeeze), and surrounding structural contributions (Ref.
1). Gear mesh damping plays a critical role in attenuating
dynamic responses, especially near resonance conditions.
While damping has a minor effect on natural frequencies,
it significantly reduces resonance amplitudes and miti-
gates nonlinear behaviors such as backlash and parametric
excitation. Early modeling approaches employed con-
stant viscous damping ratios to capture energy dissipation
due to internal and lubricant-induced friction. However,
time-varying and nonlinear damping models have been
shown to yield more accurate dynamic predictions. For
example, Amabili and Rivola (Ref. 2) introduced a single-
DOF gear model with meshing damping proportional to
time-varying stiffness, while others (Refs. 3, 4) incorpo-
rated backlash and impact effects in nonlinear damping
frameworks. Li and Kahraman (Ref. 5) developed a viscous
damping model derived from elastohydrodynamic lubri-
cation (EHL) theory, linking damping behavior to shear
stress and transient contact conditions. Their findings
indicate that damping increases with torque and decreases
with speed and temperature due to film thickness changes.
Further studies (Refs. 6-8) quantified nonlinear damping
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under varying torque, speed, and lubrication regimes,
showing damping ratios typically ranging between 5.3 per-
cent and 8 percent. Yousfi et al. (Refs. 9,10) advanced this
by formulating damping in the time-frequency domain
using wavelet-based methods, incorporating operating
condition variations and demonstrating that damping is
inherently dependent on load, speed, and temperature.

This study investigates the influence of internal damp-
ing within drivetrain components under varying loading
conditions, with a particular focus on its impact on NVH
characteristics. A representative two-stage gearbox model
is employed as the basis of analysis. Using KISSsoft, a forced
response analysis is performed to evaluate the dynamic
behavior of the gearbox when subjected to multiple exci-
tation sources. This approach offers a comprehensive view
of the system’s vibrational response, identifying regions
susceptible to elevated noise or vibration. The core of the
study lies in isolating and examining the damping contri-
butions of bearings, shafts, and gear meshes individually,
thereby clarifying their specific roles in mitigating mesh-
ing contact forces and bearing reaction forces.

Damping in the NVH Studies

The evolution of damping strategies in drivetrain
dynamics has significantly advanced the field of noise,
vibration, and harshness (NVH) performance evaluation.
From structural damping in EV components to torsional
vibration mitigation in hybrid systems, damping strate-
gies are integral to optimizing drivetrain design. Recent
studies on this topic have mainly focused on developing
advanced damping materials and techniques tailored to
specific drivetrain configurations to further enhance NVH
performance. From foundational studies to advanced
methodologies utilized in simulations, research has con-
tinuously improved the understanding and application of
damping mechanisms. The reviewed studies underscore
the significant role of damping in enhancing NVH perfor-
mance in vehicle drivetrains.

NVH performance is primarily governed by the inter-
action between meshing dynamics and the structural
response of the drivetrain. Viscous mesh damping is there-
fore essential in dynamic models, particularly for polymer
and lightweight gear applications. In the absence of ade-
quate damping, dynamic excitations from gear meshing
lead to increased noise emissions, elevated dynamic loads,
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and accelerated wear of gears and bearings. A detailed
modeling approach was presented in (Ref. 11), incorporat-
ing steady-state dynamics and radiated noise predictions.
The influence of harmonic excitations, load torque, and
rotational speed on noise and vibration was highlighted.
Bozca (Ref. 12) employed a meshing stiffness-pro-
portional damping model to suppress rattle noise in
automotive transmissions through transmission-error-
based design optimization. Similarly, Zubik et al. (Ref. 13)
quantified the effect of design variables—including torque,
imbalance, backlash, and torsional stiffness—on gearbox
noise, providing a useful diagnostic and design tool.
Material damping has also been studied extensively.
O’Rourke and Grander (Ref. 14) analyzed how material
selection impacts gear noise, while subsequent work (Ref.
15) compared the damping behavior of unreinforced, glass,
and carbon fiber reinforced nylon 6/6 gears. Sharma et al.
(Ref. 16) confirmed that glass fiber-reinforced plastic gears
offer superior NVH performance under light-load con-
ditions, making them viable alternatives to metal gears

Figure 1—A two-stage gearbox model layout.

in automotive applications. Additional studies, such as
those by Inoue et al. (Ref. 17) and Zhou et al. (Ref. 18) have
explored advanced vibro-acoustic models that integrate
time-varying damping with structural and acoustic cou-
pling, showing improved prediction accuracy of gear noise
radiation. Recent efforts also emphasize the role of variable
damping in accounting for operational effects such as load-
dependent contact damping and temperature-sensitive
behavior in polymer gears (Ref. 19). More recently, the study
in Ref. 20 presented some guidelines to properly adjust the
gear mesh damping for achieving better NVH character-
istics of a powertrain system. This goal was achieved by
choosing the gear body material with higher damping prop-
erties within the required torque ratio specifications.

Model Setup
The electric axle analyzed in the following is a single-
speed, two-stage gearbox powering the front wheels
of an electric vehicle, as shown in Figure 1. The analy-
sis is carried out for the nominal input torque of 320 Nm

Gear 4

Gear parameters Gear pair 1(G1-G2) Gear pair 2 (G3-G4)
Gear 1 Gear 2 Gear 3 Gear 4
Teeth number z[-] 23 53 23 89
Face width b [mm] 25 23 40 38
Center distance a [mm] 107.99 150.22
Normal module m, [mm)] 2.5 2.6
Pressure angle an [°] 20 20
Helix angle B I 30 15
Profile shift X" [-] 0.0163 -0.6682 0.4706 -0.6659
Excitation order GMF 23 9.98
Gear profile h'e/0'w/hap 1.80/019/1.35 1.60/0.29/1.60
Contact ratios €o/Ep/EY 2.048 /1.464/3.512 2104 /1.204/3.308
Safety factors Sr/Su 2.758/1.92 1.296/1.329 1.556/1.188 1145/1.2890

Table 1—Gear mesh data of the gearbox model.
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applied to the input shaft, which is considered here as the
reference boundary with a nominal speed of 2,742 rpm.
Table 1 specifies the gear mesh data of the gearbox. The
microgeometry modifications (Table 2) are designed to
optimize the tooth profile for reducing the excitations:
helix angle modification and crowning are adopted to
reduce the face load factor Kz under various load con-
ditions, while tip relief and profile crowning are adopted
to eliminate contact shock and reduce the peak-to-peak
transmission error. For brevity, the depicted numbering
shown in this figure for the bearings and gears is used
from now on within the manuscript.

Furthermore, Table 3 shows the bearings specifications
for the electric axle. In this Table, following parameters are
specified: D;: inner diameter, D,: outer diameter, B: width,
C: dynamic load rating, Co: static load rating, P,: nominal
diametral clearance, an P,o: nominal axial clearance.

Contact Analysis

In this study, the gear meshing is considered as the
only excitation source. In KISSsoft, the contact analy-
sis is based on the Weber/Banaschek approach, which
uses analytical formulations for quasistatic analysis by
neglecting dynamic effects (Ref. 21). Shaft misalignment
is taken into account to adopt more realistic conditions
in calculating the excitation forces. As a result of the
contact analysis, Figure 2 shows the stress distribu-
tion on the tooth flanks for the nominal input torque
T=320 Nm. Depicted in Figure 3 illustrates the exci-
tation force and its amplitude spectrum of both pairs.
It can clearly be seen that for both pairs, the first two
orders of the excitation force are dominant. Therefore,
without significant loss of accuracy, only these harmon-
ics are considered in calculating the excitation forces in
the forced response analysis.

Modification type [1tm] Gear pair 1(G1-G2) Gear pair 2 (G3-G4)
Flank crowning Cg 8 6
Tip relief, arc like (Long) Cqa 10 4
Gear 1: dca = 69.20 [mm] Gear 3: dca = 66.39 [mm]
Gear 2: dc, = 151.43 [mm] Gear 4: dca = 241.43 [mm]
Profile crowning C, 5 8
Table 2—Microgeometry modifications.
Bearing D; [mm] Do [mm] B [mm] C [kN] Co [kN] Pao [pm] Poo [pm]
B1 (Input shaft) 50 90 20 371 23.2 14.5 1914
B2 (Input shaft) 50 110 27 65 38 14.5 234.6
B3, B4 (Input shaft) 45 85 19 351 21.6 14.5 188.3
B5, B6 (Intermediate 50 90 20 371 23.2 6 123.3
shaft)
B7, B8 (Output shaft) 80 110 20 77 132 0 0
Table 3—Bearings dimensions of the gearbox model.
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Figure 2—Stress distribution on the tooth flanks.
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Modal Analysis

It is well-established in vibration theory that damping
mechanisms in mechanical systems are particularly effec-
tive at mitigating resonant vibrations when the operating
frequency aligns with the system’s natural frequency. It
is therefore imperative to identify the operating speeds
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Figure 3—Excitation force.

that correspond to the system’s natural frequencies, par-
ticularly those at which gear mesh excitations impose
significant dynamic loads, potentially leading to resonance
phenomena. As a result of this fact, it is required to perform
a modal analysis to find the system’s eigenfrequencies and
their corresponding input-shaft speeds, which excite the
system at those frequencies. Table 4 shows the results
of this analysis in KISSsoft. The values of the input shaft
speed resulting in the gear mesh frequency of the first gear
pair equal to the eigenfrequencies are calculated.

Forced Response Analysis

In the forced response analysis of the system module,
the dynamic response of the transmission subjected to
the dynamic loads from different sources of excitations
is calculated. Through this module, vibration character-
ization of the system under periodic excitations can be
performed. In this current investigation, the harmonic
excitation forces of the two gear meshes are calcu-
lated from the static transmission error multiplied by
the tangent meshing stiffness. These are represented in
the frequency domain and are applied to the system. By
solving the linear system of governing dynamic equa-
tions for different excitation frequencies, the dynamic
contact forces at meshing gear pairs and bearing reac-
tion forces are calculated. As the approach is based on
the analytical formulations for vibration analysis of
continuous systems, the calculation process is very fast.
This allows the engineers and designers to quickly eval-
uate the gears’ properties with respect to the system
dynamic excitations.

Frequency [Hz] Speed [1/min] Description
1 400.9 1045.82 Axial: Intermediate shaft
2 721.3 1882.34 Axial: Intermediate shaft
3 934.6 2438.04 Axial: Intermediate shaft
4 1152.5 3006 Bending YZ: Output shaft
5 1158.7 3022.78 Bending YZ: Output shaft
6 1357.7 3541.7 Bending YZ: Output shaft
7 1712.5 4467.26 Bending XY: Intermediate shaft
8 17931 467770 Bending XY: Input shaft
9 1862.1 4857.64 Bending YZ: Output shaft
10 2013.9 5253.6 Bending YZ: Output shaft
1 21517 5613.16 Bending YZ: Output shaft
12 2454.3 6402.6 Bending XY: Output shaft
13 2468.2 6438.8 Bending XY: Output shaft
14 2870.7 7488.8 Bending YZ: Output shaft
15 2892.5 7545.6 Bending XY, YZ: Output shaft
16 3133.7 8174.86 Torsion: Input shaft
17 3275.0 8543.43 Bending XY: Intermediate shaft
18 3697.8 9646.3 Bending XY, YZ: Input shaft
19 4103.2 107041 Bending YZ: Input shaft

Table 4—Eigenfrequencies of the model.
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Damping Model

In the forced response module, three different damping
sources can be given: structural damping of shafts, gear
mesh damping, and viscous damping of bearings and sup-
ports, which are defined in the shaft calculation module.
The material damping of shafts in torsional, axial (tension/
compression), and bending directions is specified with loss
factors. The default value is 1107 s. This type of damping
is based on the Kelvin-Voigt model and is well-suited for the
structural vibration analysis of continuous systems (Ref. 21):

o= E(e + k,é)
(M

where £, is the damping coefficient, ¢ and e, respectively,
denote the stress and strain, and E is the Young’s modulus.
In this approach, damping is introduced in the equations of
motion through complex-valued quantities with the underly-
ing assumption that the vibrations are harmonic. Thus, this
damping model can be used in the frequency domain analysis.

Gear mesh damping is known as an important determi-
native factor in the dynamic response of the system under
certain running conditions. With the viscous damping, the
effect of the lubricant film, as well as the internal damping of
the gear teeth in dissipating the kinetic energy into frictional
heat and constraining the motion amplitudes, is modeled.
On the other hand, without damping, undesirable induced
vibrations generate noise, increase dynamic loads, and
potentially damage gears and bearings. Gear mesh damp-
ing can be defined as “Constant,” “Proportional to average
meshing stiffness,” or “Proportional to nonlinear mesh-
ing stiffness.” Typical values for the damping coefficient
are between 10% and 10* Ns/m. In the proportional damping
model, the damping coefficient C is calculated from:

_ JoJs
€= 2‘5’“/ 1/J,7) + (/)

(2)

where & is the damping ratio, & is the meshing stiffness, ./,
and J, are the mass moments of inertia of the pinion and
gear, and 7, and r, are the base circle radii of the pinion
and gear, respectively.

The damping model of bearings in KISSsoft is based on
the inclusion of separate viscous damping in translational
and rotational directions. In this study, the same damp-
ing coefficients are used for all bearings. Typical values
for the translational directions, C,,=C.,,=C,.=10 Ns/m, and
for the rotational directions, C,=C,~=C,=1 Nms/rad. A
higher amount of damping will considerably dampen the
vibrations and will lead to an unrealistic response of the
system. Therefore, the selection of damping coefficients
must be carried out with care.

Dynamic Factor

In the first step of the forced response analysis, the
undamped response of the gearbox model to the first
harmonics of the gear meshes’ excitations under nominal
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input torque equal to 320 Nm is studied. The goal of this
investigation is to check how the eigenmodes of the sys-
tem contribute to the dynamic gear mesh forces. For this
purpose, the speed range of the input shaft is considered
from 100 to 10,000 rpm at 200 evenly spaced speeds. After
running the forced response, the variation of the dynamic
factor as a result of this analysis is shown in Figure 4.

At several speeds, the peak values of the dynamic factor
are obvious. These points are associated with the excitation
frequencies which are close to one of the eigenfrequencies
governed by the gear pairs, see Table 4. For instance, this
can be seen especially at S = 8,543.43 rpm, which is in fact
the eigenmode No. 17. It is important to notice that two
gear pairs have different gear mesh excitation frequencies.
Furthermore, the influence level of the eigenfrequen-
cies and their corresponding eigenmodes on the relative
movement of the meshing contact points of two gear pairs
can be significantly different. Therefore, special atten-
tion needs to be paid to finding the relation between the
eigenfrequencies and the input-shaft speeds at which a
peak value of the dynamic factor is observed. It is impor-
tant to note that Figure 4 illustrates a qualitative variation
of the dynamic factor rather than providing a quantitative
representation. This implies that selecting different input
parameter settings can lead to varying peak values of the
dynamic factor. However, this is entirely reasonable, as the
speeds at which these peak values occur remain consistent.
This consistency arises because the system’s response and,
consequently, the maximum dynamic contact force are sig-
nificantly influenced by the excitation frequencies.

Effect of Damping

In this section, the effect of damping in shafts, gear
meshes, and bearings is separately investigated to provide
more insight into to their individual effect on the reduc-
tion of the meshing contact forces and the bearing reaction
forces. The investigation is carried out at the input torque
320 Nm for a wide range of running speeds and damping
values. The analysis is followed by considering the case
when the effect of damping in all elements is combined.

Damping in Shafts

In the first step, the dynamic factor of the gear pairs for
different values of the shaft damping is checked. Figure 5
depicts the effect of torsion, axial, and bending damping on
the reduction of the maximum dynamic contact force. The
damping effect at higher excitation frequencies with D =
107 s is more obvious.

Damping in Gear Meshes

Inthe next step, the dynamic factor of the gear pairs for differ-
ent values of the gear mesh damping is examined. According
to Figure 6, the influence of the gear mesh damping becomes
particularly evident when the excitation frequency coincides
with one of the system’s eigenfrequencies related to the gear
mesh compliance, rather than the shaft deformations. This
can be seen here again at .S = 8,543.43 rpm, which is in fact
the eigenmode No. 17, see Table 4.
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Damping in Bearings

In this section, the effect of damping in bearings is inves-
tigated. For this purpose, four different cases, D1 to D4,
with their six components of the damping values are
considered as given in Table 5. As the result of this com-
parison, Fig. 7 shows the results. In contrast to the case
of gear mesh damping, here the damping effect on the
reduction of dynamic factor peaks is evident.

Damping in Different Input Torque Levels

The torque-induced variations in bearing stiffness and
gear meshing stiffness significantly influence the system’s
modal frequencies and vibration modes. For instance, as
torque increases, bearing reaction forces intensify, leading
to greater bearing deformation. This results in a rela-
tive reduction in bearing misalignment, which can affect
the dynamic response of the gearbox. Additionally, gear
meshing stiffness plays a pivotal role in determining the
system’s natural frequencies and mode shapes. Studies
have shown that variations in meshing stiffness can lead to
abrupt changes in coupling frequencies and mode shapes,
thereby influencing the dynamic behavior of the system.
Section 7 investigates the impact of damping in shafts,
bearings, and gear meshes on the reduction of maximum
dynamic gear mesh forces, initially assessed at a nominal
input torque of 320 Nm. This section extends the analy-
sis by varying the input torque from 40-320 Nm in 40 Nm
increments. This incremental approach provides deeper
insights into how torque levels influence the damping
of undesired vibrations. A critical observation is that

the eigenfrequencies of the gearbox model are torque-
dependent, influenced by the torque ratio of the gear
pairs. Changes in the input torque alter bearing stiffness
values, which in turn affect the modal characteristics of
the gearbox. Consequently, the peaks of the dynamic fac-
tor occur at different excitation frequencies compared
to those observed in Figure 4. Therefore, in this section,
the same increments in the damping values of the shafts,
gear meshes, and bearings, as described in “Effect of
Damping,” are considered. The speed range of the input
shaft is considered from 100-10,000 rpm at 200 evenly
spaced speeds. To assess the effect of input torque varia-
tion, a damping measure is introduced here. To calculate
this measure, the dynamic factor after applying damping
is calculated and subtracted from the associated dynamic
factor for the case of undamped case. Therefore, this
damping measure is merely the difference between the
dynamic factors of the undamped and damped systems.
The results are shown in Figures 8-10.

According to Figure 8, at a low input torque of 40 Nm, all
three damping levels show a high damping measure, with
the highest value observed at D = 10°s, indicating a sig-
nificant reduction in dynamic forces. As the input torque
increases, the damping measure rapidly decreases, stabi-
lizing at lower values beyond approximately 120 Nm. This
suggests that at higher torques, changes in the dynamic
behavior of the gearbox, likely due to increased bearing
stiffness and altered modal properties, reduce the overall
effectiveness of damping. A slight resurgence in damping
effectiveness is observed between 200 Nm and 280 Nm,

Damping [Ns/m] [Nms/rad]
case
Duz' Duy Duz Dm Dvy Dn
D1 0.1 0.1 0.1 0.01 0.01 0.01
D2 1 1 1 0.1 0.1 0.1
D3 5 5 ) 0.5 0.5 0.5
D4 10 10 10 1 1 1
Table 5—Bearings damping specifications.
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Figure 7—Dynamic factor of G1-G2 (left) and G3-G4 (right) for different bearing damping values.
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where the damping measure temporarily increases before
declining again at 320 Nm. This reflects the torque-depen-
dent shift in eigenfrequencies, which causes the system
to re-enter resonance-prone regions at specific operating
conditions. Figure 9 illustrates the damping measure for
both gear pairs under varying input torques, considering
three levels of gear mesh damping: 500, 1,000, and 2,000
Ns/m. As with previous results, the damping measure quan-
tifies the reduction in dynamic response due to energy loss.
At low input torque, 40 Nm, higher mesh damping leads
to significantly greater reductions in the dynamic factor,
with diminishing returns as torque increases. Beyond 120
Nm, the damping effectiveness plateaus, with all three
damping levels converging to similarly low values. A mod-
erate increase in the damping measure occurs between
200-280 Nm, again highlighting the resonance sensitiv-
ity due to torque-dependent modal shifts. Finally, Figure
10 shows how varying bearing damping levels (D1-D4)
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affect the damping measure across increasing input torque.
Higher damping values (D2-D4) yield significantly greater
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levels. The lowest damping case (D1) remains consistently
less effective across all torques.
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mission error or shift critical speeds once the other two
sources are active. As a further study, the three damping
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induce significant dynamic loads on the bearings. This
step is crucial for pinpointing operational speeds that
may lead to elevated noise emissions from the gearbox
housing due to resonance phenomena. Subsequently,
damping is introduced into the model with the following
parameters: shaft damping coefficient of 10~ s, gear mesh
damping coefficient of 1,000 Ns/m, and bearing damping
as specified in case D3 (refer to Table 5). The dynamic
factor of both gear pairs is illustrated in Figure 11. The
difference between the dynamic factors in the undamped
(Figure 4) and damped (Figure 11) cases reveals the effect
of damping with selected coefficients on the reduction of
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Figure 11—Dynamic factor of the gear pairs in the damped case.
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Figure 12—Peak-to-peak bearing reaction force of the undamped system.
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Figure 13—Peak-to-peak bearing reaction force of the damped system.
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undesired vibrations at speeds that correspond to one of
the eigenfrequencies.

The peak-to-peak amplitudes of the bearing reaction
forces are illustrated in Figures 12 and 13, respec-
tively. Comparative analysis reveals that incorporating
damping significantly attenuates the peak-to-peak
amplitudes, indicating a substantial reduction in
dynamic loading. However, in the damped configura-
tion, a pronounced peak in bearing reaction forces is
observed at approximately 4,280 rpm, identifying this
speed as a critical resonance point. To further assess
the impact of this critical speed on the NVH character-
istics, the corresponding bearing reaction force data at
4,280 rpm are exported to RecurDyn. This data serves as
input for subsequent NVH simulations aimed at eval-
uating and mitigating potential noise emissions from
the gearbox housing.

To quantitatively assess the influence of different
damping sources on gearbox vibration, the maximum
values of the dynamic factor were extracted from
the simulation results for the undamped case and
for each damping configuration (shaft, gear mesh,
bearings, and combined damping). Table 6 provides
a compact summary of these peak values for both
gear pairs, together with the corresponding absolute
and percentage reductions relative to the undamped
baseline. This comparison highlights the relative
effectiveness of each damping mechanism in reduc-
ing dynamic loads.

It can be further concluded from Table 6 that:
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Gear3-Gear4 benefits most from damping: all three
single-source damping strategies give large reductions
(~36—44 percent), and combined damping gives the larg-
est (~45 percent). This indicates the problematic peaks
for G3-G4 are strongly dampable (likely mesh-related
resonances and bearing-transmitted energy).

e Gearl-Gear2 shows moderate reductions:

- Shaft damping (22.9 percent) and bearing damping
(16.4 percent) perform similarly and significantly.

- Gear-mesh damping has less effect on G1-G2 (5.0
percent), implying those peaks are driven less by
mesh-compliance resonances and more by shaft/
bearing dynamics.

- Combined damping produces the best overall
result for G1-G2 (25.4 percent), but the extra gain
above the best single-source (shaft: 22.9 percent) is
modest (~2.5 percent).

« These numbers imply that the bearing damping
provides a broad and consistent reduction across
the entire speed range, making it the most effective
single-location damping strategy.

e Combined damping yields the largest reductions
overall, but the interaction is not strongly synergistic,
meaning that the combination gives modest extra
reduction beyond the best single damping source
(especially for G1-G2).

Beyond the quantitative comparison of peak dynamic
factors, it is also important to highlight the qualita-
tive differences in how each damping source influences
system dynamics. While all mechanisms contribute to
vibration mitigation, their effects differ in magnitude,
frequency dependence, and consistency. Table 7 summa-
rizes the typical characteristics of shaft, gear mesh, and
bearing damping, as well as their combined action, indi-
cating where each mechanism is most effective and how
they interact within the drivetrain system.

Overall, the results confirm that shaft and bearing
damping are the most effective individual mechanisms
for mitigating dynamic loads, while the combined damp-
ing configuration provides the most significant overall
reduction in dynamic factor, ensuring smoother opera-
tion across the entire speed range.

NVH analysis in RecurDyn

In the previous section, the forced response analysis of the
gearbox model in the undamped and damped conditions
was conducted. The analysis yielded the bearing reac-
tion forces data. Subsequently, these bearing forces for
both undamped and damped cases (corresponding to the
input speed 4,280 rpm) are imported into RecurDyn and
applied directly to the powertrain housing at the bearing
locations, including the bearings, shafts, and gears from
the model. The process commences with configuring the
housing parameters and performing a modal analysis to

Damping Gear pair Undamped Damped Absolute Reduction
reduction
Shaft G1G2 1.40 1.08 0.32 22.86 %
D=10"°[s]
G3G4 1.89 1.05 0.84 44.44%
Gear-mesh G1G2 1.40 1.33 0.07 5.0%
D=1000 [s]
G3G4 1.89 1.20 0.69 36.50%
Bearing G1G2 140 117 0.23 16.40%
case D3
G3G4 1.89 1.08 0.81 42.90%
Combined G1G2 1.40 1.045 0.355 25.36%
G3G4 1.89 1.035 0.855 45.24%

Table 6—Quantitative evaluation of damping effect on dynamic factor from different sources.

Damping Typical effect Most effective at
Shaft Minor — moderate reduction only for highest D; Evident at high excitation frequencies; weak at mesh
otherwise small eigenfrequencies
Gear-mesh Strong but localized: large reduction when Very effective at mesh-compliance eigenfrequencies
excitation ~ mesh eigenmode; little effect otherwise
Bearing Broad and consistent reduction of dynamic peaks Reduces transmitted bearing forces and housing
across many speeds excitation; best single-location benefit
Combined Most robust overall reduction, but nonlinear Best for overall NVH once tuned together; beware of
interactions — possible peak shifts frequency shifts and new interactions

Table 7—Typical effect of damping on the dynamic factor from different sources.
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extract a reduced-order flexible model, focusing on the
first 200 eigenfrequencies. Time-dependent spline func-
tions representing the bearing forces are then applied at
the corresponding housing positions. Before executing
the NVH analysis, a dynamic simulation is conducted to
determine the housing’s response. A critical kinematic
parameter for the NVH assessment (the surface veloci-
ties at the nodes of the meshed geometry) is calculated.
Finally, the equivalent radiated power (ERP), which quan-
tifies the noise emitted from the housing surface to the
environment, is computed as follows:

ERP=fur+ 5+ C+ 0+ (A~ v}
®)

Where fr.r is the radiation loss factor, C is sound veloc-
ity, o is the density of a target material which transfers
the noise, e.g., air, 4; is the area on the " flexible panel
of the meshed surface, and v; is its face normal velocity.
Further details can be found in Ref. 22. To clearly dem-
onstrate which parts of the housing’s surface emit higher
noise, the contour plot of the ERP is very helpful. It can
subsequently be used to address the design modifica-
tions demanded, such as local stiffening of the housing
by means of the ribs, to reduce the noise.

Figure 14 shows ERP contours of both cases. T
denotes the time at which the ERP reaches its maximum
value. The maximum values of the color legends are
adjusted to clearly show the noise distribution through
the housing’s surface. It is noticeable to mention that
the variation of the ERP depends on the simulation time
and on the locally evaluated position on the housing. It
is clearly seen that in the undamped model, the region
of the housing close to the bearings of the output shaft
has higher ERP values and consequently emits noise to
the environment. In contrast, the housing of the damped
model has a superior performance with respect to the
noise emission. The difference between the ERP values of
both models reveals this superiority.

To further clarify the performance of both models, the
ERPintime domainis calculated for the surface next to the
output shaft by considering the first 20 eigenfrequencies
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of the housing. The results are plotted in Fig. 15. These
results characterize the improvement level of the noise
emission from the housing surface based on the damping
values selected for this purpose. This in fact implies that
proper selection of damping properties leads to a lower
level of noise emission by reducing the double ampli-
tudes of the excitation forces and subsequently lower
excitations to the powertrain system at critical speeds.

Damped system
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Figure 14—ERP contours at the time with maximum values.
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Figure 15—Magnitude of the ERP versus time: undamped case (left), damped case (right).
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Conclusion

The effect of internal damping of the elements of a drive-
train under various loading conditions was compared.
The forced response analysis of the model was carried out
to calculate the dynamic behavior of the gearbox model
subjected to dynamic loads from different excitation
sources. The effect of damping in bearings, shafts, and
gear meshes was separately investigated to provide more
insight into to their individual effect on the reduction
of the meshing contact forces and the bearing reaction
forces. Then, the analysis was followed by considering
the case when the effect of damping in all elements was
combined. The results confirmed that the damping effec-
tiveness is highly sensitive to input torque. While high
damping values are most beneficial at lower torque levels,

the system’s dynamic response—and hence the bene-
fit from damping—becomes less pronounced as torque
increases. Damping is highly effective at low torque lev-
els but becomes less influential as input torque rises. This
highlights the need for adaptive damping strategies in
gearbox systems that operate under wide torque ranges.
The convergence of damping measures across damping
levels at higher torques suggests that beyond a certain
threshold, increasing gear mesh damping yields mini-
mal additional benefits. This underlines the importance
of optimizing damping parameters based on expected
operating torque ranges. Future research should focus on
developing advanced damping materials and techniques
tailored to specific drivetrain configurations to further
improve NVH outcomes.
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