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Abstract

In the domain of agricultural machinery, ensuring user acoustic comfort is a fundamental requirement, given
the prolonged hours operators spend on tractors. In this regard, geared transmission systems represent one of
the major sources of noise and vibrations as they can produce high frequency whine noise due to their inter-
nal excitation. Gear whine noise is mainly caused by transmission errors variation, in fact, this phenomenon
is related to gear manufacturing errors, misalignment and time-varying mesh stiffness.

The aim of this paper is to explore the pivotal role of macro and microgeometry in minimizing whine noise
emission during gear operation. By emphasizing the substantial impact of transmission error on noise gener-
ation, the research activity underscores the relevance of a numerical vibroacoustic methodology, experimen-
tally validated, for the estimation and control of the vibratory level of a geartrain employed on agricultural
equipment.

1 Introduction

Agricultural tractors represent an intricate system capable of performing multiple operations for different
purposes. Throughout its operational life, the various types of sub systems produce noise and vibrations
that need to be controlled in order to be acceptable for driver’s comfort. Among the critical components in
powertrain applications the gearbox system represents a fundamental element, which generates a significant
amount of noise during in field operations. Gears are characterized by an internal excitation related to time-
varying mesh stiffness and static transmission error, which produce non-linear vibrations. The vibrations
generated during the meshing process are transmitted through bearing and shafts to the gearbox case, leading
to the emission of the so-called whine noise. The resulting acoustic pressure will depend both on the gear
design and gearbox case geometry. Retaining the gearbox case geometry and material, the noise generation
mechanism is ruled by gear dynamics. Many authors investigated the role of macro and microgeometry on
whine noise occurrence [1, 2, 3, 4, 5]. Different gear macro or microgeometry may be proposed for low-noise
design and an evaluation of their dynamic behavior can be achieved by employing a validated virtual model.
The initial dynamic models proposed were prevalent linear, as outlined in the review by Ozguven and Houser
[6]. However, the nonlinear characteristics of geared systems suddenly emerged in numerous experimental
analyses [7, 8, 9]. One of the earliest nonlinear mathematical models was presented by Kahraman and Singh,
who initially formulated a single-degree-of-freedom torsional model incorporating backlash clearance [10].
Later, the same authors refined the model with a three-degrees-of-freedom nonlinear model, accounting for
time-varying mesh stiffness, backlash, and bearing clearance [11]. The final model, developed by Kahraman
and Singh, represents an efficient and dependable tool for predicting the nonlinear dynamics of a gear pair
[12].
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Figure 1: Schematic representation of the pump drive geartrain

This paper aims to face the noise challenges associated with the tractor pump drive as the initial design
resulted in considerable noise emissions. Based on this assumption, the authors propose an NVH digital
twin of the real gearbox. The developed dynamic model is a combination of two sub-models: a lumped-
parameter model (LPM) and a structural finite-element model (FEM). The lumped parameter model was
developed by the authors, its reliability has been already proven in [13, 14]. In addition, the model was
employed to study analytic formulations related to rattle occurrence [15] and whine noise control [16]. By
coupling this two-modeling approaches the virtual strategy is able of capturing interactions among various
components of the agricultural transmission system, such as gears, shafts, bearings, and gearbox housing.
Firstly, the model was validated with experimental results, ensuring its accuracy in capturing the complex
interactions within the transmission system. Subsequently, the validated dynamic model served as a powerful
tool to study and evaluate alternative design solutions, considering both macro and microgeometry modifi-
cations. This systematic exploration was aimed to identify configurations that could effectively minimize
noise emissions while maintaining optimal functionality. The methodology presented in this article, starting
from dynamic modeling and leading up in experimental validations, offers a comprehensive and effective
approach for addressing noise challenges in agricultural machinery, providing a holistic understanding of the
interactions among different elements. The paper is structured as follows: the Section 2 is devoted to ex-
perimental characterization; it describes the experimental setup, the metrics employed to quantify the noise
and acceleration level and the driveline evaluation. In Section 3, the FEM/LPM model is described, and the
numerical-experimental validation is carried out. Finally, in Section 4 the results are presented.

2 Experimental test campaign

The following section defines the methodological approach adopted and provides a solid basis for the com-
prehension of the results. It describes the geartrain under examination, the sensors used, and the software
employed for data analysis. In addition, a description of both quantitative and qualitative evaluation crite-
ria for the NVH performance of the component is provided, highlighting the issues encountered during the
experimental analysis and subsequently addressed in Section 3. The validation process of an agricultural
transmission is an iterative procedure involving several steps and activities aimed to confirm that the final
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Figure 2: Experimental setup, the picture shows the upper side of the driveline where accelerometer and
microphone were installed

product satisfies specified criteria. In this context, the final noise tests are conducted on the complete tractor,
to assess the overall quality of the transmission and to ensure compliance with acceptable limits prescribed
by regulations. The driveline under examination is a continuously variable transmission. Among all the com-
ponents within it, an essential role is employed by the pump drive. It consists of a four gears geartrain that
connects the internal combustion engine to the hydrostatic unit and one or more hydraulic pumps, providing
hydraulic power for a variety of critical functions and enhancing the overall management of system energy
and performance. A schematic representation of the geartrain is proposed in figure 1, gears are identified as
G1, G2, G3 and G4. G1 is mounted on the input shaft, which is connected to the engine, not shown in the
figure. An intermediate shaft supports the idler G2, which transfers power to G3 connected to the hydraulic
pumps. GI also transfers motion to G4, which is connected to the hydrostatic group. The experimental
analysis took place inside a non-anechoic test room, where the transmission was connected to an electric
motor with the flanged wheels linked to hydraulic brakes. The instrumentation used includes: a Siemens
LMS SCADAS acquisition system, a series of triaxial ICP accelerometers and diffuse-field microphones.
One accelerometer, positioned on the front housing surface, was considered for the evaluation as it ensures
global coverage of system dynamics. The point where the accelerometer was placed will be referred as T
Accelerometer,” while the microphone was located approximately 10 centimeters away from the surface and
labeled as T Microphone . The figure 2 illustrates the sensor placement scheme. Several operating condi-
tions were considered in the test plan, however in the following paper, only two test that closely resemble the
actual operating conditions of the pump drive will be discussed. One stationary high-speed tests identified
as Test 2 and a run-up engine speed test. The Test 2 stationary test was identified as the most critical for the
pump drive gear NVH performance, while the run-up engine speed test allows to have a comprehensive view
of the system dynamics at different frequencies. To analyze the vibroacoustic phenomenon, both qualitative
and quantitative metrics were utilized. When assessing the specific contribution of individual components,
such as the pump drive, measured quantities like vibration and sound pressure can be correlated with engine
speed by orders extraction in run-up tests. The quantitative metric used is then described as follow: the
difference between the overall level and a specific vibration order must remain under a certain threshold. By
looking at figure 3 (a), a certain vibration order is represented by the solid blue line while the overall level is
depicted by a solid red line. As long as engine rpm are low the order has a considerable delta with respect
the overall level. By approaching higher engine speed this difference tends to zero. The ”Quantity: Overall
- Order” graph in figure 3 (b) shows the same concept, plotting difference between the overall level and the
order itself. The second metric is a qualitative sound evaluation metric. It replicates a psychoacoustic metric
that describes how the human auditory system’s sensitivity can perceive and identify a single tone present
in a sound spectrum. The ability to distinguish a tone is not tied to its absolute amplitude but to its relative
amplitude compared to the background noise level, figure 3 (b). The latter referred as the order extraction
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Figure 3: Order extraction compared to the overall and background level (a). Qualitative and quantitative
acceptance criteria (b)

next to the source order. In fact the black dashed line, figure 3 (a), shows the background vibration level
around a single source order. The quality of perceived sound gets worse as long as the difference between
the order and its background level gets higher. The evaluation is performed by measuring the delta between
the source order noise with its background level, figure 3 (b).
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Figure 4: Solid lines represents the pump drive sound pressure level and acceleration orders during run-up
test. Dashed lines represents the order related to the background profile
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Figure 4 shows the results of the run-up test for either the vibration (a) and the noise level (b). Given that
the test room was not an anechoic chamber and there was a high background noise due to the electric motor,
fans, and cooling system, we focused on vibrational measurements. At the top, the colormap illustrates
the order of the pump drive and its harmonics in dB levels, as the engine speed varies across the displayed
frequency range. It is evident that the first and second harmonics of the pump drive play a dominant role
in the generation of the overall vibration, significantly accentuated by two resonance zones. In particular,
the first harmonic is markedly noticeable at high engine speeds, whereas the second one is more prominent
within certain low speed ranges. These results are further supported by figure 4 c) and d). In red, the overall
level is depicted, with continuous green and blue lines representing the first and second orders of the pump
drive respectively, and their background levels is indicated by dashed green and blue lines. Notably, at
high speeds, the first harmonics nearly aligns with the overall vibration level, suggesting the pump drive as
the primary vibration source. At lower speeds, peaks of the second harmonics are evident, accentuated by
resonances. In this context, the background levels assume a relevant meaning, as the delta values calculated
on the harmonics and the overall level exceed acceptable limits.
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Figure 5: Acoustic and vibration spectrum for Test 2 stationary test

To confirm the evident issue related to the pump drive highlighted by the run-up tests, figure 5 shows the
autopower spectrum of the stationary measurements Test 2: a) microphone and b) vibration. It is noteworthy
that, in both figures, the meshing frequency of the pump drive, indicated by a black dashed line, is predomi-
nant across the entire measured frequency range.

To sum up, the results are off target due to evident levels of criticality concerning our metrics. A new gear
design is required in order to improve the NVH performance of the geartrain itself. By employing an NVH
digital twin of the real subsystem one may be able to represent the vibrational behavior of the geartrain
and evaluate new gear design proposal for vibration and noise reduction. In the next section the dynamic
lumped parameter model and the finite element model of the transmission are briefly described. Afterwards,
a virtual correlation is performed. Once the reliability of the model has been proved, new design proposal is
explored by means of virtual simulation. Finally, the new gear design is experimentally tested, confirming
the effectiveness of the overall approach.

3 Digital twin set up

In this section a digital twin of the real gearbox is build up by combining LP and FE modeling approach.
The LP model allows the estimation of dynamic reaction forces on bearings by starting from gear mesh. The
employed model is non-linear and accounts for backlash, time-varying and load-dependent mesh stiffness
and load dependent bearing stiffness. In the FE model, only the gearbox casing is meshed, with internal
components replaced by concentrated masses connected to bearing housing via rigid elements. The output
of the combined model is the acceleration of the gearbox case under specified operating conditions and gear
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Figure 6: Lumped model for geartrain. 6; is the rotation angle of gear 7. T; represents the external torque
applied to gear i. kb, is the bearing stiffness along = and y direction. Finally £m,_; is the meshing
stiffness between gear ¢ and j

layout. The FE model preliminary reliability is verified by performing an experimental frequency response
function analysis within the frequency range of interest and comparing the results with numerical point FRF.
Subsequently, the validated mesh is used for dynamic analysis, where input forces derived from the LP
model are applied to the bearing seats. Experimental assessment is finally conducted through acceleration
measurements during operational conditions.

3.1 Lumped parameter model

A discrete model of the geartrain is shown in figure 6. Three degrees of freedom are associated to each
gear, namely 60;, x;, y;. 0; is the rotation around z axis;, according to the reference frame, it is positive in
counterclockwise direction, while x; and y; are the radial displacement in x and y directions. The equation
governing the motion of the system is:

(M) + f(@n2) | [Cl3 + [K]a — %kmxb _F 0

Where
1 if zp > xp/2

f@rap) =9 0 if —xp/2 <2 <1/2 ?2)

=1 if zp < —xp/2
and [M], [C] and [K] are the mass, damping and stiffness matrices, respectively; x, is the dynamic trans-
mission error; xp is the gear backlash; &, is the time-varying meshing stiffness; &, &, = are the acceleration,

velocity and displacement vectors; F is the external forces vector. Damping is defined as Rayleigh damping,
i.e. proportional to mass and stiffness matrices, so that:

[C] = a[M] + BIK] 3)

Where « and 3 are the Rayleigh’s damping mass and stiffness proportionality coefficient.
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Figure 7: Connection point between LPM and FEM

Various approaches can be adopted for determining the alpha and beta coefficients. Initially, they may be
evaluated based on empirical knowledge. Subsequently, they could be refined through calibration against
the principal (linearized) resonances of the geartrain, which may be assessed experimentally, for instance.
In this study the first option was employed. Gear mesh stiffness is computed by employing the Weber &
Banaschek approach. The methodology is applied for various mean values of the torque load, in order to
obtain the stiffness value in varying-load conditions. In the same manner, the load-depended bearing stiffness
is computed according to the analytical formulation proposed in [17].

3.2 FE model

A finite element method was employed to simulate the vibrational behavior of a gearbox casing due to
reaction forces arising from gear meshing. The external casing of the transmission was meshed using 4-
node 3D tetrahedral elements whereas the internal components were represented by concentrated masses.
These masses were characterized by their center of mass and inertial properties and subsequently linked
to the bearing seats via rigid elements. In the same manner, the transmission of reaction forces resulting
from gear meshing LP were applied to the center of bearing seat by means of rigid elements, see figure
7. Fixed constraints were applied to the driveline to replicate the actual boundary condition. Based on
the author experience a constant damping of 3% has been considered. The structural finite element mesh
is validated with the data collected by means of experimental impact testing comparing mode shapes and
natural frequencies evaluated numerically through the Nastran solution SOL 103.

4 Numerical assessment and results

In this section a numerical experimental correlation on industrial use case shown in Section 2 is proposed.
Unfortunately, due to confidentiality of the topic, the authors cannot give any kind of information of the real
system specifications. The purpose of this section is to give proof of the accuracy of the model. The coupled
FE and LP model is employed to predict the real behavior during the stationary operating condition shown in
Section 2, identified as Test 2. As mentioned in the previous section, the FE model preliminary reliability is
verified by performing an experimental frequency response function analysis within the frequency range of
interest and comparing the results with numerical point FRFE. The point chosen for the FRF analysis and the
acceleration monitoring are qualitatively depicted in figure 8 b). They represent strategic portion of the driv-
eline involved in the interested modal shapes. A comparison between numerical and experimental outcomes
of impact testing are depicted in figure 8 a). The correlation is performed by comparing the acceleration
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Figure 8: Impact test, FEM correlation. Blue dashed vertical line is related to Test 2 frequency
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Figure 9: Test 2, coupled FE and LP model correlation

in the point T. It is worth noticing how the numerical signals are in agreement with the experimental ones,
ensuring the local reliability of the mesh. Afterwards, the LP model was piloted by a P.I.D. (proportional
integral derivative) controller to follow the experimental engine speed profile and was excited with the actual
torque load at G4 and G3. Results are compared in figure 9. It is worth noticing how side-bands appear in
the frequency response spectrum. This phenomenon is linked to test bench hydraulic brake. In fact, they
introduce a slow frequency modulation due to their electronic controller which was not able to maintain a
constant torque. Beside this aspect, the numerical outcomes are aligned with the experimental results, prov-
ing the reliability of the modeling approach. Once the reliability of the model has been proven, different
design configurations have been virtually tested. The detailed explanation of design criteria to reduce the
gear whine noise is not the primary focus of this work. Unless this, the authors want to give some qualitative
explanation of the design approach adopted to face and control the issue. The peak-to-peak transmission
error affects the vibration performance of a geartrain. It is well known in gear design that by decreasing the
pressure angle and increasing the helix angle one may produce a reduction of internal dynamic loads by in-
creasing the overall contact ratio. In fact, it has been widely proven that high-contact-ratio gears offer a better
NVH performance compared to standard-contact-ratio gears. In addition, microgeometry modification may
guarantee a very smooth transmission error for a defined load. In fact, several studies have been conducted
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Figure 10: Mesh stiffness profile comparison standard gear (STD) vs high contact ratio gear (HCR)
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Figure 11: Test 2, numerical results comparison standard gear (STD) vs high contact ratio gear (HCR)

in order to analyze and reduce mesh stiffness and transmission error fluctuations. Gear tooth modification
are used to obtain a smooth load transfer and reduce whine noise emission. Litvin and Fuentes detailed the
generation of microgeometry in [3] considering spur gears, helical gears, spiral bevel gears, hypoid gears
and planetary gear set. By considering the aspect previously described, a new gear design has been released
accounting for both new macrogeometry, resulting in High Contact Ratio gears (HCR), and microgeometry.
In figure 10 the meshing stiffness of the new design proposal is shown in comparison with the standard one
for a certain load. It is worth noticing the smoother trend of the HCR solution, effect of an increased contact
ratio and an optimized microgeometry for a given load.

The new gear design (HCR) dynamic response was investigated by employing the NVH digital twin of the
driveline. Results are shown in figure 11. The dynamic model shows a significant reduction of acceleration
corresponding to “T accelerometer”. It is needed to underline that the acceleration at a given point and the
sound pressure level does not have a direct relationship. Unless this, generally, a reduction of the acceleration
level implies a reduction of the sound pressure level. The aforementioned findings are confirmed by the ex-
perimental results shown in Figure 12. Both the acoustic (a) and vibrational (b) comparisons are highlighted
with the STD and HCR configuration represented by the black and dashed red curve respectively. Due to
the fact that the tests were not conducted at the exact same motor speed, the pump drive mesh frequency is
slightly different; nonetheless, a noticeable reduction in the peak is observed on both the microphone and the
accelerometer.
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Figure 12: Test 2, experimental results comparison standard gear (STD) vs high contact ratio gear (HCR)

To conclude the experimental evaluation, the new configuration with the HCR is shown in figure 13 on the
run-up test for either the vibration (a) and the noise level (b). Figure 13 shares the same structure of figure
4, including the axis ranges, therefore the two configurations can be compared. It can be observed that, in
both graphs, the vibration and noise levels have decreased with the HCR configuration when compared to
the STD. From the lower graphs (c) and (d), it is evident that the pump drive order, represented by the green
curve, is less close to the overall level, represented by the red curve. Additionally, the difference between the
background and the harmonics has decreased in the most critical rpm ranges, resulting in the final outcomes

falling within acceptable limits.

Frequency
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Figure 13: Solid lines represents the pump drive sound pressure level and acceleration orders during run-up
test with HCR gears. Dashed lines represents the order related to the background profile
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5 Conclusion

This paper introduces an NVH digital twin for a real gearbox, utilizing a combination of a lumped-parameter
model (LPM) and a structural finite-element model (FEM). By merging these two modeling techniques, the
virtual strategy successfully captures the intricate interactions among various components of the agricultural
transmission system, such as gears, shafts, bearings, and gearbox housing. Initially, the model was validated
with experimental data, ensuring its accuracy in representing the complex dynamics within the transmission
system. Following validation, the dynamic model was used to investigate and evaluate different design so-
lutions, focusing on both macro and microgeometry changes. This process aimed to find configurations that
could effectively reduce noise emissions while preserving optimal system performance. The methodology
outlined in this paper, from dynamic modeling to experimental validation, offers a thorough and effective ap-
proach for approaching noise issues in agricultural machinery. It provides a comprehensive understanding of
the interactions among different components of the transmission system. Firstly, the experimental character-
ization is introduced, describing the experimental setup, the metrics used to measure noise and acceleration
levels, and the driveline evaluation. Afterwards details the FEM/LPM model and its numerical-experimental
validation are given. Finally, the results confirmed the reliability and effectiveness of the overall approach.
With this methodology, noise was significantly reduced, demonstrating the practical applicability and advan-
tages of the proposed approach in real-world applications.
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