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Abstract

To address the pronounced issue of noise and vibration within the combine harvester
cab, this study proposes a hybrid simulation and experimental validation approach that
integrates the pivot noise transfer function (NTF) with a finite element method (FEM)-
based vibroacoustic coupling analysis. A coupled finite element model combining the cab
structure and its internal acoustic cavity was developed, with the excitation path character-
istics explicitly defined. The coupled interaction between structural and acoustic modes,
along with its influence on noise transmission, was systematically examined. The analysis
revealed a significant transmission peak near 18 Hz at critical pivot Point D under specific
excitation directions, indicating strong directional sensitivity in the excitation-response
relationship. Experimental validation showed that the discrepancy between simulated and
measured responses, including the NTFs, remained within 15%, confirming the accuracy
and applicability of the proposed method. This research offers a reliable analytical frame-
work and practical reference for noise and vibration reduction in agricultural machinery
cab design.

Keywords: acoustic—structure coupling; noise transfer function; acoustic cavity modal;
vibration; noise

1. Introduction

As one of the most structurally complex agricultural machines—with the highest
number of components and the most intricate motion forms—a combine harvester generates
significant vibration through its moving parts during operation. These vibrations are
transmitted to the cab, resulting in elevated interior noise levels and structural vibration.
This phenomenon not only reduces the mechanical strength and reliability of the cab
panels and supporting frame but also poses long-term risks to operator comfort and health,
particularly during extended working hours. Therefore, analyzing and evaluating the noise
and vibration characteristics of the cab using the finite element method (FEM) is critical.
Such analysis enables designers to gain a timely understanding of the cab’s noise, vibration,
and harshness (NVH) performance, identify weak points for improvement, and optimize
structural reliability by reducing both vibration and noise levels [1,2].

In recent years, scholars in the field of agricultural machinery investigated vibration
characteristics in tractors induced by external excitations. For instance, a roll-pitch coupled
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vibration model was proposed to capture complex dynamic behavior [3]. Further research
derived the nonlinear stiffness and damping equations of tractor hydro-pneumatic sus-
pensions and established three-dimensional multibody dynamic models [4]. Structural
FEM models of tractor cabs were developed to evaluate structural vibration responses
induced by bottom excitation forces and to estimate the resulting sound pressure near
the driver’s ears [5]. Additionally, computer-aided design (CAD) models of tractor cabs
were used to extract both structural and acoustic cavity meshes; tools such as HyperMesh
were applied to compute structural and acoustic modal shapes, providing a foundation
for structural optimization [6]. Many studies modeled small tractor cabs and conducted
modal and harmonic response analysis via ANSYS Workbench2022, focusing on the 3 key
vulnerable zones [7]. Research combining modal contributions and panel-based analysis
was also employed to identify structural components contributing most to in-cab noise
near the operator’s ears [8]. Efforts to improve ride quality include suspension optimiza-
tion using vertical (Z-direction) acceleration data, achieving vibration reductions of up
to 78.3% [9]. International studies likewise examined the adverse impact of cab noise
on operators. Although many tractor manufacturers have achieved moderate reductions
in internal noise, most remain below ideal thresholds, indicating the need for continued
refinement [10]. Machine learning models such as neural networks were adopted to predict
arm vibrations in operators during various tillage operations [11]. In related fields, such as
construction and automotive engineering, researchers explored low-frequency structural
noise in excavator cabs, identifying both generation and propagation mechanisms [12]. For
smaller hydraulic excavators, investigations led to targeted structural modifications that
reduce cabin noise by mitigating vibration sources [13]. For passenger vehicles, coupled
acoustic-structural FEM models were developed, combining interior trim and body panels
with the cabin cavity to perform modal and noise transfer function (NTF) analyses [14].
Further work assessed tractor ride vibration under different operating conditions based on
suspension types, evaluating the influence of cab support strategies [15]. A self-leveling
cab system was even developed to maintain optimal spinal posture during heavy-duty
operations such as primary soil cultivation [16]. Ergonomics-centered studies on cranes,
excavators, bulldozers, and loaders proposed fast, cost-effective, and low-risk models for
structural vibration assessment [17].

Compared with the above research efforts, the approach proposed in this study offers
three distinct advantages. Firstly, rather than relying solely on structural modal optimiza-
tion, the integration of vibroacoustic coupling and NTF analysis directly links structural
modifications to changes in internal sound pressure, thereby offering clearer optimization
targets. Secondly, unlike studies based purely on acoustic testing or simplified models,
this method combines high-fidelity FEM simulations with empirically measured transfer
functions, greatly improving noise prediction accuracy—particularly in the mid- and low-
frequency bands. Thirdly, while some studies employ statistical energy analysis (SEA) or
empirical models, this work utilizes physically based FEM modeling to more thoroughly un-
cover the interaction mechanisms between structure and cavity, providing precise guidance
for structural enhancements.

Accordingly, this research presents a unified framework for “vibration measurement-
transfer function identification—vibroacoustic coupling simulation” tailored to combine har-
vester cabs. The core objective is to experimentally measure vibration transfer functions at
key cab mounting points, construct a finite element model incorporating structural-acoustic
coupling effects, and verify simulation accuracy through testing. Based on NTF analysis,
dominant noise transmission paths within the cab are identified, and targeted structural
modifications are proposed to suppress vibration and reduce in-cab noise effectively.
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The scientific significance of this study lies in its novel integration of transfer function
measurement with vibroacoustic coupling simulation, offering a systematic exploration of
the noise and vibration transmission mechanisms in combine harvester cabs under complex
excitation conditions. This fills a critical gap in understanding coupled path dynamics
in this domain. From an engineering standpoint, the proposed method delivers a data-
driven, precision-targeted design tool for optimizing the NVH performance of agricultural
machinery cabs. It enhances evaluation reliability during product development stages and
provides a scalable technical pathway for vibration and noise control in other complex
mechanical systems.

2. Materials and Methods
2.1. Vibration Testing and Analysis Method of Combine Harvester Cab

In this study, a ZZDASP signal acquisition system (Yangzhou Tuling Electronics Co.,
Ltd., Jiangsu, China) was employed to collect three-direction vibration signals from the cab
of a combine harvester. Sensors (Donghua Testing Co., Ltd., Jiangsu, China) were mounted
at the door frame of the cab. Time-domain and frequency-domain analyses were performed
on the collected data to identify characteristic frequencies associated with vibration and
noise issues. All tests were conducted under stationary operating conditions, with all
functional components engaged and the engine speed set at 2400 rpm.

Subsequent to identifying the excitation frequencies, load recognition was carried
out. Structural modal, acoustic modal, vibroacoustic coupled modal, and NTF simula-
tions were performed to identify problematic frequencies at the cab’s response points.
These simulations were validated using LMS-based experimental tests (Siemens PLM
Software, Leuven, Belgium), including vibration and noise analysis. The test and simula-
tion process is illustrated in Figure 1, and the specifications of the key equipment are
listed in Table 1.

Table 1. Specifications and models of testing equipment.

Equipment Model Range Error
ZZDASP USB4016 10V <0.5%
LMS LMS SCADAS Mobile20 10V <0.1%
DongHua Testing 1A2347E +5V <5%

2.2. Overall Structure of Combine Harvester and Excitation Sources

The test platform used was the Linhai 4LZ-7A combine harvester (Jiangsu Linhai
Machinery Co., Ltd., Jiangsu, China). Its overall structure, key excitation components, and
transmission system are shown in Figure 2 [18-20].

Subsequently, vibration signals from the combine harvester cab were measured, and
characteristic frequencies were extracted and analyzed [21-24]. The coordinate system
was defined with the forward traveling direction of the harvester as the Y-direction, the
lateral direction as the X-direction, and the vertical direction as the Z-direction. During
testing under no-load operating conditions, all major components—including the header,
threshing drum, and vibrating sieve—were running, with the engine speed maintained
at 2400 rpm.
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(b) Flow diagram of vibration testing and simulation process.

Figure 1. Workflow of vibration testing and simulation for combine harvester.
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Figure 2. Overall structure of 4LZ-7A combine harvester and its major vibration excitation components.
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2.3. Identification of Triaxial Vibration Excitation Loads on the Cab

To facilitate subsequent structural modal, acoustic modal, vibroacoustic coupled
modal simulations, and the extraction of NTFs at mounting points, this section focuses on
identifying the triaxial vibration excitation loads acting on the cab. The cab of the combine
harvester is mounted at four discrete points on the chassis frame. The threshing drum
and vibrating sieve are installed on an integrated sub-frame, which itself is supported by
the main chassis. Dynamic forces generated by the cutter, vibrating sieve, and engine are
transmitted through the mounting brackets of the cab, resulting in vibrations and noise
within the cabin structure [25,26]. The full excitation path is illustrated in Figure 3.
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) X

Vibration and noise are
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_______________
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cab mounting
position
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cab mounting
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:Vibmting screen excitation load The cutter excites the load

Figure 3. Transmission paths of excitation loads from key components to cab.

The vibration excitation from the vibrating sieve to the chassis support structure is
primarily transmitted through the reaction forces at Points A and B. While the amplitude
of the inertial force generated by the sieve varies depending on structural parameters and
mass, it generally exhibits a near-harmonic pattern synchronized with the rotation of the
drive shaft. The corresponding angular frequency is given in Equation (1):

Wshai = 27fghai = 27TNghai /60 1)

where wygy,,; is the angular velocity of the vibrating sieve’s drive shaft (rad/s); fg,,; is the
rotational frequency (Hz); and ngp,; is the rotational speed (rpm).

The excitation force exerted by the vibrating screen on the chassis frame of the combine
harvester can be expressed in Equation (2):

Fshai = Kshai + An cos(nwgpait + 6n) 2)

where Fg,; is the excitation force generated by the vibrating sieve (N); Ky, is the constant
component of the sieve excitation force (N); A, is the amplitude of the excitation force that
varies periodically with wgp,; (N); 6 is the initial phase angle (rad); and t is the time (s).
The engine block transmits vibration to the chassis through its mountings. The
dynamic forces exerted by these mounting points on the chassis represent the engine-
induced excitation forces acting on the combine harvester. These forces initiate vibration in
the harvester, which is subsequently transmitted through the vibration isolation system to
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the cab, leading to structural vibration within the cabin. The excitation force generated by
the engine can be described in Equation (3):

Fi = Kpp + Agqcos (20t 4 ) (3)

where Fy, is the engine excitation force (N); K, is the constant component of the engine
excitation force (N); &’ is the crankshaft angular frequency (rad/s); Ay, is the amplitude of
the excitation force that varies periodically with 2a’ (N); ¥ is the initial phase angle (rad);
and t is the time (s).

The excitation force produced by the cutter can be expressed in Equation (4):

m
Pqie e ine + Z An COS(leqiet + Qn) 4)
n=1
where Fg, is the cutter excitation force (N); Ky, is the constant component of the cutter
excitation force (N); wgie is the crankshaft angular frequency (rad/s); A, is the amplitude
of the excitation force that varies periodically with wgny; (N); 0, is the initial phase angle
(rad); m is the number of periodic components in the reaction force; and t is the time (s).

2.4. Theoretical Basis of Structural, Acoustic, and Vibroacoustic Modal Analysis

This section focuses on performing structural, acoustic, and vibroacoustic coupled
modal simulations [27,28] of the combine harvester cab, as a foundational step for extracting
the NTFs at its mounting points. Accurately modeling the cab’s NVH performance requires
coupling the structural and acoustic domains; isolated structural or acoustic analysis alone
cannot sufficiently capture their interactive behavior. The governing dynamic equation for
structural modal analysis is given in Equation (5):

(MU + [CelUe + [Ke]Ue = fe 5)

where [Me] is the structural mass matrix; [Ke] is the stiffness matrix; [Ce] is the damping
matrix; U, is the nodal displacement vector; and f. is the external excitation vector.

In the acoustic modal analysis, the finite element formulation of the acoustic fluid
domain is expressed in Equation (6):

(M| P+ [KE] P+ [CE] P =0 )

where [MF] is the unit fluid mass matrix; [KY] is the element fluid stiffness matrix; [C}] is
the element fluid damping matrix; and P, is the nodal acoustic pressure vector.

During the vibroacoustic coupling simulation of the cab, it is necessary to integrate the
structural dynamic equation, the acoustic fluid equation, and the fluid continuity equation.
The resulting coupled dynamic equation (Equation (7)) as follows:

R AR ARSI AR TS
[Mfs M| %, [[01 NS T o [e] {Pe}_{{"}} ?

where [M®] = pg[Re]”; [K®] = [Re]; [Re] = [{N'}{N}{n}d(s); (N} is the shape function

S
for pressure elements; S is the coupling surface between the structural and acoustic domains;
{N'} is the shape function for displacement elements; {n} is the unit normal vector on the
coupling surface; and 00 is the density of the structural material.
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2.5. Finite Element Mesh Generation of the Combine Harvester Cab

The structural and acoustic cavity meshes of the cab were generated using Hyper-
Mesh2022 software, with appropriate material properties assigned to each domain. The
meshed finite element model of the cab is depicted in Figure 4. Details regarding node
counts and simulation setup parameters are presented in Table 2. Typically, the frequency
range for acoustic modal analysis is set to twice that of the structural modal analysis [29].
Specific mesh quality parameters are listed in Table 3.

(a) Frame structure mesh.  (b) Frame with panel mesh.  (c) Acoustic cavity mesh.

Figure 4. Finite element mesh models of cab.

Table 2. Mesh node counts and simulation frequency settings.

Mesh Type Number of Nodes Number of Elements Simulation Frequency Range
Frame structure mesh 142,194 142,339 0~150 Hz
Frame with panel mesh 523,210 523,191 0~150 Hz
Acoustic cavity mesh 582,066 3,676,258 0~300 Hz

Table 3. Detailed mesh quality parameters.

Parameter Value
Length 5~7.5 mm
Jocabain <0.7
Taper >0.5
Quads (Min angle) <45°
Trias (Min angle) <20°

2.6. Theoretical Basis of NTF

The NTF describes the transmission relationship of the noise signal from the input to
the output and is typically expressed in Equation (8):

Ynoise (Z)
Q(z)

where Y}, (z) is the output noise component, expressed in the Z-domain and Q(z) is the

NTF(z) = ®)

quantization noise or other noise sources introduced within the system.

The magnitude response of the NTF allows Equation (8) to be reformulated in terms
of INTF (/) |. Accordingly, the power spectral density (PSD) of the output noise is given
in Equation (9):

Sy(w) = ]NTF () ]2 Sy (w) )

where S;(w) is the PSD of the input noise.
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However, in most engineering applications, the NTF is more commonly defined in
terms of the acoustic response and excitation force through Equation (10):

P(f)

E(f)

where P(f) is the acoustic pressure at the response point (in frequency domain) and F(f)
is the excitation force at the input point (in frequency domain).

NTE(f) = (10)

Subsequently, post-processing is carried out in HyperView to extract the excitation
force and the corresponding sound pressure response. The sound pressure level (SPL) is
then calculated using Equation (11):

P,
EF(f)

2.7. Simulation Model Setup for NTF at Mounting Points

The simulation model was established using HyperMesh. Excitation loads were applied

NTE(f) = 20log( (11)

at the four mounting points (Points A, B, C, and D) of the vibroacoustic coupled cab model,
with the simulation steps and boundary conditions appropriately defined. A response point
(Point E) was placed adjacent to the operator’s right ear to evaluate the acoustic response. The
simulation procedure focused on analyzing the NTFs at the mounting points. In Figure 5,
the simulation workflow includes multiple stages, from structural modal setup to acoustic
modal definition, followed by vibroacoustic coupling, NTF configuration, and post-processing
analysis. The spatial locations of the excitation points and the acoustic response point, along
with the corresponding noise transmission paths, are detailed in Figure 6.
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Figure 5. Simulation modules configured in HyperMesh for vibroacoustic analysis.

2.8. Experimental Methodology

In November 2024, a series of tests were conducted at Lanhai Agricultural Machinery in
Taizhou, Jiangsu Province, to evaluate the NTFs at the cab mounting points, interior noise
responses, and the structural modal characteristics of the cab with panel coverings. The
experimental equipment included an impact hammer, a sound level meter, an LMS vibration
testing system, and multiple sensors. During testing, the ambient background noise level
at the site was measured at 44~48 dB. The first test involved applying excitation at Point D
and measuring the corresponding acoustic response at the interior response point of the cab.
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Specifically, excitation was applied in the X-direction at Point D, and the resulting Y-direction
noise response at the designated response point was recorded. Measurements were taken
every 2 min, for a total of 10 consecutive recordings. The test setup is illustrated in Figure 7.
The second test used an impact hammer to apply excitation forces in the XYZ directions at
the four mounting points (Points A, B, C, and D) of the cab. The resulting three-directional
transfer functions at the interior response point were recorded (Figure 8a). The third test
focused on modal analysis using single-point excitation. A total of 29 acceleration sensors were
sequentially placed at predefined modal measurement locations on the cab frame, and the
response to hammer excitation was captured (Figure 8b). Prior to testing, a geometric model
with 29 measurement points was created in the Geometry module of the LMS 2019 software.
To ensure a high signal-to-noise ratio (SNR), sensor placement followed these key principles:
measurement points were located at points of external excitation, structural junctions, and
critical stress locations; the layout of points enabled comprehensive representation of the
cab’s global structural characteristics. For accuracy, the cab was suspended using a crane to
minimize boundary constraints during the modal tests.
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Figure 7. Experimental setup for noise measurement at cab response point of combine harvester.
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Figure 8. Experimental procedures and setup for NTF and modal analysis of combine harvester cab.

3. Results and Discussion
3.1. Time- and Frequency-Domain Analysis of Cab Vibration Signals

Based on the measured vibration signals of the combine harvester cab, time-domain
and frequency-domain analyses were carried out using MATLAB2022. The excitation
frequency ranges were then calculated according to the rotational speeds of the harvester’s
excitation components (Table 4). Since all excitation frequencies were below 100 Hz, the
analysis primarily focused on identifying characteristic frequencies within this range. The
results of the time-frequency analysis of the vibration signals are presented in Figure 9.
In Figure 9b, the characteristic frequencies observed in the X-direction vibration signal of
the cab are 7.68, 10.24, 58.88, and 81.92 Hz; in Figure 9c, the Y-direction vibration signal
exhibits dominant frequencies at 7.68, 10.24, 40.96, 58.88, and 83.20 Hz; and in Figure 9d, the
Z-direction vibration signal shows peaks at 7.68, 40.96, 58.88, 72.96, and 81.96 Hz. According
to the transmission system configuration of this harvester model, 7.68 Hz corresponds to the
first-order excitation frequency of the vibrating sieve, 10.24 Hz corresponds to one-fourth
of the external excitation frequency of the engine, 40.96 Hz corresponds to the first-order
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engine excitation frequency, 58.88 Hz corresponds to the sixth-order excitation of the cutter,
72.96 Hz corresponds to the sixth-order excitation of the threshing drum, and both 81.96
and 83.20 Hz correspond to the second-order engine excitation frequency.

Table 4. Rotational speeds and corresponding excitation frequencies of main excitation components
in combine harvester.

Component Rotational Speed Excitation Frequency Range
Engine 2400~2500 rpm 40.0~41.6 Hz
Vibrating sieve 440~480 rpm 7.3~8 Hz
Threshing drum 690~730 rpm 11.5~12.7 Hz
Cutter 540~590 rpm 9.0~9.8 Hz
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Figure 9. Frequency-Domain Analysis of XYZ Three-Directional Vibration in a Combine
Harvester Cabin.

Under normal no-load operating conditions of the Lanhai 4LZ-7A combine harvester
(Jiangsu Linhai Machinery Co., Ltd., Jiangsu, China), the main excitation components
responsible for the cab’s noise response and their corresponding characteristic frequencies
are outlined in Table 5.
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Table 5. Dominant contributing components for three-directional cab vibrations.

Dominant Characteristic

Cab Direction Main Contributing Components

Frequencies
X-direction 10.24,7.68, 58.88, 81.92 Hz Engine, vibrating sieve, cutter
Y-direction 7.68,10.24, 40.96, 58.88, 83.2 Hz Vibrating sieve, engine, cutter
Z-direction 7.68, 40.96, 58.88, 72.96, 81.96 Hz Vibrating sieve, engine, cutter,

threshing drum

3.2. Modal Simulation Results of Cab Frame Structure

The first six orders of the simulated modal shapes of the cab frame structure are
illustrated in Figure 10, with the corresponding natural frequencies and modal deformation

characteristics summarized in Table 6.

(b) Second-order mode (c) Third-order mode

Subcase 1 fosdstept):Mode 12.F =3279775+10' Frame 25

(d) Fourth-order mode (e) Fifth-order mode (f) Sixth-order mode

Figure 10. Modal simulation results of cab frame structure.

Table 6. Corresponding frequencies and mode shapes of the cab frame structure.

Mode Order Frequency Modal Characteristics
First 10.8 Hz Local mode at rear section
Second 154 Hz Mode extending from middle to the rear
Third 20.7 Hz Global structural mode
Fourth 234 Hz Local mode at rear section
Fifth 27.8 Hz Global mode with local deformation at front panel-frame joint
Sixth 32.7Hz Local mode at rear and bottom sections

As shown in Figure 10, the first-order modal shape exhibited pronounced local defor-
mation in the rear section of the cab frame. The second-order mode demonstrated dominant
vibrational characteristics from the mid-section rearwards. A global modal response was
observed in the third-order mode, while the fourth-order mode again displayed localized
deformation patterns in the rear frame section. The fifth-order mode presented a com-
prehensive frame vibration with particularly noticeable local deformation at the interface
between the front panel and main structure. The sixth-order mode revealed localized
vibrations concentrated at the rear and base sections of the frame. Notably, no significant
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a) First-order mode

first-order bending or torsional modes typical of vehicle body structures were detected,
indicating the combine harvester’s cab frame possesses substantial structural stiffness and
high strength. The first-order natural frequency (10.8 Hz) approximated the engine’s 1/4
harmonic excitation (10.24 Hz). The third-order frequency (20.7 Hz) closely matched the
engine’s 1/2 harmonic (20.48 Hz). The fourth-order frequency (23.4 Hz) corresponded to
the triple harmonic of sieve vibration (23.1 Hz). The fifth-order frequency (27.8 Hz) ap-
proached the cutter’s triple harmonic excitation (29.44 Hz). These correlations demonstrate
significant influence of engine, cutter and vibrating sieve operational excitations on the cab
frame’s modal characteristics.

3.3. Modal Simulation and Experimental Results of Cab Structure with Panels

The first six modal simulation results of the cab structure with exterior panels are
depicted in Figure 11. A single-point excitation method [11] was employed, in which
an impact hammer served as the external excitation source. Acceleration sensors placed
on the cab transmitted the collected signals to LMS analysis software, where the first
six natural frequencies and corresponding mode shapes of the cab were extracted. A
comparison between the simulation results and the experimental modal results obtained
via LMS is presented in Table 7, including the corresponding frequencies and modal
deformation characteristics.

aaaaaaa

(c) Third-order mode.

(d) Fourth-order mode. (e) Fifth-order mode. (f) Sixth-order mode.

Figure 11. Modal simulation results of cab structure with exterior panels.

Table 7. Comparison of simulated and experimental modal frequencies and mode shapes of cab
with panels.

Mode Order Simulated Frequency Simulated Mode Shape Experimental Frequency Error
First 249 Hz Bending mode of front panel 243 Hz —2.4%
Second 29.1Hz Local bending mode of right panel 29.8 Hz 2.4%
Third 33.3Hz Bending mode of front panel 33.1Hz —0.6%
Fourth 33.6 Hz Local bending and vibration of front panel 34.5 Hz 2.7%
Fifth 37.5Hz Breathing mode of roof 37.5Hz 0
Sixth 41.7Hz Breathing mode of bottom 415Hz —0.4%
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In Figure 11, the simulation results of the cab structure with panels indicate that the
first-order mode corresponds to a bending deformation of the front panel, the second-order
mode shows a local bending mode of the right panel, and the third-order mode again
displays a bending deformation of the front panel. The fourth-order mode presents local
bending and vibration of the front panel, the fifth-order mode exhibits a breathing mode
of the roof, and the sixth-order mode reflects a breathing mode of the cab bottom. The
discrepancies between the simulated and experimental modal frequencies are all within 5%,
and the modal shapes are consistent across corresponding modes, confirming the reliability
of the simulation results and providing technical support for the subsequent analyses in
this study. The first-order frequency at 24.9 Hz is close to the second harmonic of the
threshing drum excitation (24.32 Hz), the second-order frequency at 29.1 Hz is near the
third harmonic of the cutter excitation (29.44 Hz), and the fifth- and sixth-order modes
at 37.5 Hz and 41.7 Hz, respectively, are close to the engine’s base excitation frequency
(40 Hz). These results suggest that the dynamic excitations generated by the threshing
drum, cutter, and engine have a significant influence on the modal characteristics of the
cab panel structure.

3.4. Acoustic Cavity Modal Simulation Results of Cab

The first six simulated modes of the cab’s internal acoustic cavity are presented
in Figure 12, with the corresponding natural frequencies and mode shape characteristics
summarized in Table 8.

(c) Third-order mode.

(d) Fourth-order mode. (e) Fifth-order mode. (f) Sixth-order mode.

Figure 12. Simulated acoustic cavity modes of cab.

Table 8. Natural frequencies and mode shapes of cab acoustic cavity.

Mode Order Frequency Mode Shape Description
First 108 Hz First-order vertical acoustic cavity mode
Second 145 Hz First-order longitudinal acoustic cavity mode, with peak sound pressure near upper front panel
Third 169 Hz First-order transverse acoustic cavity mode, with peak sound pressure near lower left panel
Fourth 189 Hz Coupled first-order vertical and longitudinal cavity modes
Fifth 207 Hz Coupled first-order transverse and second-order vertical cavity modes
Sixth 223 Hz Coupled second-order longitudinal and transverse acoustic cavity modes

In Figure 12, compared with the structural modes, the acoustic cavity modes generally
occur at higher frequencies and exhibit more complex mode shapes. The first-order mode
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is characterized as a vertical acoustic cavity mode. The second-order mode is a longitudinal
mode, with the highest SPL appearing at the upper section of the front panel. The third-
order mode represents a transverse acoustic cavity mode, with peak sound pressure located
at the lower section of the left panel. The fourth-order mode exhibits coupled vertical and
longitudinal modal behavior. The fifth-order mode presents a combination of transverse
and second-order vertical cavity modes, with the maximum SPL occurring near the cab floor.
The sixth-order mode shows a combination of second-order longitudinal and transverse
acoustic modes. Notably, the fifth-order mode, at 207 Hz, closely corresponds to the fifth
harmonic of the engine excitation frequency (204.8 Hz).

3.5. Vibro-Acoustic Coupled Modal Simulation Results of Cab

The first six vibro-acoustic coupled modes of the cab were simulated (Figure 13) with
the corresponding natural frequencies and mode shapes outlined in Table 9.
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Figure 13. Simulation results and frequency values of the acoustic and structural interaction modes
of the cab.

Table 9. Natural frequencies and mode shapes of cab vibro-acoustic coupled modes.

Mode Order Frequency Mode Shape Description

First 259 Hz Front panel deformation
Second 294 Hz Local deformation of right panel
Third 34.5Hz Front panel deformation

Fourth 354Hz  Combined front panel and local right panel deformation
Fifth 379 Hz Breathing mode of cab roof
Sixth 41.6 Hz Breathing mode of cab floor

In Figure 13, the vibro-acoustic coupled modal simulation results of the cab are
consistent with the structural modal results of the cab with panels, both in terms of mode
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shapes and corresponding frequencies. The first-order mode exhibits deformation of the
front panel; the second shows local deformation of the right panel; the third again presents
front panel deformation; the fourth demonstrates a combination of front panel deformation
and local right panel deformation; the fifth represents a breathing mode of the cab roof;
and the sixth corresponds to a breathing mode of the cab floor. The first-order frequency
(25.9 Hz) is close to the second harmonic of the threshing drum excitation (24.32 Hz), the
second-order frequency (29.4 Hz) approximates the third harmonic of the cutter excitation
(29.44 Hz), and the fifth and sixth modes (37.9 Hz and 41.6 Hz, respectively) are close to
the engine’s base excitation frequency (40 Hz). These findings indicate that excitations
generated by the threshing drum, cutter, and engine have a significant influence on the
vibro-acoustic coupled modes of the cab [30-33].

3.6. Simulation Results of Cab Mount NTFs

Based on the NTF model of the cab mounting points configured in HyperMesh2022,
excitation forces were applied at the four mounting points (Points A, B, C, D), and a
response point was set within the acoustic cavity of the cab. The simulation was performed
using the OptiStruct solver. Subsequently, the results were post-processed in HyperView
by opening the generated H3D file, yielding the NTF results.

The simulated NTFs in the three directions at the response point, when applying
tri-axial (XYZ) excitation loads at Point A, are shown in Figure 14.

Pointid 77201
-MAG | ZTrans

Point id 77201 - MAG | X-Trans

60dB ~__

©

E3 3
3 3 9 Frequency [H2)
Frequency [Hz]

(a) NTFs in XYZ directions under X-direction excitation at  (b) NTFs in XYZ directions under Y-direction excita-

Point A. tion at Point A.

Point id 77201 - MAG | Z-Trans

E3 © £3 %
Frequency [Hz)

(c) NTFs in XYZ directions under Z-direction excitation at Point A.

Figure 14. NTFs at response point under tri-axial excitations at Point A.

Similarly, the results for Point B are illustrated in Figure 15.
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(a) NTFs in XYZ directions under X-direction excitation  (b) NTFs in XYZ directions under Y-direction excitation
at Point B. at Point B.
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(c) NTFs in XYZ directions under Z-direction excitation at Point B.

Figure 15. NTFs at response point under tri-axial excitations at Point B.

For Point C, results are presented in Figure 16.

(a) NTFs in XYZ directions under X-direction excitation at (b) NTFs in XYZ directions under Y-direction excitation at
Point C. Point C.
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(c) NTFs in XYZ directions under Z-direction excitation at Point C.

Figure 16. NTFs at response point under tri-axial excitations at Point C.

The results of Point D are depicted in Figure 17.
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Figure 17. NTFs at response point under tri-axial excitations at Point D.

Based on the transfer functions obtained from each excitation point, the peak response
frequencies and corresponding SPLs at the driver’s right ear were extracted, as summarized
in Table 10.

Table 10. Peak NTF frequencies and corresponding SPLs at driver’s right ear under different

excitation points.

Excitation Direction Frequency SPL Excitation Direction Frequency SPL
A-X X 13 Hz 66.47 dB C-X X 182 Hz 50.3 dB
A-X Y 13 Hz 68.0 dB C-X Y 135 Hz 56.8 dB
A-X V4 192 Hz 54.1dB C-X Z 182 Hz 56.7 dB
A-Y X 13 Hz 60.5dB C-Y X 182 Hz 54.4 dB
A-Y Y 13 Hz 62.1dB C-Y Y 182 Hz 49.0dB
A-Y z 18 Hz 50.3 dB C-Y V4 182 Hz 60.7 dB
A-Z X 13 Hz 52.0dB C-z X 178 Hz 43.0dB
A-Z Y 13 Hz 53.6 dB C-z Y 135 Hz 42.0dB
A-Z V4 18 Hz 50.3 dB C-z V4 178 Hz 52.7dB
B-X X 13 Hz 63.03 dB D-X X 18 Hz 63.8 dB
B-X Y 13 Hz 64.5dB D-X Y 18 Hz 61.9dB
B-X z 178 Hz 519 dB D-X V4 18 Hz 65.8dB
B-Y X 13 Hz 63.4dB D-Y X 18 Hz 79.0 dB
B-Y Y 13 Hz 64.9 dB D-Y Y 18 Hz 77.0 dB
B-Y V4 13 Hz 50.1 dB D-Y V4 18 Hz 81.0 dB
B-Z X 13 Hz 51.6 dB D-Z X 18 Hz 66.9 dB
B-Z Y 13 Hz 53.0 dB D-Z Y 18 Hz 65.0 dB
B-Z z 18 Hz 50.3 dB D-Z V4 18 Hz 69.0dB
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Under simulated conditions with no background noise interference, and considering
that the standard cab noise level should not exceed 60 dB, the NTF analysis revealed distinct
sound pressure peaks at several characteristic frequencies: 13, 18, 29, 40, 60, 115, 135, 163,
178, and 182 Hz. Among them: 13, 18, and 29 Hz are close to the first-, third-, and fifth-order
modes frequencies of the cab frame; 9 and 40 Hz correspond to the second- and sixth-order
modes of the cab structure with panels; Frequencies above 115 Hz align with acoustic cavity
modes, suggesting resonance phenomena.

In Figure 14, under X-direction excitation at Point A, SPLs in the X and Y-directions
reached 66.47 and 68 dB, respectively, with dominant frequency near 13 Hz. Under Y-
direction excitation, X and Y responses were 60.5 and 62.1 dB, again centered around 13 Hz.
Z-direction responses remained within acceptable limits, indicating that Point A primarily
excites noise in the X and Y-directions, with Y-direction response being more prominent.

In Figure 15, under X and Y-direction excitations at Point B, responses around 13 Hz in
X and Y-directions ranged from 63.03 to 64.9 dB, with normal Z-direction levels, confirming
that Point B also contributes mainly to X and Y-directional noise.

In Figure 16, Point C generally meets noise standards across all excitations, except
for a slight Z-direction overrun (60.7 dB) under Z-direction excitation. Overall, Point C
remains compliant with noise control requirements.

In Figure 17, Point D exhibits strong noise responses near 18 Hz (which matches
the second harmonic of cutter excitation). Under X-direction excitation, SPLs reached
63.8 dB, 61.9 dB, and 65.8 dB in XYZ directions, respectively. Y-direction excitation led to
significantly increased levels across all directions (77~81 dB), while Z-direction excitation
caused 65~69 dB. Comprehensive analysis reveals that Point D triggers high noise levels in
all directions, with Z-direction response being the most critical.

3.7. Vibroacoustic Coupled Modes Under Typical Cab Mount NTFs

Based on the simulation results of the NTF and corresponding SPLs at the response
point, it is evident that tri-directional excitations applied at Point D result in excessive
interior noise levels, whereas Points A, B, and C only lead to exceedances in specific
directions. Therefore, this section focuses on analyzing the vibroacoustic coupled mode
shapes at a characteristic frequency of 18 Hz under excitation at Point D, and at 13 Hz

under excitation at Point B. The results are presented in Figure 18.

Figure 18. Vibroacoustic coupled mode shapes under typical cab mount noise transfer conditions.

In Figure 18, when X and Y directional excitations are applied at Point B, local mode
shape variations occur in the rear panel (marked with a dashed box), indicating that the
vibrational energy transmitted from Point B predominantly affects the rear mounting panel
area. This observation, combined with the second-order frame modal shape, confirms that
the rear panel exhibits high vibration transmission and associated noise under excitation.
For Point D, applying X-direction excitation results in local mode shapes on the bottom sur-
faces of the front and rear mounting brackets. Under Y-direction excitation, the middle and
lower sections of the front windshield panel show localized deformation, especially at the
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joint between the windshield and right panel. Z-direction excitation induces deformation
at the same joint and slight deformation on the bottom front mount surface. Combined
with the third-order frame mode and the fourth-order panel mode, it is suggested to en-
hance the structural integrity by: Thickening and reinforcing the front windshield panel;
Strengthening the joint between the windshield and right panel via adhesive or welding;
Increasing the thickness of front and rear mounting brackets and adding reinforcement
ribs; in order to mitigate panel vibrations and suppress associated noise transmission.

3.8. Experimental Results of Interior Noise Response

An excitation was applied at Point D, and the Y-direction noise at the cabin response
point was measured and compared to simulation results is illustrated in Table 11.

Table 11. Measured SPLs at interior response point.

Group 1 2 3 4 5 6 7 8 9 10
SPL 63.5dB 66.8dB 63.1dB 578dB 612dB 66.0dB 648dB 69.6dB 645dB 65.5dB
Error 2.5% 7.9% 1.9% —6.6%  —1.1% 6.6% 4.7% 12.4% 3.7% 5.8%
The comparison between measured and simulated values is illustrated in Figure 19.
68 T T r : 0.15 T T T T T T T T T
= decibel [_Jerror] 0.124
=66.8 #66.6
66 1 =66 b 0.10 g
0.079
=64.8 0.066
~ 64+ B 0.058
g €35 L. 635 & 0051 o 0,037
@ ' w625 Py 0.025 0.019
2 62 4 2 ﬂ
3 w612 @ 000
. | -0.011
—0.05 i
58 u57.8 B —0.066
T T T T —-0.10 T T T T T T T T T T
0 2 4 6 8 10 1 2 3 4 5 6 7 8 9 10

group

(a) Measured SPL scatter plot.

group

(b) Error between measured and simulated SPL.

Figure 19. Comparison of measured and simulated SPL at cab response point.

In Table 11 and Figure 19, the maximum measured SPL is 69.6 dB, and the minimum
is 57.8 dB. Compared with the simulated value of 61.9 dB, the maximum absolute error is
12.4%, the minimum is 1.1%, with an average of 5.32%. This confirms the feasibility and
accuracy of the cab NVH analysis method based on the NTF and vibroacoustic coupling
simulation, providing theoretical support for factory-level NVH testing and optimization.

3.9. Experimental Results of Cab Transfer Function

After applying XYZ excitations at Point D, transfer functions between the excita-
tion and the interior response point were measured and compared with simulation and
operational conditions. The coherence functions and PSD of the excitations are shown
in Figure 20, while the XYZ transfer functions are displayed in Figure 21.

As can be seen from Figure 20a, the coherence functions between the XYZ In Figure 20a,
the coherence functions between XYZ excitations at Point D and the interior response point
are all within the range of 0.9 to 1.0, indicating strong correlation and high reliability of
the experimental data. Figure 20b shows stable PSD in the 0~80 Hz band, without abrupt
fluctuations, suggesting stable system response within this frequency range.
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Figure 20. Coherence and PSD between excitation and response.
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(a) X-direction excitation.

(b) Y-direction excitation. (c) Z-direction excitation.

Figure 21. Transfer functions from Point D excitation to cab interior response point.

In Figure 21a—c, peak response frequencies under Point D XYZ excitations are 55.01,
54.01, and 55.02 Hz, respectively. In real operating conditions, a characteristic frequency of
58.88 Hz is observed in the cabin (corresponding to the sixth harmonic of the cutter), with a
frequency deviation of less than 9%, confirming the model’s predictive capability. Measured
peak SPLs under XYZ excitation are 68.77, 68.67, and 62.97 dB, respectively, while simulated
peak SPLs near 18 Hz (corresponding to the second harmonic of the cutter) are 65.8, 81,
and 69 dB, resulting in absolute errors of 4.5%, 15%, and 8.7%, respectively. The average
deviation is 9.4%, within acceptable limits, further validating the model’s reliability.

Compared with Karpenko et al. [34], who investigated vertical vibration in electric
scooters (2.0~62.5 Hz), the harvester cab shows stronger low-frequency vibration ampli-
tudes, characteristic of whole-body vibration (WBV). Unlike scooters, where road excitation
dominates, the harvester cab is affected by multi-source rotating components such as the
engine and cutter.

Regarding noise, Danilevicius et al. [35] reported vehicle cabin noise levels of 71 dB
(50 km/h) and 77 dB (90 km/h) in passenger cars, with heavy trucks exceeding by 6~7 dB.
In this study, cab noise peaks at 81 dB under mount excitation. While lower than a heavy
truck (~87 dB), sustained exposure in an enclosed space can lead to operator fatigue and
reduced attention, indicating significant occupational health risks.

4. Conclusions

This study established a simulation model of mount NTFs through structural and vi-
broacoustic modal analyses and validated it through experimental tests. The results provide
a theoretical foundation for vibration and noise control in the design and manufacturing of
harvester cabs and support NVH performance improvement before factory release.
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Frame structural modal analysis indicates that engine, cutter, and sieve motions
significantly affect cab vibrations. Simulated panel structure modes closely matched
experimental results, with frequency deviations within 5%, confirming accuracy. The
fifth- and sixth-order modes (37.5 and 41.7 Hz) align with the engine’s fundamental
frequency. Acoustic modal frequencies were generally higher and displayed different
mode shapes compared to structural modes.

NTF simulations showed that among the four mounting points, Point C transmitted
the least excitation, while Point D induced the highest noise levels in all directions,
exceeding acceptable SPL thresholds.

Under Point D XYZ excitation, interior response SPLs deviated from simulations by
less than 15%. Transfer function measurements matched simulation predictions, with
characteristic frequencies corresponding to cutter harmonics. Peak noise deviations
remained below 15%, supporting the model’s reliability for path identification and
optimization, consistent with domain literature [36-38].

The integrated analysis approach proposed in this study—combining pivot-based
noise transfer function modeling with vibro-acoustic coupling simulation—not only
achieves high accuracy in predicting the NVH performance of the harvester cabin
but also provides a clear and practical engineering pathway for forward design and
optimization. By identifying the primary noise transmission paths and key structural
panels, targeted reinforcement strategies can be implemented in high-vibration zones
(e.g., panel junctions), such as increasing panel thickness, incorporating stiffening ribs,
or applying damping materials, thereby suppressing vibration radiation at the source.
Furthermore, optimizing the mounting points between the cabin and the chassis can
effectively disrupt vibration transmission. For instance, L-shaped stiffeners can be
added to critical frame regions (e.g., Points A and D), using low-carbon steel or high-
strength low-alloy steel materials consistent with the frame. Constrained or free-layer
damping treatments on the cabin’s interior surfaces can also be applied to improve
structural damping. By establishing the correlation between external excitations and
the sound pressure near the driver’s ear, the method supports NVH optimization with
a focus on occupant comfort. Controlling noise within specific frequency bands can
directly improve the driver’s physical well-being and operational safety. Moreover,
the high-fidelity simulation model developed in this work lays the foundation for
future implementation of active noise control (ANC) strategies, enabling real-time
regulation of cabin noise levels.

In future, the proposed “measurement-simulation—optimization” framework pro-
posed in this study can be seamlessly extended to the NVH performance development
of other agricultural machinery cabins, such as those of tractors and combine har-
vesters. Future research should focus on characterizing vibration and noise behavior
under varying operational conditions to evaluate the robustness of the proposed
methodology and to establish a comprehensive performance database for agricul-
tural cabins. Furthermore, integrating advanced noise control strategies with this
framework to form a closed-loop system—encompassing diagnosis, prediction, and
real-time control—will be critical for achieving a significant leap in cabin acoustic
comfort. These extended investigations will not only deepen the academic value of
this research but also provide practical, long-term technical guidance for noise and
vibration reduction in the agricultural machinery industry and facilitate the upgrade
of future product designs.
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