2 ™ processes MBPY

Article

Layering Vibration Transfer Path Analysis of a Flexible Supported
Gear System Based on the Vibration Power Flow Theory

Yafeng Ren 1*({, Xiaohui Sun !, Yusheng Luo !, Wenwen Lu ! and Haiwei Wang 2

check for
updates

Citation: Ren, Y.; Sun, X,; Luo, Y,; Lu,
W.; Wang, H. Layering Vibration
Transfer Path Analysis of a Flexible
Supported Gear System Based on the
Vibration Power Flow Theory.
Processes 2023, 11, 1233. https://
doi.org/10.3390/pr11041233

Academic Editors: Lijian Shi, Kan
Kan, Fan Yang, Fangping Tang and
Wenjie Wang

Received: 1 April 2023
Revised: 14 April 2023
Accepted: 14 April 2023
Published: 16 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Mechanical Engineering, Taiyuan University of Science and Technology, Taiyuan 030024, China
Shaanxi Engineering Laboratory for Transmissions and Controls, Northwestern Polytechnical University,
Xi’an 710072, China

*  Correspondence: renyafeng@tyust.edu.cn

Abstract: In the marine gear system, the vibration of gears is transmitted to the ship foundation
through shafts, bearings, housing, and isolators, and then the underwater noise is generated. An-
alyzing the vibration transfer properties and identifying the critical path can provide guidance to
the low-noise design of the gear system. In this paper, a coupled gear-housing-foundation dynamic
model is proposed for a flexible supported gear system, in which the flexibility of each subsystem
and the coupling relationship between them are taken into account. The transferring process of gear
vibration is divided into different layers between gears, shafts, bearings, housing, isolators, and ship
foundation. Based on the vibration power flow (VPF) theory, detailed layering vibration transfer
path analyses of the gear isolation coupled system are carried out for both location path and direction
path, and the main paths are identified in a broad speed range. The results indicate that though the
gear vibration transferred to the foundation attenuate layer by layer, there may be reverse VPF in
some special location path and direction path under resonance conditions.

Keywords: gear dynamics; vibratory power flow; mechanical impedance; transfer path analysis;
vibration isolation

1. Introduction

The vibration of marine gears is transferred through the shaft, bearing, housing, and
isolator to the ship foundation. According to roles in the vibration transfer process, the
system is composed of tripartite: excitation source, transmission path, and receiver. The
gear pair acts as the excitation source, the ship foundation serves as the receiving structure,
and the shafts, bearings, housing, and isolators formed the transfer paths. These paths can
further be divided in detail according to the location or direction of vibration transferring.
To decrease the foundation’s vibration, on the one hand, technologies such as gear tooth
modification can be adopted to reduce the excitation [1]; on the other hand, the vibration
transfer process can be controlled to reduce the transferring of vibration energy between
each layer [2]. The purpose of vibration transfer control is to minimize the vibration energy
entered into the receiver and distribute the vibration energy in the receiving structure as
reasonably as possible. For passive control or structural modification to achieve vibration
reduction, it is very important to conduce the transfer path analysis (TPA) and identify the
main paths.

To carry out the TPA, a complete system dynamic model is required. Currently, re-
search on gear systems and vibration isolation systems (VIS) are independent of each other.
The gear system dynamic analysis stars with a lumped parameter model of the transmission
system [3], assuming a rigid housing and constraining the bearings to rotate only, including
the time-varying mesh stiffness (TVMS) and transmission error (TE) excitation, and calcu-
late the bearing vibration. Then, a housing finite element (FE) model is adopted [4,5], in
which the isolation system is treated as simplified springs to obtain the dynamic response
of the housing foot. When analyzing the isolation system, the gearbox is regarded as rigid

Processes 2023, 11, 1233. https:/ /doi.org/10.3390/pr11041233 https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr11041233
https://doi.org/10.3390/pr11041233
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-8692-0232
https://doi.org/10.3390/pr11041233
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr11041233?type=check_update&version=2

Processes 2023, 11, 1233

20f18

mass and the excitation is treated as simple harmonic. Then the transmissibility of the
vibration isolation system is analyzed [6]. Finally, the vibration acceleration transferred to
the ship foundation is determined based on the dynamic response of the housing foot and
the transmissibility of the vibration isolation system. Although some scholars coupled the
transmission system with housing, the gearbox and VIS remain separated [7-11].

Some papers presented research on the vibration transferring in a gear system that
contains a geared transmission system and housing. The frequency response function
characterizes the relationship between the steady-state output and input of the system
in the frequency domain, which is of great help for vibration transfer analysis. Guo [12]
measured the frequency response function of a gear-bearing-housing system. In the gear
system, the vibration of the gears is sequentially transferred to the housing through the shaft
and bearings. Based on a simplified 8 degree of freedom (DOF) dynamic model, Xiao [13]
found that the major vibration reduction appears during the transfer process from the inner
ring to the outer ring of bearings, and the least attenuation occurs during the transfer from
the outer ring to the housing. In traditional gear system dynamics analysis, the transmission
system and the housing are independent, and the bearings serve as a bridge connecting the
transmission system and the housing, playing a significant role in vibration transferring.
To investigate the contribution of bearing on the vibration transferring, Vanhollebeke [14]
treated each bearing as a separate vibration transfer path and identified the main one.
Incorporating the flexibility of the housing into the transmission system can provide a more
reasonable analysis of dynamic response and vibration transferring. Xu [15] developed
a coupled dynamic model of the gear and casing, and analyzed the danger resonance path.
For planetary transmissions, the vibration transfer path is more complex. Nie [16] built
a multiple transfer path model from each mesh point to the ring gear sensor for the wind
power gearbox.

There is a large amount of research on the TPA of a vibration isolation system. In
a vibration isolation system, each isolator acts as a transfer path during the vibration
transfer process. Liu [17] explored how different suspension components contributed to
the structure-borne noise transmission into a railroad vehicle due to wheel/rail forces
that resulted from random surface roughness. The traction rods and lateral dampers are
both significant structure-borne pathways, according to the results. In order to reduce the
compliance and mobility transfer function of a single degree of freedom system under
a harmonic ground acceleration excitation, Baduidana [18] deduced the optimal values of
inerter-based isolators. Li [19] built a dynamic model for the double-layer marine reducer
box with an elastic element connecting the exterior and interior cases, and performed
transfer path contribution analysis for each excitation separately based on the force trans-
missibility index. Results show that the primary channel is the last elastic element that
should be given priority during the vibration reduction design process. The VPF index can
more properly represent the nature of vibration energy propagation than the traditional
force transmissibility and motion transmissibility index, and thus yield wide usage in the
dynamic analysis of a vibration isolation system [20-22]. Similarly, transfer path analysis
based on the VPF index is more reasonable than the traditional TPA. Yang [23] ranked the
vibration contribution provided by all paths to the target body and identified the critical
path based on the VPF theory for an offshore vehicle power device. Lee [24] recognized the
main vibration transfer path of a test vehicle by measuring the VPF through the 18 isolators.

There is little research on the vibration characteristics and transferring assessments
of gear isolation coupled system. Yang [25] constructed a housing FE model in which
vibration isolators are considered as spring-damper elements, then extracted the physical
parameters of the housing, built a gear-housing-isolation coupled dynamic system based on
mass, damping, and stiffness variables, and finally studied the influence of stiffness and the
number of isolators on the system vibration response. Luan [26] coupled the planetary gear
transmission system with the double-layer box through MASTA software, and analyzed the
vibration reduction effect of isolators between the dual box. Ren compared the VPF entered
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into the hull base between different vibration isolation types for a marine gearbox [27] and
compared the arrangement of elastic isolators on the dynamic response of the hull base [28].

A detailed TPA based on an integrated gear-housing-isolation model and the VPF
theory can provide effective guidance for low-noise design of marine transmission systems.
In this paper, a flexible supported gear system is divided into different layers according
to the vibration transferring process, that is, gear, shaft, bearing, housing, isolator, and
foundation. According to the location and direction of vibration transferring, the VPF index
is adopted to analyze the detailed transfer characteristics, and the main paths are identified
in a broad speed range.

2. Dynamic Modeling
2.1. Model Description

In order to decrease the gear vibration transferring to the ship foundation, gear devices
are typically installed through elastic elements. The commonly used VIS is single-layer
configuration. Figure 1 shows the gear isolation system adopted in this study. Br1, Br2, Br3,
and Br4 are the 1st, 2nd, 3rd, and 4th bearing, respectively. ISL1, ISL2, ISL3, ISL4, ISL5, and
ISL6 are the 1st, 2nd, 3rd, 4th, 5th, and 6th isolators, respectively. The speed of the driving
shaft ranges from 50 r/min to 15,000 r/min, and the torque applied on the driven shaft
is 1200 N-m.

TE excitatio

Driving Shaft (Sh)
Br2 ' — Gear Pair (GP)
Driven Shaft (Sh)
Bearings (Br)
Housing (GB)

Isolators (ISL)
Foundation (BS)

Figure 1. Gear isolation coupled system.

Continuous models have advantages over the lumped mass ones in describing the vi-
bration transferring characteristics, because it can model the system dynamic properties in
a more exact way. For this reason, with the exception of gears and bearings, which are mod-
elled using lumped parameters, all subsystems are modelled as a continuum in this study.
Each node has six-DOF, {ux, uy, uz, rotx, roty, rotz}, namely translational motion along the
x-axis, y-axis, z-axis, and rotation around the x-axis, y-axis, and z-axis, respectively.

In this study, only the TE excitation of gears is applied and other excitations are
overlooked, since the TE excitation is the primary reason for the generation of vibration and
noise [1,29]. This study also excludes the non-linear items, such as gear backlash from the
calculation, due to the linear feature of the gear system and the difficulty for the impedance
model to directly consider the non-linear terms.

2.2. Transmission System Modeling

A single-stage helical geared transmission system is used in this study, and the dy-
namic model is shown in Figure 2.
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Power In Brl Pinion Br2
Housing Q Timoshenko Beam
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Y Driven Shaft
7 Wheel
X Power Out
Br3 Br4
Figure 2. Geared transmission system.
The dynamic equation of a gear system is described [9]:
GpP . GP GP ;GP GP GP/;\ _ ,GP _ (GP
MEEE (1) + C70x () + K () (37 (1) — e (1) = f (1) @
where xCF is the displacement vector of nodes, MSF is the mass matrix of gears,

CCOP = cCPY VT is the mesh damping matrix, c“F is the mesh damping, K¢ = kCPV VT is
the mesh stiffness matrix, k°F is the normal mesh stiffness, f GP is the reaction load vector
of shaft, €SP is the general mesh error vector, the superscript GP denotes the gear pair
subsystem, V is the project vector transferring displacement in the global coordinate to the
line of action, and V7 is the transposition of V [9].

Let x equal x, for approximation, then Equation (1) can be simplified to the following
linear equation:

MOPE (1) + COP 2P (1) + KFPOP (1) = FOP (1) + F(1) )

where () = K§Fx§P(t) is the transmission error excitation, K§* is the mean mesh
stiffness of gear pair, i.e., mean (KCF (t)).

For linear gear systems, the time-varying parameters in Equation (2) are periodic. So
after removing the mean term and performing Fourier transform, the frequency form of
Equation (2) yields.

MGPXGP(w) + CGPXGP(w) + KOPXCOP (w) = FOP(w) + F* (w) (3)

where XCF(w) is the displacement vector in a frequency form, FCT (w) is the reaction load
in the frequency domain, and F*!(w) is the TE load in the frequency domain.

Let Z6P (w) = jwMST + COF 4 K§P / (jw) and VEF (w) = jwXCF (w), then Equation (3)
can be expressed as an impedance form:

Z5P(w) VO (w) = FSP(w) + F* (w) (4)

ZGP VGP

where is the impedance matrix of mesh element, and is the frequency velocity vector.

Using a generic FE approach, the shaft is modeled. Depending on the diameters and
the location of the power points and support points, it is divided into a number of shaft
segments. Timoshenko beam elements with two nodes and six DOF per node are used to
simulate each shaft segment. The equation of motion is given:

Mshi&Shi(t) +C5hijCShi(t) +Kshixshi(t) _ fshi(t) (5)
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The governing motion equation can be obtained in the following manner after putting
together sufficient matrices for each shaft section and taking into account the influence of
external load:

M (1) + CM" (1) + KShaSh (1) = S (1) )

where M5" C3" and K°" are the mass matrix, damping matrix and stiffness matrix of shaft
subsystem, respectively, x5" is the node displacement vector, f5" is the external load, and
the superscript Sh denotes the shaft subsystem.

The shaft subsystem’s impedance equation can be calculated in the form of:

29 (@) VS (w) = F"(w) %

where Z5(w) = jwMS" 4 C5" + K"/ (jw) is the impedance matrix, V' (w) = jwX(w)
is the velocity vector in the frequency domain, X*(w) is the frequency domain form of
x*M(t), and F*" is the external load vector of shaft system.

The bearing is modeled by the Lim model [30]. According to the load-displacement
relationship derived by setting up contact between the bearing rollers and the inner and
outer rings, and establishing the force balance equation, the one-node form complete
stiffness matrix with 6 x 6 order is given by:

dF;, dF;,
ajm aej‘m ..
K, = ,(,i= x, v, 2). 8
" aMim aNIim ( ] y ) ( )
Im aej'm

In this paper, the bearing is made up of two nodes. The first node is attached to
the shaft, while the second one is attached to the housing. The matrix of two-node form
stiffness results in:

Kn =K

—Kn Ku

KB = . )

After considering the damping characteristics, the bearing’s impedance matrix is
obtained as follows:
ZP(w) = CP + KP"/ (jw) (10)

where CB" is the damping of the bearing, j = v/—1 is the complex number, and the
superscript Br denotes the bearing subsystem.
By applying the external load, the bearing subsystem’s impedance equation is written:

2B (w) VB (w) = FB(w). (11)

2.3. Housing Modeling

The housing in this research measures 410 mm in length, 215 mm in width, and
330 mm in height. The material is S355B (according to ISO 630-2), which has a density of
7850 kg/m?3, a Young’s modulus of 2.07 x 10! Pa, a Poisson’s ratio of 0.3, and a damping
ratio of 2%.

The housing is meshed using a 4-node tetrahedron with a 5 mm element size, and
315,000 elements and 76,000 nodes make up the FE model. Ten master nodes, including
four bearing nodes and six isolator nodes, is created and meshed with a six-DOFs mass
element. These master nodes are coupled with the bearing holes or bolt holes, respectively.
Figure 3 illustrates the construction of the FE model. The first 500 modes are obtained from
the modal analysis using the block Lanczos method [31,32].



Processes 2023, 11, 1233

6 of 18

Master
Nodes

410 mm

Figure 3. The housing FE model.

The mobility matrix of the housing can be described as a 60 x 60 matrix as there are
ten external nodes in the housing, and each node offers six-DOF.

Yll le ce Y]n
Yoo ... Yo,

Y= . : (12)
Sym. Yin

Each mobility element Y}, can be calculated through Equation (13):

n ujuy,
Y =j 13

where K;, M, and C; are the modal stiffness, modal mass, and modal damping, respectively,
u is the modal shape, r is the modal order, I = 1: 10, and p = ux, uy, uz, rotx, roty, rotz.
The inversion of the mobility matrix will produce the housing’s impedance matrix.

7% (w) = YB(w) ™! (14)
The housing’s impedance equation can be generated in the form of:
Z°%(w) VP (w) = FP(w) (15)
where the superscript denotes the housing subsystem.

2.4. Isolator and Foundation Modeling

This study utilizes the rubber isolator, which is frequently applied in the field of
engineering. Poisson’s ratio is 0.49, density is 1000 kg/m?, the loss factor is 0.1, and the
elastic modulus is 1 x 107 Pa. The shape of the isolator is a cylinder with 40 mm diameter
and height. The isolator is modeled as a continuous Timoshenko beam element.

Considering the torsional, axial, and flexural vibration, the state vector relationship
between the two ends of the isolator can be arranged as a transfer matrix form:

{Z}l - {E %ﬂ {Z}O - [T]{Z}O- (16)
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Dynamic stiffness matrix can be obtained by transformation:

Fy ki1 klz] {110} ISL {‘10}
= = |K . 17
{Fl } {kzl koo | Lai [ ] q 47
After considering the damping characteristics, the impedance matrix of isolator yields:

ISL .
Jw

where 7 is the damping loss factor, j = v/—1 is the complex number.

The impedance equation of the isolator subsystem can be determined by assembling
the impedance matrices for each isolator and taking the external load into account. As-
sembling the impedance matrix of each isolator and considering the external force, the
impedance equation of the isolator subsystem can be obtained.

ZISL((U)VISL(CU) — FISL(w) (19)
where Z!5L is the impedance matrix of isolator subsystem, V!5t
isolator, and FISL is the external excitation force vector.

The foundation is 414 mm long, 180 mm high, 215 mm wide at the top, and 315 mm
wide at the bottom. The material is AIMg1SiCu (ISO 209.1) with a density of 2700 kg/m?3,
Young’s modulus of 7 x 10'° Pa, Poisson’s ratio of 0.33, and a damping ratio of 2%. Figure 4
depicts the construction of a foundation FE model using a 4-node tetrahedral element. The
element is 5 mm in dimension. About 61,000 nodes and 265,000 elements make up the FE
model. Six bolt holes on the top surface are coupled to each center node, which are defined
as the master nodes and are meshed with mass elements. The bottom area is fixed, and
the first 500 modes are acquired. The mobility matrix Y has a dimension of 3636 since the
model comprises six master nodes, each of which provides six-DOF.

is the velocity vector of the

Master
Nodes

Figure 4. The foundation FE model.

The foundation’s impedance equation can be written as follows, such as the way
for housing:
785 (w) VB (w) = FBS(w) (20)

where VBS is the velocity vector, FBS is the reaction force isolator to foundation.

2.5. Impedance Coupled Model

Impedance synthesis method [9] is used to develop the impedance equation of the
entire system after dynamic models of all subsystems were built. By putting together
impedance matrix components according to the node number, the coupled system’s
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impedance equation may be immediately determined. Assume there is no external force
present at the subsystem interfaces. The coupled system’s impedance equation can be
expressed in the form of:

ZV =F. (21)

The following equation can be used to determine the velocity:
V(w) = Z(w) 'Fw). (22)

3. Layering Transfer Path Analyses

A vibration system can be generally split into three components: excitation source,
transfer path, and receiver. Transfer path refers to all connection parts between the source
and the receiving structure. By calculating the transmissibility and sorting the importance
of each transfer path, the main path can be identified, which is very important for passive
control and structural modification of vibration and noise reduction. With regard to
a flexible supported gear system, the excitation source is the gear pair, and the receiver is
the ship foundation.

The traditional TPA method takes force or velocity as variables to evaluate each
transfer path. The VPF-based TPA can directly reflect the essence of vibration energy
transferring. VPF is the average of instantaneous power over a period of time (for the
minimum period of vibration for periodic vibration).

p— %/OTf(t) Co()dt 23)

where T denotes the period, f(t) denotes the external force, and v(t) denotes the velocity.
Assuming that both forces and velocities are harmonic, the VPF can be expressed in
frequency domain:

P(w) = JRe(V¥(w) - F(w)) (1)

where F(w) and V(w) are force and velocity in the frequency, respectively. Re(x) is the real
part of *, and * is the Hermitian transpose.

Since the force and velocity in Equation (24) are both complex, the VPF index can
take into account both force and velocity, as well as their relative phases. The VPF index
can be used to evaluate the vibration transferring process more effectively than force
or velocity index. Moreover, the VPF as a scalar can consider the vibration of different
directions synthetically.

The excitation power of the flexible supported gear system is generated by the dynamic
TE of the gear. The excitation power of the gear can be expressed:

1 .
PGP — ERe(VGP . FEXt)/ i = 1’ 2, R (25)

The vibratory power of the gears is entered into the foundation through the shaft,
bearing, housing, and isolator, as is shown in Figure 5. Therefore, the vibration transferring
process can be divided into shaft, bearing, housing, isolator, and foundation layer. The
vibratory power transmitted by each layer is:

1
Pi=Re(Vi-F), i=1,2....n (26)

where i denotes the shaft, bearing, housing, isolator, or foundation subsystem.
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Excitation ™
Wheel
Bearing
Isolator
Ship foundation
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Figure 5. Vibration transfer process.

The transfer path of the gear system is the gear-shaft-bearing-housing-isolator-foundation in
the whole. The transfer process of each layer can be divided into location transfer path and
direction transfer path according to the location and direction of vibration transferring, as
is described in Figure 6. The layering location transfer path is shown in Figure 6a. The gear
excitation power can be divided into pinion excitation power and wheel excitation power,
which are transmitted to the driving shaft and the driven shaft, respectively, through the
pinion and wheel; the driving shaft transfers the vibration to the bearings 1 and 2, and
the driven shaft transfers to the bearings 3 and 4; each bearing transfers the vibration
to the housing; and the housing transmits the vibration to the ship foundation through
six vibration isolators. The layering direction transfer path is shown in Figure 6b. Excitation
power of gears includes six DOFs. The other subsystems include six DOFs, except bearing
without torsional DOFs. The vibration energy transfer paths between subsystems can be
regarded as virtual paths composed of six directions.

Excitation Excitation
Power Power

Excitation

________ [ I ux II uy I| uz |1 rotx || roty || rotz |
| Pinion - Wheel I e U
________ \Gear Pair_ _ _ _ _ _ _ _ _ Gear Pair
RA 1 R 3 — .
—————————————————— ] ]
I Driving Shaft I I Driven Shaft I LUX LMy vz I rotx_ I oy 'I oz |
________ Shaft | ________i Shaft ‘
rC P T E— —
__________ T R
- 'Beanngl. IBearng' IBearmg3' IBearmg4| g g LI LW Lz Lok Lol =
8 | le=oomt b Lo oo = Z 5 Bearing : =
el B W H U : 22—l M ol |3
7L ] L A LUX || Uy || Uz || Totx || roty || rotz_| o
A ™ Housing © H 2
= ousing : £
o & M & B |3 I B | &
C1 U2 003 304 305 1 6.
ol 2 e 3 c Al 5 I__uz_,l__uz_,|__uz_.|_r_0t_x_.|_r_ot_y_,|_r_o£z_,
Isolator ~ 7 Isolator ~_
Jd T M LT M U T 3 N ' B
| ux || uy || uz ||r0tx||roty||rotz|
Foundation Tttt T T _T:o_u;dz:tlz)n_ _________
= = = = = =
(a) Location path (b) Direction path

Figure 6. Layering transfer path.
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The vibratory power of each subsystem in location path is written as follows:
k J k ;
pi =) b (i=1:1) (27)
j=1

where k denotes the subsystems, i is the number of location paths in each layer, and j
denotes the direction.
The vibration power of each subsystem in direction path can be yielded:

1
=3Pl =10, 28)
i=1

4. Results and Discussion
4.1. Excitation Power Flow of Gear Pair

Equation (25) is used to calculate the excitation power of gears with different location
paths. The excitation power of the gear corresponding to the location path can be seen in
Figure 7. It includes the excitation power of the pinion and wheel. Generally speaking, the
excitation power of the gear pair is dominated by the pinion. The vibration power of the
pinion above 5000 r/min is almost the same as that of the whole gear pair. The average
excitation power of the pinion from 5000 r/min to 1500 r/min is only 0.7 dB lower than
that of the gear pair. There exists reverse power flow in the system in some rotational
speed below 5000 r/min; that is to say, the gear dissipates vibration power instead of
acting as an excitation source. For example, there is obvious resonance around 1300 r/min,
1950 r/min, 2800 r/min, and 3950 r/min for the wheel, the directions of the excitation force
and vibration velocity of pinion are opposite, resulting in reverse power flow for the pinion,
which is 99.8 dB, 107.5 dB, 95.6 dB and 112.4 dB, respectively. There is obvious resonance
near 700 r/min, 1100 r/min, 1450 r/min, and 2200 r/min for the pinion, and the amplitude
is 101.9 dB, 109.9 dB, 106.5 dB, and 117.7 dB, respectively. However, there is obvious reverse
power in the wheel at this time, which reduces the gear excitation power by 6.9 dB, 8.4 dB,
5.0 dB, and 8.7 dB, respectively. Although there will be reverse power flow in the pinion
or wheel under specific conditions, the excitation power of the whole gear pair is positive
power flow at all rotational speeds.

a T T T ]
S1oF 1 o000 3950
5 \ r/miq r/min
2120 i -
o | U A1 AT N T T e T
ST T T = A LN S
2100+ g'l i |
= ‘ n 5I ¥ i I
g :h’ | ! 1 :‘I ----- Wheel
~ 80 il i!‘l 1 : : .‘: Gear pair
. i Hh |l | i I* . !
@ 60 :I i!ll' :: i : g T T
o it 'i“
Sgo i bl o 1
o b HH
a. i i [ 5
c.) N
2100 4| il j 1
L ; |i (L
3 il 1
& | 1100 2800 ! |
120 ¢/min ! r/min !
0 5000 10,000 15,000

Rotational speed (r/min)

Figure 7. Excitation power flow of gear pair—location path.
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Positive power (dB)

Reverse power (dB)

140

120

The phenomenon of reverse power flow was also mentioned in Ref. [33]. In a multi-
path situation, the VPF along a given path could have some negative numbers.

Excitation power of each direction of the gear pair is shown in Figure 8a,b. The gear
excitation power is mainly in torsion DOF rotz and vertical DOF uy (rotz DOF means the
rotational DOF about z-axis, and uy DOF means the translational DOF along the y-axis).
Between 5000 and 15,000 r/min, the power in rotz and uy directions is positive, and the
average vibration power is 119.9 dB and 117.3 dB, respectively. The superposition of them
is 121.9 dB, which is close to the total 122.1 dB. While, under 5000 r/min, almost all the uy
directions are reverse power. The amplitude of the rotz directions is 118.5 dB, 120.3 dB,
and 126.2 dB, respectively, near the resonance rotational speeds of 1950 r/min, 2200 r/min,
and 3900 r/min. At this time, the uy direction has a large reverse power flow, with the
amplitudes of 117.3 dB, 120.1 dB, and 124.6 dB, respectively, resulting in a reduction in the
overall vibration power by 7.6 dB, 11.3 dB, and 5.6 dB, compared with the rotz direction.
There is also obvious reverse power in the direction of uz at some rotating speed below
5000 r/min. There is reverse power in ux at low and high rotating speed, and there is
obvious reverse power in rotx and roty at specific rotating speeds in the whole rotating
speed range. The power flow of rotz and the whole system is constant positive power flow
in the whole rotating speed range.

=
=)

) 1950 2200 3900
= r/min  ojmin S Tr/mig 000
B 1200 e
E 2a L i Smaet
glOO F 5 \"{ 4 PV e e mrox |27
> - 1 i
S 80 I :: s 1 1 1 | == roty |,
g lu i LA ' b otz |1
el Wit e 1 1 I 1
| i ‘ R TR ' | 6.dof ||
i H KT A T T T
Hewbi ¢ £ g ' ' | -
1 THH ¥ ;_4 1 , i 1 !
’ ¥ 2 1 1 1 1
AL § 3 ! ) 0 ' '
THH 1 = ' , 1 !
L X 53 1 14 G i V. ‘
& 3 \J g e TN ~- N0
LY /I 5 N/
L 1950, %2200\ 3900 ] ~
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Figure 8. Excitation power flow of gear pair—direction path.

4.2. Gear Shaft Transmitted Power Flow

Equations (25) and (27) are used to calculate the transmitted power of gears to shafts
in each location path. The transmitted power of the location path corresponding to the gear
shaft is shown in Figure 9. It can be seen that most of the vibration power of the gears is
transmitted to the driving shaft. The driven shaft receives certain vibration power only
at some special resonance speed, such as 1900 r/min, 2200 r/min, and 3850 r/min. The
average power of the driving shaft in the whole speed range is 111.3 dB, which is close to
the total vibration power of 111.8 dB. Around 1400 r/min, 2800 r/min, and 4100 r/min,
there is obvious reverse power in the driven shaft. The amplitude is 79.9 dB, 90.1 dB, and
81.5 dB, respectively. However, compared with the overall 96.9 dB, 104.0 dB, and 112.3 dB,
the reverse power flow is too small and can be neglected.

The transmitted power of the corresponding gear shaft direction path is calculated
according to Equations (25) and (28). Results are shown in Figure 10. The vibration power
in the direction of uy and rotz is always positive, while the vibration power in the other
direction has reverse direction at some specific speed. When the driving shaft’s rotating
speed exceeds 5000 r/min, the vibration power is mainly in the direction of uy and rotz,
while under 5000 r/min, ux, uy, uz, and roty, all contribute to a certain extent.
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4.3. Shaft Bearing Transmitted Power Flow

Figure 11 shows the shaft bearing transmitted power corresponding to the location
path. Over 5000 r/min in the high-speed range, the bearing 1 and 2 at the driving shaft
receive the majority of the shaft’s vibration. The average vibration is 109.7 dB and 112.5 dB,
respectively. The combined vibration of bearing 1 and 2 is 114.4 dB, which is close to
the total power of 114.5 dB. Bearings 1, 2, and 3 all contribute greatly in the low-speed
range below 5000 r/min. There are resonance peaks in the vibration of bearing 3 near
1100 r/min and 2200 r/min, and the amplitude is 4.2 dB and 3.8 dB larger than the total
vibration. Bearing 4 has little contribution to vibration transferring in the whole speed
range, which can be neglected. The total vibration power of all bearings is a constant
positive in the whole speed range, and the vibration power received by bearing 2 in the
whole speed range is also a positive power. Bearing 1 has reverse power near 1150 r/min,
1500 r/min, 1600 r/min, and 1700 r/min. Bearing 3 and 4 may have reverse power in the
whole speed range.

Shaft bearing vibration power corresponding to the direction transfer path is shown
in Figure 12. The vibration power is mainly transmitted to the uy DOF of bearings. The
vibration of ux DOF is the largest near 9050 r/min ~ 9650 r/min. Ux and uy also contribute
to a certain extent at low speed. The overall vibration power is always positive, and the
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vibration power in the direction of uy is also constantly positive. There is reverse power
flow in other DOFs at a certain rotating speed. For instance at low speed, the direction
of ux and rotx contribute most to the reverse power. On the whole, uz direction and roty
direction have less influence on the vibration.
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Figure 11. Shaft bearing transmitted power—location path.
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Figure 12. Shaft bearing transmitted power—direction path.

4.4. Bearing Housing Transmitted Power Flow

The bearing housing transmitted power corresponding to the location path is shown
in Figure 13. At high speed, the vibration is mainly at bearing hole 1 and 2. The average
vibration of bearing hole 1 and 2 corresponds to 5000 r/min~15,000 r/min is 99.2 dB and
103.7 dB, which is 109.9 dB in sum, close to the total vibration 109.8 dB. Bearing holes 3 and
4 also contribute a lot to vibration at low speed. For example, bearing hole 3 has obvious
resonance near 700 r/min, 1100 r/min, and 2200 r/min. The peak values are 88.3 dB,
100.9 dB, and 108.7 dB, respectively, which are 9.2 dB, 11.3 dB, and 11.0 dB higher than the
total vibration, respectively. There is obvious reverse power flow in bearing hole 4 at the
corresponding speed, with the peak values of 88.7 dB, 101.2 dB, and 109.0 dB, respectively,
which indicates that there is an obvious vibration suppression effect at bearing hole 4.
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The vibration power of bearing housing corresponding to the direction path is shown
in Figure 14. At high speed, the vibration is domain by uy and the vibration power in the uy
direction is mainly positive. Ux only contributes to the vibration at some special rotational
speed, while the other DOF contribute little to the vibration. At low speed, each DOF
contributes to the vibration to a certain extent, and there are reverse power flows at some
rotational speeds. There is resonance in the ux direction near 1100 r/min and 2200 r/min.
Peak values are 94.6 dB and 102.5 dB, respectively, which are 5.0 dB and 4.8 dB higher than
the total vibration power, while there is obvious reverse power in the uy direction, with the
amplitudes of 96.1 dB and 103.9 dB, respectively. Relatively speaking, the contribution of
roty DOF to vibration is small.
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Figure 14. Bearing housing transmitted power flow—direction path.

4.5. Housing Isolator Transmitted Power Flow

The transmitted power of the housing isolator corresponding to the location path is
shown in Figure 15. The power flow direction of each isolator is always positive, and there
is no reverse power flow. At low speed, the contribution of each isolator to vibration is
almost the same, but at high speed, the contribution of each isolator is different at different
rotational speeds. For example, between 5400 r/min and 6700 r/min, isolators 3 and 4 have
the greatest contribution to vibration, while the contribution of other isolators is relatively
small. Between 10,700 r/min and 13,450 r/min, isolator 3 and 4 also contribute significantly
to vibration. Although isolators 1 and 2, 3 and 4, and 5 and 6 are symmetrically arranged,
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the vibration power of the corresponding isolator is different because the transmission
system is asymmetrical.
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Figure 15. Housing isolator transmitted power—location path.

The transmitted power corresponding to the direction path is shown in Figure 16.
The direction of power in ux, uy, uz, and roty DOF are constantly positive. There are
reverse power flows in rotx and rotz directions at very few rotational speeds. On the
whole, the vibration power of the isolator is mainly in the vertical direction uy, and ux
and uz also contribute to a certain extent at low speed. Ux has a resonance peak near
8400 r/min with an amplitude of 87.8 dB, which is 5.0 dB higher than the power of uy.
Rotx has reverse power near 800 r/min and 1450 r/min, and rotz has reverse power near
600 r/min, 900 r/min, 1800 r/min, and 8500 r/min. However, these reverse powers are too
small compared with the total power, and can be ignored.
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Figure 16. Housing isolator transmitted power—direction path.

4.6. Isolator Foundation Transmitted Power Flow

The transmitted power of the isolator foundation corresponding to the location path
is shown in Figure 17. The total vibration power is 71.1 dB near 6500 r/min, and the
vibration of isolator 4 is as high as 70.2 dB, which makes a significant contribution to the
vibration. The total vibration near 8050 r/min is 59.0 dB, and the vibration of isolator 2
reaches 58.9 dB, which is the primary pathway for vibration transfer. The total vibration is
72.7 dB near 10,350 r/min, and the vibration of isolator 5 is as high as 71.7 dB, which is the
main transfer path. At 13,050 r/min, the vibration at isolator 4 is only 0.8 dB lower than the
total power, which contributes significantly to the vibration.



Processes 2023, 11, 1233

16 of 18

Positive power (dB)

Reverse power (dB)

Positive power (dB)

Reverse power (dB)

100

80

60

40

20

20 1

40 -

60 -

80

100

20 -

40

60

100 T T
9300r/min [y 6500r/min 10,350r/min 13,050r/min
8050r/min i T
-
) 5 /
| H % ’ : 5
[ o i o § i
ST T i 1 v ol i %,
HIE g il ol 2 o H I
HE A - - - sL1 g FHE Bl S
L e : Y| —mmisLs
I8 S —mmisl2 | = ! [
3 IS R IR R E R ISL3 T w1816
[ E e 1 ! ———ISL1~6 || ™ H o ISL1~6
i ] 1 13 — J T 5 [ I R B |
E ) 1 1 1 Y 1o o i i A i
a g3 L g i i
] gy 11 I v 3 i il [
i U \}. 1 1 ||!i 1 % ; H § o1 il
Vi v Y ? ol i
1, “V V K; § \' W {},\, J\ Y} ]
. . é 80 r/min  2700r/min ) 3
0 5000 10,000 15,000 0 5000 10,000 15,000
Rotational speed (r/min) Rotational speed (r/min)
(a) Isolator 1, 2, 3 (b) Isolator 4, 5, 6

Figure 17. Isolator foundation transmitted power—Ilocation path.

Reverse power flow may exist at each isolator connection. For example, the total
vibration power near 2150 r/min is 61.1 dB, and the reverse power at isolator 5 is 57.5 dB.
The total vibration is 60.3 dB near 2700 r/min, and the reverse power of isolator 6 is as high
as 56.4 dB. The total vibration near 8050 r/min is 59.0 dB. At this time, the reverse power of
isolator 1 is as high as 56.4 dB, which can compress the vibration greatly.

The transmission power corresponding to the direction path is shown in Figure 18.
Generally speaking, the vertical direction uy domains the vibration of the foundation,
but other DOF also contributes to a certain degree below 3800 r/min. For example, the
overall vibration is 64.6 dB near 2200 r/min, the ux direction vibration is 63.4 dB, and the
uy direction vibration is only 51.4 dB. The total vibration is 74.5 dB near 3450 r/min and
74.2 dB in the uz direction, while the vibration in the uy direction is only 54.1 dB at this
time. At some rotational speed, such as 1100 r/min and 1700 r/min, there are even reverse
power flows in the uy direction, with the amplitudes of 51.9 dB and 44.3 dB, respectively.
At this time, the total vibration power is 55.3 dB and 65.3 dB, respectively. It shows that
the uy direction has an obvious vibration suppression effect at 1100 r/min, but has little
influence near 1700 r/min.
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Figure 18. Isolator foundation transmitted power—direction path.

5. Conclusions

A coupled impedance model for a flexible supported gear system was developed in
this study. According to the transfer process of gear vibration, the system was divided into
gear, shaft, bearing, housing, isolator, and foundation layer. Based on the VPF index, the
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layering location TPA and the layering direction TPA were carried out in detail in a broad
speed range according to the vibration transfer location and direction. From the simulation,
the main conclusions are made:

1. Although vibration power of gears attenuates layer by layer in the transmission
process from shaft, bearing, housing, and isolator to foundation, there will be re-
verse power flow in some location transfer paths and direction paths at a certain
rotational speed;

2. The excitation power of the gear pair is mainly from pinion (above 75% for 85% cases),
and the vibration transferred to shaft, bearing, and housing is mainly on the driving
shaft side (above 85% for 86% cases), but the vibration of the driving shaft side is not
prominent when transmitted to isolator and foundation;

3. The gear excitation power and the VPF transferred to the shaft are mainly domain
by the torsional and vertical DOF (above 75% for 79% cases); the vertical vibration is
the main vibration after being propagated to the bearing (above 70% for 78% cases),
housing (above 65% for 79% cases), isolator (above 70% for 78% cases), and foundation
(above 80% for 83% cases), and the vibration in other directions also has a certain
degree of influence.
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