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Abstract

Purpose This study aims to take the compound planetary gear train as an example to investigate how the vibration isolator
affects the dynamic characteristics of the gear system.

Methods The dynamic parameters are obtained from the finite element model of the gearbox case with the vibration isola-
tors by the substructure method. The lumped mass method is used to construct the systematic coupled dynamic model of
the compound planetary gear train with the marine twin-layer gearbox case. The dynamic response of the coupled system is
calculated by the numerical calculation method of the Fourier series.

Results The number of vibration isolators negatively affects the bearing forces of the input shaft, output shaft, and planets.
The influence of the number of vibration isolators on LSCs is different in the differential stage and the encased stage. When
the vibration isolators stiffness is less than 200 N/um, the stiffness of the vibration isolator has a significant effect on the
bearing forces of the input shaft, output shaft, and planets. The increase in the stiffness of the vibration isolator would increase
the LSCs of the differential stage and decrease the LSCs of the encased stage.

Conclusions The number and stiffness of the vibration isolator have influences on the bearing forces and the LSCs. Com-
pared with the LSCs in the differential stage, the LSCs in the encased stage are more sensitive to the number and stiffness
of vibration isolators.

Keywords Load sharing coefficient - Compound planetary gear train - Vibration isolator - Marine gearbox case - Journal
bearing

Introduction

Excessive vibration of the gearbox in ship equipment not
only reduces the reliability of the compound planetary gear
train, but also weakens the acoustical stealth of ship [1]. To
reduce the vibration noise, vibration isolation, also called
elastic components, is generally used in rotating machinery
equipment [2, 3]. However, the influence of the vibration
isolator on the dynamic behavior of the gear system has
not received enough attention. The purpose of this study
is to explore how the vibration isolator affects the dynamic
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behavior of the gear system by taking the compound plan-
etary gear train as an example.

The existing literature on the dynamic characteristics of
the planetary gear train focuses on time-varying meshing
stiffness, piecewise backlash, planet bearing stiffness, and
comprehensive gear errors [4-8]. Considering the flexible
support and multiple manufacturing errors, Mo et al. [9]
established the refined dynamic model of the compound
planetary gear train to calculate the loading sharing coef-
ficient and floating orbits of center gears. Zhang et al. [10]
studied the modal properties of the planetary gear train of
the helicopter under the gyroscopic effect. Besides, some
researchers have considered the flexibility of the gearbox
case. Lin et al. [11] utilized the experimental modal analysis
method to identify the joint parameters of the gearbox case,
and then used modal superposition method to analyze the
coupling dynamics model of the full finite element gear-
box. To investigate the vibration response of the gearbox
case, Zhou et al. [3] and Guo et al. [12] applied the bearing
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dynamic load calculated by the gear system dynamics model
to the gearbox case finite element model. Using the mode
mechanical impedance synthesis analysis, Ren et al. [13]
established the coupled impedance dynamic model of the
gear-shaft-bearing-housing to analyze the system dynamic
characteristics. To improve the accuracy of the investigation,
Wang et al. [14] considered the basic admittance characteris-
tics in the dynamic model of marine gear system. Using the
dynamic substructuring method, Abbes et al. [15] analyzed
the overall dynamic behavior of the parallel helical gear
transmission. Zhu et al. [16] obtained the stiffness of the
wind turbine gearbox case using the substructure method,
and then coupled it to the dynamics model of the planetary
gear system with flexible pins.

Besides, some scholars pay attention to the vibration
transmission path of gearbox. Zhou et al. [17] added spring
elements between the marine gearbox and the installation
base to study the dynamic response of the gearbox, but they
overlooked the flexibility of the gearbox when calculating
the dynamic load of the gearbox. Wang et al. [18] found that
the design of a new compounded periodic struts between
the helicopter cabin and the gearbox can alleviate the cabin
noise caused by the gearbox. Luan et al. [2] coupled the
double-layer gearbox case with the planetary gear transmis-
sion system through MASTA software, and they found that
adding vibration isolators between the double gearbox case
can effectively reduce the vibration noise of the gearbox.

Considering all of the above evidence, many studies
regard planet bearings as isotropic spring units when con-
structing system dynamics models, while the asymmetry
and interaction of stiffness and damping of planet bearing
are overlooked. Moreover, most of the researches focus on
the optimization of gear transmission system, while few
researches investigate the optimization of gearbox-case
dynamic parameters. It would, therefore, be interesting to
investigate the role of vibration isolator in marine twin-layer
gearbox case. The purpose of this study is to address the fol-
lowing two questions: (a) how the system dynamics model
incorporates the asymmetry and interaction of the stiffness
and damping of planet bearings; (b) how the number and
stiffness of the vibration isolator affect the dynamic charac-
teristics of the compound planetary gear train.

This study is organized as follows. First, the dynamic
parameters are extracted from the finite element model of
the gearbox case by the substructure method. Second, the
systematic coupled dynamic model of the compound plan-
etary gear train with the gearbox case is established by the
lumped mass method. The dynamic response of the coupled
system is solved by the numerical calculation method of the
Fourier series. Third, the influences of the number and stift-
ness of the vibration isolators on the dynamic behavior of
the compound planetary gear train are explored. This finding
may expand the literature on vibration isolators and rotating

@ Springer

.
]
=e.
.

1— - 9
2 T o1 - 10
A ) £
SHELT | L
5— | : = | 13
6| ol T T e
| [ |
= = =
t | ——
Output i LT | Input
8\\\:\ i : 1 __: 16
: [ R SGS
Lkl I
o T T 17
1 L= ¥ 18
S5 asses 19

Differential sta " Encased stage

Fig.1 Schematic diagram of compound planetary gear train with
marine twin-layer gearbox case

Table 1 Names of the elements of the compound planetary gear train
with marine twin-layer gearbox case

Numbers Names

No. 1/No. 9 Floating ring Z,/Z,

No. 2/No. 10 Intermediate floating member Z,,/Z,,
No. 3/No. 11 Composting ring Z,,/Z,,

No. 4/No. 12 Planet Z,/Z,,;

No. 5/No. 13 Carrier H

No. 6/No. 14 Sun Z,/Z,

No. 7/No. 15 Journal bearing at output/input shaft B, /B;,
No. 8/No. 16 Planet bearing B,,/B,,;

No. 17 Inner shell

No. 18 Cylindrical vibration isolator

No. 19 Outer shell

machinery equipment, and provide guidance for the optimi-
zation of the marine gearbox case structure.

Systematic Coupled Dynamic Model

Figure 1 shows a schematic diagram of the compound plane-
tary gear train with a marine twin-layer gearbox case, which
consists of a differential stage and an encased stage. The
numbers in Fig. 1 represent the elements of the compound
planetary gear train with marine twin-layer gearbox case,
and the names of their corresponding elements are listed in
Table 1. The cylindrical vibration isolators are placed radi-
ally between the inner and outer shells.
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Figure 2 illustrates the dynamic model of the compound
planetary gear train with the marine twin-layer gearbox case.
The differential stage uses the rotational coordinate system.
InFig. 2, H, V, Hp, and Vp are the rotating coordinate sys-
tems based on the rotation angular velocity @, of carrier H.
The encased stage is fixed on the inner shell of gearbox. The
encased stage uses the fixed coordinate system. Hy;, V,;, H,,,,
and V,, are the fixed coordinate systems. X, Y, and Z in the
global coordinate system mean axial, vertical, and horizontal

Calculation of Journal Bearing Forces

The oil film force of journal bearing can be expressed by
four stiffness coefficients and four damping coefficients
when the displacement and velocity of journal shaft remain
small disturbance near the static equilibrium position [19].
The stiffness and damping matrices of the journal bearing
can be expressed as follows:

directions, respectively. The Z and Y directions in the global 000 000
coordinate system are the same as the Hj; and V;; directions K, =10k, ky | C=|0cycy | @)
in the fixed coordinate system. The displacement vector X 0 kyx kyy 0 Cyx Cyy
for the coupling system is defined as follows:

g X8 ¢ " 1
X= {Xsl D S CHETRE TR . CED SHIFD. CRECRE - ED. CIED G i ’ij } ’ M
where X, X, X, and X, are the displacement vectors ~ where k; and ¢;; (i, j=x, y) are the stiffness coefficient and

of the sun, planet, ring gear, and carrier in the differential
stage, respectively. X,, X, ., and X, are the displacement
vectors of the sun, planet, and ring gear in the encased stage,
respectively. These displacement vectors include torsion and
two translational degrees of freedom. xy, x¢y, X4, and xp,
are torsional line displacements along the pitch circle radius
of Z,y, Zyy, Zy, and Zp,, respectively. X§, and X5, are the
displacement vectors of the gearbox case at the input and
output, respectively. X7 is the displacement vectors of the
carrier of the encased stage. There are two degrees of trans-

lational freedom in X§, X5, and X,

Differential stage

damping coefficient of journal bearing, respectively.

Fig.ure illustrates the relationships among the compo-
nents of the differential stage. In Fig. 3, y,,; is the phase angle
of the ith planet, W= 27(i — 1)/N. N denotes the number of
differential stage planetary gears. a,, (a,,) represents the
pressure angle of the internal (external) mesh pair.

Based on the Eq. (2), the ith planet bearing force in the
differential stage can be obtained as follows:

b _ b (mDy _ b (D ¥
F,, = K’ (TOX, - X, ) + € (TEX, - X, ), 3)

Encased stage

Fig.2 Dynamic model of the compound planetary gear train with marine twin-layer gearbox case
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Fig.3 Schematic diagram of the geometric relationship among com-
ponents in the differential stage

where Kﬁidenotes the stiffness matrix of planet bearing. C,’ji

means the damping matrix of planet bearing.Xc is the veloc-
ity vector of the carrier. Xpi is the velocity vector of the
ith planet in the differential stage. T]p),- is the transfer matrix,
which can be obtained from Eq. (4):

0 0 0
0 cosy, siny, 4)
1 —siny,,; cosy,,

T? =
pi

The bearing forces on the input and output shafts can be
defined by Eq. (5):

. . , 5
F, =K (XC - Xiut) +C! (Xc - Xiut) ®

out out out

{ Flbn = Klbn(XC - Xf,n) + Clbn(XC - Xf,n)

where K? (K% ) is the bearing stiffness matrix of the input

A= ——
k 2€a6ﬂﬂ'2k2

B=——
k 2£a£ﬁ7r2k2

b _ b (TP xé _ b (D8 _ X
ij - ij<ijij ij) + ij<ijij X’"j)’ (6)
where Kbmjis the stiffness matrix of the planet bearing in the
encased stage. Cfurepresents the damping matrix of planet

bearing in the encased stage. Xi j is the velocity vector of the

carrier. ij is the velocity vector of the jth planet. ngis the
transfer matrix, which is calculated by Eq. (7):

0 0 0
0 cosy,, siny,, [ @)
0 —siny,,; cosy,,

TP =

mj

where v, is the phase angle of the jth planet,
W= 27(j — 1)/M. M represents the number of gears in
encased stage planetary gears. The matrices in Eq. (3) and
Eq. (6) are listed in the “Appendix”.

Calculation of the Meshing Force

The Fourier series method is used to calculate the time-
varying meshing stiffness of herringbone gears as follows:

K(1) = 2k,

5
<1 + ;Zf [Ak cos <2nkTLm - y) + By sin (anT—lm - y)] > 2<:b:saﬁb’
®)
where k, represents the mean value for the time-varying
meshing stiffness. €,, f,, and b denote end-face contact ratio,
helical angle, and gear tooth width, respectively. ¢ and T,
represent the meshing time and meshing period. y means
the mesh phasing facto [20]. A, and B, are obtained from
Eq. 9):

[cos (27ke ;) + cos (2mke, ) — cos [2nk(e, + €5)] — 1]

; ©))

[sin (27ke ;) + sin (27ke, ) — sin (27k(e, + €4))]

(output) shaft. C2, (C? ) is the bearing damping matrix of
the input (output) shaft. X¥ (X% ) is the velocity vector of

the planetary gearbox at the input (output).
The jth planet bearing force in the encased stage can be

{ S,pi(0) = (X, + Hpsina,, =V, cos a,,) = (x, + H,y siny,, =V, cosy,, ) — e, (1)

where ¢4 denotes axial contact ratio for the herringbone gear.

According to Fig. 3, the equivalent displacement for each
gear pair is projected into the meshing line direction, which
is expressed as follows:

(10)

Spi®) = (xg = Hyy sinw, + Vjcosyy, ) = (x, + Hysinag, + V, cosa,,) — e, (1)

expressed by Eq. (6):

@ Springer

where e, (¢,,;) is the equivalent error of the internal (exter-

nal) mesh pair along meshing line direction. xy, x,,;, and x,,



Journal of Vibration Engineering & Technologies (2021) 9:767-780

771

denote the torsional line displacements of Z;, Z,;, and Z,,,
respectively. Hy;, H,;, and H,, represent the horizontal dis-
placements of Z, Z,,, and Z,,, respectively. V;, V,;, and V,
mean the vertical displacements of Z,, Z,;, and Z,,, respec-
tively. y,,,; (w,,;) denotes the position angles of the internal

(external) mesh pair, which can be calculated by Eq. (11)

{ eri = Wpi+arp

Wpi = Wpi — Qg

an

Based on Eq. (12), the equivalent displacement in the
encased stage is obtained by Eq. (12):

Smi(®) = (x,; + H,;sina,, —V, cosa,,)
— (X + Hysiny,,; — V,y cosy,,) — €,,:(1)
Semi(® = (X — Hy siny,,. + Vo cosy,.)

- (xmj +H,;sinagy, +V,; cos asm) -

)

€y (1) (12)

where x,,, x,,;, and x,, denote the torsional line displace-
ments of Zy,, Z,, and Z,,, respectively. H,, H,,;, and H,,
represent the horizontal displacements of Z,, Z,., and Z,,,
respectively. V,, V., and V,, mean the vertical displace-
ments of Z,, Z,;, and Z,,, respectively. y,,,.; (y,,;) is the
position angles of the internal (external) mesh pair, which
can be expressed by Eq. (13):

{ l//rmj = I//mj"_wrm

. 13
Ysmi = Wmj — %sm )

The resultant meshing force for elasticity and damping is
defined by Eq. (14):

In the differential stage, differential equations can be
expressed by

1. Sun gear Z;:

N
v+ Y P = 12
mgy X1 spi -
i=1 Ts1b

N
I My, (Hyy =20,V = @2Hyy) = Y Py siny,,, = —M,; g sin(w,1)
i=1

N
- w?VSl) + z Pspl-(t) CoOS Yy = —

i=1

My (V) + 2w, H 18 COS(@,.1)

5
where Tp, is the input torque on the sun gear Z,. ry
represents the base circle radius of the sun gear Z;. my,
means the equivalent mass of the sun gear Z;. M, is the

actual mass of the sun gear Z;.
2. Planet gearZ,;:

mpxpi - Pspi(t) + Prpi(t) =0
M,(H, - 20V, —®’H,) - P () sina,, + P, (1) sina,,

—Fyi () = M gsin(wt +y,) + F,
M, (V, +2wH, —a?V,) - P, (1)cosa,, — P

_Fch[(’) = —Mpg cos(w,t + wpi)

(Hcosa,

rpi 14

(16)
where m,, means the equivalent mass of the ith planet
Z,;. M, is the actual mass of the ith planet Z,;. Fy,,(7)
(Fyepi(1)) denotes the ith planet bearing force in the
horizontal (vertical) direction, which can be obtained
by the Eq. (5). F,,; means the centrifugal force of the
ith planet.

3. Composting ring gear Z,,:

)
N
m X, — Z Prpi(t) + kglq(xrl - xgl) =0
i=1
N
M,y (Hyy =20V, — @?H,, ) = )P0 siny,, + K, H,, = —M, gsin(@,1) (17
i=1
N
M, (Vo + 20, H, = 0?V,)) + ) P, (0)cosw,, + K, V,, = —M,,g cos(@,1)
L i=1

Pi(t) = K(0)S;(t) + C:Sy(®), i = spi,rpi, smj, and rmj, (14)

where $,(¢) represents the first-order derivative of equivalent
displacement. C; denotes the meshing damping factor.

Dynamic Equation of Compound Planetary Gear
Train

According to Fig. 2, differential equations of the compound
planetary gear train are constructed by Newton’s second law.

where m,; means the equivalent mass of the composting
ring gear Z,,. M,, is the actual mass of the composting
ring gear Z ;.

4. Intermediate floating member Z,; and floating ring Zy:

myEg = Ko (%1 = Xg1) + Kpig (¥ = %p1) = 0

N K15 <x;‘_l _Xg > ~o
rip \Trib Ts2p

my g = Ky (Ygr = x71)

@ Springer



772

Journal of Vibration Engineering & Technologies (2021) 9:767-780

where mg, represents the equivalent mass of the inter-
mediate floating member Z,,. my; denotes the equivalent
mass of the floating ring Z,. r,, is the base circle radius
of the sun gear Z,. r¢),, means the pitch circle radius of
the floating ring gear Zj,.

In the encased stage, differential equations can be

expressed by

1.

Sun gear Z,:

( K X M
M, — f‘ﬂ(—fl —xS2>+ZP =0
2X52 i) =
o Fob \Trip  Tsop =) ™

M
9 MSZHSZ - Z Psmj(t) sin I//smj + KSZHSZ =0 (19)
Jj=1
M
MSZVSZ + Z Psmj(t) cos Wsmj + K52vs2 = _MSZg
L J=1

where m, means the equivalent mass of the sun gear Z,.
M, is the actual mass of the sun gear Z,.
Planet gear Z,,,;:

mmxmj - P.rmj(t) + Prmj(l) =0
M, H,; — Py (0) sin g, +P,, () sina,, — Fy, (1) = —M,gsiny,,

M,V = P i(0) cos ay,, — P,,,.(1) 08 @, — Fy,(t) = =M, g cos y,,;

(20)

Fig.4 Finite-element model of

the marine twin-layer gearbox
case, a the integral structure of
the gearbox case, b the carrier
of the encased stage mounted in
the inner shell. ¢ The output end
of the gearbox case. d The input
end of the gearbox case

@ Springer

where F Hmj(t) (F ij(t)) denotes the jth planet bearing
force in the horizontal (vertical) direction. m,, means the
equivalent mass of the jth planet Z,,. M, is the actual
mass of the jth planet Z,,.
Composting ring gear Z,,:

-

M
MypX,y — Z Prmj(t) + kg2q ('er - ng) =0
=1
M
A MrZHrZ - Z Prmj(t) sin wrmj + KrZHrZ =0 (21)
=1
M
Mr2vr2 + Z Prmj(t) COS Yy + KrZVr = _Mr2g

L i=1

where m,, means the equivalent mass of the composting
ring gear Z,,. M, is the actual mass of the composting
ring gear. Z,,

Intermediate floating member Z,, and floating ring Z,:

Mok = Koy (%2 = %) + Kpoy (0 = %2) =0
K X
. oL (Y2 X\
Mys¥ey = Koy (%2 = %p2) + —— (r— - r—> =0
20 N2 TL
(22)
where m,, represents the equivalent mass of the inter-
mediate floating member Z,,. my, denotes the equivalent
mass of the floating ring Zy,. ry,, denotes pitch circle
radius of floating ring gear Zy,. r_ represents the rotation
radius of the carrier.

Besides, the differential equation of carrier H can be
expressed by

Slave node

Master node
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R Kypx. Kpou X
meXe + ZFHcpi to—7 r2_<xf2 - r_rf2b> =-P,
pa e T Ty, L
M (H, - 20V, - 0?H,.) + Fj} + F)"
N
3 + 2 (FHCp,- cosy,; — Fy,,; sin y/pi) = —M,g sin(w,?) »

i=1
M (V. + 20 H, - 0?V,) + FJ + F)"
N
+ 2 (FHcm- siny,,; + Fy,,; cos y/pi) = —M_g cos(w.1)

i=1

L

(23)
where Fif (F") represents the bearing force of the input
(output) shaft in the horizontal direction. Fl\‘,1 (FY") denotes
the bearing force of the input (output) shaft in the vertical
direction. m, is the equivalent mass of the carrier. M_ is the
actual mass of the carrier. P; represents the equivalent force
of the output torque.

Dynamic Equation of the Marine Twin-Layer
Gearbox Case

The substructure method that can effectively reduce the
degree of freedom of the gearbox model is used to cal-
culate the mass, stiffness and damping matrices for the
marine twin-layer gearbox case. This gearbox case is
made of alloy steel with a density of 7900 kg/m?, an elas-
tic modulus of 2.05 x 10° MPa, and Poisson’s ratio of 0.3.
The finite element model of the twin-layer gearbox case
includes 828,873 nodes and 585,756 elements, as shown
in Fig. 4.

The spring element with stiffness and damping is used
to simulate the cylindrical vibration isolator placed between
the inner and outer shells. The stiffness and damping of the
spring element are 7.3 x 10° N/m and 6.6 x 10° N s/m, respec-
tively. The master node is built in the center of the bearing
hole and is rigidly coupled to the slave node on the surface of
the bearing hole (see Fig. 4b—d). The bolt holes at the bottom
of the gearbox case are given a fixed constraint. When solv-
ing, the mass, stiffness, and damping matrices of the slave
nodes are all condensed to the master node. Therefore, the
dynamic parameters of the gearbox case can be characterized
by the mass matrix, stiffness matrix and damping matrix on
the master node.

After condensing, the dynamic equation of twin-layer
gearbox case is expressed as
M.X, +C, (X, - X,,) +K, (X, -X,,) =F, (24)
where Mg, Kg, and Cg are mass, stiffness, and damping
matrices of the master nodes on the twin-layer gearbox
case, respectively. X, is the displacement vector of the
master nodes on the twin-layer gearbox case,

Xg = {Xign’xiut’

the gear system, X,,,= {X, X,,;}. F, is the force vector of the
journal bearing force and gravity.

X } X_,, is the displacement vector in

Systematic Coupled Dynamic Equation

Based on the above equation, the coupled dynamic equa-
tion of the compound planetary gear train with the twin-
layer gearbox case can be expressed with the following
matrix—vector form as

MX() + (K, +K () - 0’K,)

[X(®) —e(®] + (C, + C, +»,G)[X(®) — &(n)] = F()

(25)

where M and G denote the mass and gyroscopic matrices,
respectively. K, and C, are the bearing stiffness and damp-
ing matrices, respectively. K is the centripetal stiffness
matrix.

K, (t) and C,, are the meshing stiffness and damping
matrices, respectively. F(¢) represents the exciting force
vector.

Dynamic Characteristics
Solution of Systematic Coupled Dynamic Equation

In Eq. (25), K,,(¢) and X () can be written as Eq. (26):
K, =K, +AK, (1)
X =X + AX(0) (26)

where K, is the average stiffness matrix.X is the static dis-
placement vector. AK,, (¢) and AX(¢) are the fluctuating parts
of K,, and X, respectively.

After substituting Eq. (26) into Eq. (25), the periodic
excitation forces on the left side of the Eq. (25) are divided
into two parts. One is that the average value remains to the
left of Eq. (25). The other is that the fluctuation value is
moved to the right of Eq. (25). Thus, systematic coupled
dynamic equation is written as Eq. (27), which can be solved

by numerical calculation of the Fourier series in Ref. [21]:
[M]{AX} + [D]{AX} + [K][{AX} = {P} (27)

where {P} is the exciting force vector, including stiffness,
error, gravity, planetary centrifugal force, and load.

Calculation of Load Sharing Coefficient

In the differential stage, the external and internal LSCs are
defined as Eq. (28):
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1 +1
max

™o

Il
—_

bspi =N (P spikl )max (P spikl )max -

>

1 +1
max

w

(PrpikZ)maX -
i=1

brpi = N(PrpikZ)maX

kl == 1,2,...,”1
ky=12,....n,

(28)

where (P 1) max ((Prpix2)max) denotes the maximum value
of the external (internal) dynamic meshing force in the k,th
(k,th) meshing period. n; (n,) represents the total number
of the meshing period for the external (internal) gear pairs.

Based on Eq. (29), the external and internal LSCs for the
encased stage can be constructed by Eq. (29):

-

where (P, 3)max (P pixa)max) TEPresents the maximum value
of the external (internal) dynamic meshing force in the ksth
(k4th) meshing period. ny (n,) denotes the total number of
the meshing period for the external (internal) gear pairs.

According to Egs. (28) and (29), the LSCs of the coupled
system can be expressed by Eq. (30):

M
bxmj = |M(Psmjk3)max Z (Pspmﬂ)max - 1 + 1
) i=1 max ky=1,2,...,n;
M "\ k=120, (29)
hrmj = M(Prmjk4)max z (Prmjk4)max -1 +1
=1 max
Table 2 Parameters of the differential stage
Stages Elements Teeth number Module Tooth width Helix angle Pressure angel
Differential stage Sun 41 25 120 mm 25° 20°
Planet 94 2.5 120 mm 25° 20°
Composting ring 229 25 120 mm 25° 20°
Intermediate floating member 251 2.5/2 20 mm/40 mm 25°/0° 20°
Floating ring 375 2/2 30 mm/50 mm 0°/0° 20°
Encased stage Sun 91 2.5 160 mm 25° 20°
Planet 59 2.5 160 mm 25° 20°
Composting ring 209 2.5 160 mm 25° 20°
Intermediate floating member 231 2.5/2 20/40 25°/0° 20°
Floating ring 348 2/2 30/50 0°/0° 20°
Fig.5 Bearing force at the —~ 3
output shaft. a Time response é —
in the Z and Y directions, b \'g E f
frequency response in the Z L:_-; > 2 /
direction, ¢ frequency response g E
in the Y direction = =1
g =
B <
[+
2 4 T ot
0 0.002  0.004 0.006  0.008 0.01 0 0.5 1 1.5 2 2.5
(a) Time t/(s) (b) Frequency / (kHz)
= 2 f 0.2 0.2 B
3 | ; I
E = i 0.1 ;o
= i i T !
g ! i v
< i i\
i 0 A 0
(cy 0 05 1 15 2 250 0.01 0.02 0.03| 0 0.01 0.02 0.03

Frequency /(kHz)
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B = max(b

14 spi?

(30)

b rpi )
Bm = max(bsmj’ brmj)
where B, is the LSC in the differential stage. B, is the LSC
in the encased stage.

The input torque of the coupling system is 3183 N m, and
the input speed is 3000 r/min. Table 2 lists the parameters of
the compound planetary gear train with marine twin-layer
gearbox case.

Journal Bearing Forces

Dynamic meshing excitation is transmitted to the gearbox
case through bearings in the transmission system, causing
the gearbox case to vibrate [12]. Therefore, investigating the
bearing dynamic load characteristics can effectively evaluate
the vibration isolation performance of the marine twin-layer
gearbox case. The vibration responses of compound plan-
etary gear train are obtained by Eq. (27).

The number of vibration isolators in this gearbox case is
18. Figure 5 shows the time and frequency response of the
bearing force at the output shaft. The bearing force in the Z

direction is ranged between — 2300 and 2440 N, while the
bearing force in the Y direction is ranged between — 2109 N
and 1770 N. It could be concluded that the amplitude of the
bearing force in the Z direction is greater than that in the Y
direction. Besides, the frequency responses of the bearing
forces in the Z and Y directions are dominated by the mesh-
ing frequency f; of the differential stage, since the time-
varying meshing stiffness of the differential stage is fluctuat-
ing. In Fig. Sb—c, fy, f,» and f,, are the rotation frequencies
of the carrier, planet, and ring gear of the differential stage,
respectively.

Figure 6 illustrates the time—frequency response of the
first planet bearing force in the encased stage. The amplitude
of the first planet bearing force in the Z direction is greater
than that in the Y direction. In Fig. 6b, c, the frequency
responses of the first planet bearing force in both the Z and
Y directions are the superposition of the rotation frequencies
(i.e., f,p» [0 fio» and f,,) and the meshing frequency f,, f,,. fi
and f,, represent the rotation frequencies of the planet, sun
and ring gear of the encased stage, respectively. It’s worth
noting that the rotation frequency f, of the differential stage
planet appears in the frequency responses of the planet bear-
ing force of the encased stage.

Fig.7 LSCs of the differential 1.04 spl
stage, a external meshing, b
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Fig.8 LSCs of the encased
stage, a external meshing, b
internal meshing

(@) Meshing period (b

Load Sharing Characteristics

The LSCs in the compound planetary gear train with the
twin-layer gearbox case are calculated by Egs. (28) and (29).
The results are obtained from the three meshing pairs of the
differential stage, as shown in Fig. 7. In the differential stage,
the external LSCs range from 0.974 to 1.032 and internal
LSCs range from 0.917 to 1.133. Moreover, the (external
and internal) LSCs in the differential stage differ signifi-
cantly among the three meshing pairs. For example, the sp3
LSC is greater than the spl and sp2 LSCs (see Fig. 7a).

It can be drawn from the Eqgs. (28) and (29) that the torque
of the encased sun gear is Z,,/Z; times that of the differen-
tial sun gear. In other words, the load in the encased stage
is greater than load the in the differential stage. Figure 8
shows that the external LSCs in the encased stage are close
to 1, with a range of 0.957-1.029; the internal LSCs in the
encased stage are varied from 0.966 to 1.018. Besides, the
LSC:s difference among the five meshing pairs in the encased
stage is smaller compared with the differential stage. It is
useful to note that the maximum value of LSCs in the dif-
ferential stage is larger than that of the encased stage. This
result is consistent with the conclusion in the literature [22]
that the encased stage has a larger load than the differential
stage, and thus its balanced load capacity is stronger.

Meshing period

Impact of Vibration Isolators on the System

According to Eq. (24), the dynamic parameters of the marine
twin-layer gearbox case affect the dynamic characteristics of
the compound planetary gear train. The stiffness and damp-
ing of the marine twin-layer gearbox case are affected by the
number and stiffness of the vibration isolators. Therefore,
how the number and stiffness of vibration isolator affect
the bearing force and load sharing characteristics in the
compound planetary gear train is investigated. The effec-
tive value of the bearing forces is characterized by the root
mean square of the resultant bearing force in the Y and Z
directions as follows:

Fy =RMS (/R 0+ F3.0)). (31)

where F), is the effective value of each journal bearing force.
The function RMS() represents taking the root mean square.
F,;, and F, are the bearing forces in the ¥ and Z directions,
respectively.

Number of the Vibration Isolator

The vibration isolator is radially arranged between the inner
and outer shells of the gearbox (see Fig. 1), and its number

Fig.9 Influence of the number 1175 2195 -
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ranges from 3 to 18. Figure 9 shows the variation of bearing
force with the number of vibration isolators on the input
and output shafts. In general, when the number of vibration
isolators becomes larger, the bearing forces on the output
and input shafts become smaller. It’s worth noting that with
increasing the number of vibration isolators, the bearing
force of the input shaft (Fig. 9a) is generally smaller than
that of the output shaft (Fig. 9b). Therefore, the stiffness and

damping of the output should be increased in the marine
gearbox.

Figure 10 illustrates the relationship between the number
of vibration isolators and the bearing forces of planet bear-
ings in the encased stage. With the increase of the number
of vibration isolators, the bearing forces gradually decreases.
This is because the increase in the number of vibration
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isolators would increase the stiffness and damping of the
marine twin-layer gearbox case.

Figure 11 shows how the LSCs vary with the number
of vibration isolators in the compound planetary gear train
with the twin-layer gearbox case. Increasing the number of
vibration isolators could enhance the LSCs of the differential
stage, while the LSCs of the encased stage would decrease
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with the increase of the number of vibration isolators. This
result indicates that compared with the differential stage, the
LSCs in the encased stage is more sensitive to the number
of vibration isolators.

Stiffness of the Vibration Isolator

In addition to the number of vibration isolators, the stiffness
of vibration isolators is also an important dynamic parameter
that affects marine twin-layer gearbox case. In this section,
we investigate the effects of isolator stiffness on bearing
force and load sharing characteristics. The number of vibra-
tion isolators in the gearbox is 18. The stiffness of vibration
isolators is discrete in the range of 10-800 N/pum.

Figure 12 shows the influence of the stiffness of the vibra-
tion isolator on bearing force of the output and input shafts.
When the stiffness of vibration isolators is less than 30 N/
pm, the bearing forces on the output and input shafts dis-
play the downward trend. This result is because the natural
frequency of the system is far from the excitation frequency.
At this time, the vibration isolators present better effects of
vibration reduction. When the stiffness of vibration isolators
ranges from 30 to 200 N/pm, bearing forces on the output
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Fig. 14 Influence of the stiffness of vibration isolators on LSCs of the
system, a the differential stage, b the encased stage
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and input shafts show an increasing trend. This finding is
because the natural frequency of the system is gradually
approaching the excitation frequency within the correspond-
ing vibration isolator stiffness range. The vibration reduction
effect of the vibration isolator is weakened. When the stiff-
ness of the vibration isolators exceeds 200 N/pm, the bearing
forces on the output and input shafts gradually increase and
tend to be stable. This is because the natural frequency of the
system is greater than the excitation frequency. The vibration
isolators fail to reduce vibration within the corresponding
vibration isolator stiffness range.

Figure 13 shows the relationship between the stiff-
ness of vibration isolators and planet bearing force in
the encased stage during the stiffness range of 10-800 N/
pm. The bearing forces of planet bearings in the encased
stage decrease obviously when the stiffness of the vibra-
tion isolators increases from 10 to 200 N/pm. In addition,
the bearing forces of planet bearings in the encased stage
tend to be stable when the stiffness of vibration isolators
is greater than 200 N/pm. This result indicates that when
the stiffness of the vibration isolator exceeds 200 N/pm,
the performance of the vibration isolator in the marine
twin-layer gearbox case would be weakened.

Figure 14 reveals how the stiffness of vibration isola-
tors affects the LSCs in the compound planetary gear train
with the twin-layer gearbox case. When the stiffness of
vibration isolators is ranged between 10 and 800 N/pm,
the LSCs in the differential stage is varied from 1.133082
to 1.133143, and the LSCs in the encased stage is varied
from 1.04256 to 1.04336. This result suggests that com-
pared with the differential stage, the LSCs in the encased
stage is more sensitive to the stiffness of vibration isola-
tors. Moreover, the LSCs in the differential stage show an
upward trend with increasing stiffness of vibration isola-
tors. In contrast, when the stiffness of vibration isolators
becomes larger, the LSCs in the encased stage becomes
smaller. The LSCs in the differential and encased stages
tend to be stable with the increase of vibration isolator
stiffness. These results suggest that to improve the perfor-
mance of the vibration isolator, the stiffness of the vibra-
tion isolator could be appropriately reduced in the vibra-
tion isolation design.

Conclusions

The dynamic model of the twin-layer gearbox case with
the vibration isolator is constructed, and then coupled with
the dynamic model of the compound planetary gear train.
The time—frequency responses of journal bearing forces are
investigated, and the load sharing characteristics in both
differential and encased stages are studied. Besides, the

impact of vibration isolators on the bearing force and LSC
are explored.

The number and stiffness of vibration isolators could
affect the bearing forces and LSC of the compound plan-
etary gear train with the twin-layer gearbox case. As the
number of vibration isolators increases, the bearing forces of
the input shaft, output shaft, and planets decrease. Besides,
the influence of the number of vibration isolators on LSCs
is different in the differential stage and the encased stage.

The bearing force curve of the input shaft has a “inflec-
tion point” when the stiffness of vibration isolators is 30 N/
pm. The variation trend of the bearing force curve of the
output shaft is basically the same as that of the input shaft.
When the vibration isolators stiffness is less than 200 N/
pm, the stiffness of the vibration isolator has a significant
negative effect on the bearing force of the planet bearing.

The increase in the stiffness of the vibration isola-
tor would increase the LSCs of the differential stage and
decrease the LSCs of the encased stage. Compared with
the LSCs in the differential stage, the LSCs in the encased
stage is more sensitive to the number and stiffness of vibra-
tion isolators. When the stiffness of the vibration isolators
is greater than 200 N/pm, it has little effect on the bearing
forces and LSCs.

Acknowledgements This work was supported by the
National Key R&D Program of China (Grant no. 2018 YFB2001500)
and the National Natural Science Foundation of China (Grant no.
51775265).

Data Availability The data used to support the findings of this study are
available from the corresponding author upon request.

Compliance with Ethical Standards

Conflict of interest The authors declare that there are no conflicts of
interest regarding the publication of this paper.

Appendix
00 O 00 O
K,l;i =10k, kﬁy ’ Czi =10 c Czy ’ (32)
0 yx Yy 0 yx o =yy
b T
Fp = [0 Fp, F‘%Cp,»]
X.=[x.H, V] , (33)
T
X, = [xpi H, Vpi]
00 O 00 O
K, =| 0 kg ki .Ch=]0cy ey |, (34)
0 kI fin 0 ¢ ¢in
yx oYy yx ooy

@ Springer



Journal of Vibration Engineering & Technologies (2021) 9:767-780

780
00 O 00 O
Koy = | O kxRS € =] 0 e et ) (35)
0 kOut kOut 0 COL“ cout
yx yy yx yy

Fo =[o0 Fn Fin]"

in

Xt =[oH VE]"

in " in
b T (36)
Foul = [0 F;)lm F?/Ut]T
Xf)u[ - [0 ngt Vogut]
00 O 000
b m [m b m. cm
Ko=|okn k| ¢ =foenen| 37)
0 k" k™ 0c
yx yy yx o yy

F,;=[0 Fy, FVbn%j]T
x.=[omv] . (38)
T
X,y = [% Hyy Vi ]

References

1. Chen P, Wei Q, Liu Z et al (2019) The influence of piping arrange-
ment on the response of vibration isolation system under under-
water explosion loading. In: Proceedings of the ASME 2019 38th
international conference on ocean, offshore and arctic engineer-
ing, Glasgow, Scotland, UK. https://doi.org/10.1115/OMAE2
019-95603

2. Luan J, Zhang J, Wan X (2019) Study on support stiffness opti-
mization of the vibration-isolating double layer box for planetary
gear reducer. J Eng Therm Energy Power 34:103—112. https://doi.
org/10.16146/j.cnki.rndlge.2019.01.018

3. ZhouJ, Liu G, Ma S (2014) Vibration and noise analysis of two-
stage marine planetary reducer. J Ship Mech 82:59-71. https://
doi.org/10.3969/j.issn.1007-7294.2014.h1.025

4. CuiL, Huang J, Zhai H et al (2016) Research on the meshing stiff-
ness and vibration response of fault gears under an angle-changing
crack based on the universal equation of gear profile. Mech Mach
Theory 105:554-567. https://doi.org/10.1016/j.mechmachth
eory.2016.07.022

5. Iglesias M, Fernandez A, Dejuan A et al (2017) Planetary trans-
mission load sharing: manufacturing errors and system con-
figuration study. Mech Mach Theory 111:21-38. https://doi.
org/10.1016/j.mechmachtheory.2016.12.010

6. Leque N, Kahraman A (2016) A three-dimensional load sharing
model of planetary gear sets having manufacturing errors. J Mech
Des. https://doi.org/10.1115/DETC2015-47470

7. Mo S, Zhang T, Jin G et al (2020) Analytical investigation on
load sharing characteristics of herringbone planetary gear
train with flexible support and floating sun gear. Mech Mach

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Theory 144:103670. https://doi.org/10.1016/j.mechmachth
eory.2019.103670

Guo Y, Keller J, Parker RG (2014) Nonlinear dynamics and stabil-
ity of wind turbine planetary gear sets under gravity effects. Eur
J Mech A Solid 47:45-57. https://doi.org/10.1016/j.euromechso
1.2014.02.013

Mo S, Zhang Y, Wu Q et al (2016) Load sharing behavior analy-
sis method of wind turbine gearbox in consideration of multiple-
errors. Renew Energ 97:481-491. https://doi.org/10.1016/j.renen
¢.2016.05.058

Zhang D, Zhu R, Fu B et al (2019) Modal properties of contra-
rotating encased differential gear train used in coaxial helicopter.
J Vib Eng Technol. https://doi.org/10.1007/s42417-019-00179-0
Lin T, Xie D, Peng Q et al (2019) Joint parameter identification,
vibration and noise analysis of gearbox. J Vibroeng 21:776-791.
https://doi.org/10.21595/jve.2018.19779

Guo Y, Eritenel T, Ericson TM et al (2014) Vibro-acoustic
propagation of gear dynamics in a gear-bearing-housing sys-
tem. J Sound Vib 333:5762-5785. https://doi.org/10.1016/j.
jsv.2014.05.055

Ren Y, Chang S, Liu G et al (2017) Impedance synthesis based
vibration analysis of geared transmission system. Shock Vib
2017:1-14. https://doi.org/10.1155/2017/4846532

Wang J, Chang S, Wang X et al (2017) Vibration and noise
analysis method of marine gear transmission including the base
admittance characteristics. J Northw Polytech Univ 35:90-97 (in
Chinese)

Abbes MS, Fakhfakh T, Haddar M et al (2006) Effect of transmis-
sion error on the dynamic behaviour of gearbox housing. Int J Adv
Manuf Tech 34:211. https://doi.org/10.1007/s00170-006-0582-7
Zhu C, Xu X, Liu H et al (2014) Research on dynamical character-
istics of wind turbine gearboxes with flexible pins. Renew Energ
68:724-732. https://doi.org/10.1016/j.renene.2014.02.047

Zhou J, Liu G, Wu L (2012) Vibration analysis of marine plan-
etary reducer with elastic support. J] Harbin Inst Technol 7:102—
1064112 (in Chinese)

Wang F, Lu Y, Lee HP et al (2019) Vibration and noise attenuation
performance of compounded periodic struts for helicopter gear-
box system. J Sound Vib 458:407-425. https://doi.org/10.1016/].
j8v.2019.06.037

Yang LH, Wang WM, Zhao SQ et al (2014) A new nonlinear
dynamic analysis method of rotor system supported by oil-film
journal bearings. Appl Math Model 38:5239-5255. https://doi.
org/10.1016/j.apm.2014.04.024

Guo Y, Parker RG (2011) Analytical determination of mesh
phase relations in general compound planetary gears. Mech Mach
Theory 46:1869-1887. https://doi.org/10.1016/j.mechmachth
eory.2011.07.010

Chen Y, Zhu R, Jin G et al (2019) A new mathematical mod-
eling method for four-stage helicopter main gearbox and dynamic
response optimization. Complexity 2019:1-13. https://doi.
org/10.1155/2019/5274712

Zhu Z,Zhu R, Li Y et al (2012) Impact of installation error on
dynamics load sharing characteristic for encased differential
herringbone train. Chin J] Mech Eng-en 48:16-24. https://doi.
org/10.3901/IME.2012.03.016

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1115/OMAE2019-95603
https://doi.org/10.1115/OMAE2019-95603
https://doi.org/10.16146/j.cnki.rndlgc.2019.01.018
https://doi.org/10.16146/j.cnki.rndlgc.2019.01.018
https://doi.org/10.3969/j.issn.1007-7294.2014.h1.025
https://doi.org/10.3969/j.issn.1007-7294.2014.h1.025
https://doi.org/10.1016/j.mechmachtheory.2016.07.022
https://doi.org/10.1016/j.mechmachtheory.2016.07.022
https://doi.org/10.1016/j.mechmachtheory.2016.12.010
https://doi.org/10.1016/j.mechmachtheory.2016.12.010
https://doi.org/10.1115/DETC2015-47470
https://doi.org/10.1016/j.mechmachtheory.2019.103670
https://doi.org/10.1016/j.mechmachtheory.2019.103670
https://doi.org/10.1016/j.euromechsol.2014.02.013
https://doi.org/10.1016/j.euromechsol.2014.02.013
https://doi.org/10.1016/j.renene.2016.05.058
https://doi.org/10.1016/j.renene.2016.05.058
https://doi.org/10.1007/s42417-019-00179-0
https://doi.org/10.21595/jve.2018.19779
https://doi.org/10.1016/j.jsv.2014.05.055
https://doi.org/10.1016/j.jsv.2014.05.055
https://doi.org/10.1155/2017/4846532
https://doi.org/10.1007/s00170-006-0582-7
https://doi.org/10.1016/j.renene.2014.02.047
https://doi.org/10.1016/j.jsv.2019.06.037
https://doi.org/10.1016/j.jsv.2019.06.037
https://doi.org/10.1016/j.apm.2014.04.024
https://doi.org/10.1016/j.apm.2014.04.024
https://doi.org/10.1016/j.mechmachtheory.2011.07.010
https://doi.org/10.1016/j.mechmachtheory.2011.07.010
https://doi.org/10.1155/2019/5274712
https://doi.org/10.1155/2019/5274712
https://doi.org/10.3901/JME.2012.03.016
https://doi.org/10.3901/JME.2012.03.016

	Effects of Vibration Isolator on Compound Planetary Gear Train with Marine Twin-Layer Gearbox Case: a Dynamic Load Analysis
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Systematic Coupled Dynamic Model
	Calculation of Journal Bearing Forces
	Calculation of the Meshing Force
	Dynamic Equation of Compound Planetary Gear Train
	Dynamic Equation of the Marine Twin-Layer Gearbox Case
	Systematic Coupled Dynamic Equation

	Dynamic Characteristics
	Solution of Systematic Coupled Dynamic Equation
	Calculation of Load Sharing Coefficient
	Journal Bearing Forces
	Load Sharing Characteristics

	Impact of Vibration Isolators on the System
	Number of the Vibration Isolator
	Stiffness of the Vibration Isolator

	Conclusions
	Acknowledgements 
	References




