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Abstract. Herringbone planetary gear system (HPGS) has high power density and complex structure.
The torsional flexibility of the left and right teeth of the sun gear is closely related to the dynamic characteristics
of the HPGS. In this research, considering the coordination conditions of both sides torsional stiffness and axial
slide of the sun gear, a new dynamic model of the HPGS considering the meshing phase difference between left
and right teeth of the sun gear is developed based on the lumped-parameter method, and the influence
mechanism of torsional stiffness and axial sliding is studied. Moreover, the dynamic parameters and dynamic
characteristics of the HPGS are analyzed in the case of varying torsoinal stiffness and axial slide. The results
show that the torsional stiffness of left and right teeth and the axial slide of sun gear have significant impacts on
the dynamic parameters and dynamic mesh force response. With the increase of the torsional flexibility (the
decrease the torsional stiffness), the sun gear and planet gear meshing stiffness and the maximum tooth surface
load are both increased on the left side (input side) and decreased on the right side, but the main peak values and
peak frequencies of dynamic response on both sides of the s-p meshing pairs decrease significantly. In addition,
when the sun gear slides toward the output side axially, meshing stiffness and dynamic mesh force response main
peak values decreased on the left side (input side) and increased on the right side, but the main resonance peaks
frequencies keep the same.
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1 Introduction

With the increasing power of wind turbines, the aero-space
equipment, large machine tools, etc., the herring-bone
planetary gear system (HPGS) has become the main
research fields of planetary gear transmission system for its
distinctive advantages of more compact structure, higher
power density and greater carrying capacity. The tradi-
tional dynamic characteristics design for general planetary
gear transmission system is difficult to meet this type high
power application requirements more and more. Thus,
increasing the flexibility of this kind of system is an
momentous research direction to obtain better load
distribution and dynamic characteristics. Therefore, in
the research of HPGS, it has great practical significance to
study gears dynamic load when torsional flexibility of the
two symmetrical sides of the herringbone sun gear is
considered.

* e-mail: xxiangyang@hotmail.com

Currently, some scholars have conducted a series of
researches on the dynamic characteristics of the HPGS.
Lin, J., and Parker, R. G [1] proposed a planar dynamic
model of planetary gears and summarized three vibration
modes of plane vibration. Zhang and Zhu [2] developed a
novel dynamic model of HPGS considering the meshing
phase, and analyzed the influence of meshing phase on load
sharing. Sondkar et al. [3] proposed a dynamic model of the
HPGS, which includes the degrees of freedom of torsion,
translation and rotation of rotating components, and found
that the stagger on both sides has a significant effect on the
dynamic response of HPGS. Bu et al. [4] studied the modal
characteristics by establishing a generalized linear model of
the HPGS with three plane degrees of freedom, simulta-
neously deriving a different relationship between planet
deflections under the translation mode. Zhu [5] and Xu
et al. [6] analyzed the dynamic characteristics and the load
sharing performance by establishing a planetary gear
dynamic model with flexible pins. Wang et al. [7]
considered the effects of friction and multiple backlashes
while taking axial vibration into consideration, then
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established a dynamic model of the herringbone gear set,
and solved the dynamic equation with an example. Wang
et al. [8] optimized the vibration of the herringbone gear
and proposed a sixth-order polynomial transmission error
function for reducing vibration and shock. Mo et al. [9,10]
proposed a dynamic model of the HPGS, found that the
torsional stiffness has a certain impact on the natural
characteristics and load sharing. Liu [11] and Ren et al. [12]
proposed a generalized model of the HPGS, which can be
used to analyze the variable process and the effect of
manufacturing errors on the dynamic floating performance
of the system. Chen and Shao [13] considering gear tooth
errors, and developed a dynamic model of planet gear,
which is used to analyze the meshing stiffness of mesh pairs,
and employed in any situation to analyze the effects of load
distribution and load static transmission errors. Wang and
Lim et al. [14] built a numerical model and discussed the
effect of gear parameters set for the dynamic response.
Miyoshi [15] and Sanchez [16] developed an analytical
calculation method, which is used to calculate the results of
the load distribution and the contact stress with a lateral
contact ratio greater than two. Cooley and Parker [17]
predicted the development and technical difficulties of
planetary gear dynamics and vibration. But, due to the
complexity symmetrical structure of HPGS, most scholars
in the above studies believe that the dynamic character-
istics of the two symmetrical sides of the herringbone gear
are the same. Actually, the carrier and sun gear would twist
during the operation of HPGS. And the torsion of the sun
gear under load will cause the flexible dislocation between
the two symmetrical sides of the sun gear. This torsional
flexibility of sun gear will have a direct impact on the
dynamic characteristics of the HPGS. In addition, due to
bearing installation clearance, manufacturing and instal-
lation errors, the meshing center points of the single helical
gears on both sides of the sun gear and the planetary gear
are not in the same vertical plane of geometric center.
These effects cause the axial sliding between left and right
meshing centers, which will change meshing stiffness and
dynamic mesh force response.

In this investigation, a dynamic model of the HPGS
including torsional flexibility between two symmetrical
sides teeth of the sun gear is developed, based on the
lumped-parameter method considering the torsional flexi-
bility and the axial slide of the both sides teeth of the sun
gear. Then, the influences of change of torsional flexibility
and axial slide of the both sides teeth of the sun gear on the
dynamic parameters and dynamic characteristics for the
HPGS are discussed.

2 Dynamic model of the HPGS

2.1 Basic parameters and dynamic model
of the HPGS

A typical HPGS is shown in Figure 1. Blades are used as
input to provide power for the transmission system. And
the generator sets convert kinetic energy into electrical
energy. The input torque is transferred to the planetary
gears from the carrier, afterwards to sun gear shaft by
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Fig. 1. Schematic diagram of HPGS.

Table 1. Structural parameters of HPGS.

Parameters Pn S r
Teeth number 37 21 95
Normal module/mm 15 15 15
Normal pressure angle/Degrees 25 25 25
Face width/mm 175 185 185
Helix angle/Degrees 8 8 8

Relief groove width of sun gear/mm 50 40 40

herringbone planetary train, then to parallel transmission
stage by the sun gear shaft, and finally to the generator set.
The rated input power of the HPGS are 1.5 MW. The
material of all gears is 20CrMnMo6. And the surfaces of all
gears are carburized. The symbol of the HPGS is defined as
follows: r denotes the ring gear, and ¢ means the carrier,
and s represents the sun gear, and p,, represents the nth
planet gears, of which (n=1, 2, 3, 4). When the subscript ¢
equals L, it means the left side of the herringbone gear.
When the subscript i equals R, it indicates the right side of
the herringbone gear. The structural parameters of the
research object are illustrated in Table 1.

Dealing with the intermediate shaft section of
herringbone gear is a very critical issue. In the process
of dynamic modeling of the herringbone gear transmission
system at home and abroad, in order to more accurately
simulate the coupling between the structures, the
herringbone gear is equivalent to the double helical gears
on the left and right sides based on the three-piece model
[18,19]. Under the beam theory that only considers
torsion, a herringbone gear is divided into three pieces:
same inner diameter on left and right sides gear segment,
and a connecting structure, which spans from gear face
mid-point from the left side Oy, to the right side Op. The
mass and moment of inertia concentrate on the adjacent
nodes O; and Op respectively. Relief groove part is
equivalent to the torsion beam elements with two nodes.
The joints nodes Oy and Oy, are at the beginning and end
of the beam element respectively. The equivalent support
stiffness and damping of the left and right support
bearings of herringbone gear act on two nodes Oy, and Opg
respectively. Here, the relevant dynamic characteristic
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Fig. 2. Equivalent model of herringbone gear middle segment. (a) Three-piece model of herringbone gear. (b) Torsion beam element.

parameters are obtained by changing the torsional
flexibility of the both sides tooth of the sun gear. [ g is
the distance from point Oy, to Op, which is the distance
between the centers of the left and right single helical
gears, and I, is the distance from point Oy, to O, which
is 657.5mm, and [z ris the distance from point Og to O,
which is 432.5mm. Figure 2 illustrates equivalent model
of herringbone gear middle segment. Figure 2a shows
three-piece model of herringbone gear. Figure 2b illus-
trates the schematic diagram of the beam element.

According to Figure 2, relative torsion and bending
angle can be obtained by torsion beam element. Sun gear
and planet gears are regarded as two single helical gears
connected together, and each helical gear owns four degrees
of freedom, comprising translational movements in the
three directions of z, y, and z axes, and a rotation around
the zaxis. Therefore, only relative torsion angle is
considered in the dynamic model. And relative torsion
angle is inversely proportional to the torsional stiffness of
the equivalent middle shaft segment Iz, the parameter ¢,
is the relative torsion angle of the left single helical gear.
Correspondingly, ¢p; is the relative torsion angle of the
right side. The relative torsion angle ¢;p; of two single
helical gears between ¢r; and ¢p; of the sun gear is
expressed as equation (1).

T

2l
K"

(1)

bLrj =
lLr

where T, denotes the external load on the sun gear,
torsional stiffness K;= G;I;, and the shear elastic modulus
G= E/(2(1+v)), Eis the elastic modulus, E= 206 Gpa, and
v=0.3, I;is the torsional moment of inertia.

According to equation (1), when the sun gear is applied
with a constant external load, the torsional flexibility of the
two symmetrical sides of the sun gear is determined by K;
and [. Of course, the axial slide of the sun gear will affect the
torsional flexibility between the both sides teeth of the sun
gear.

The displacement of the beam element in the local
coordinate system is illustrated in Figure 2. The focus of
this article is to consider the influence of torsional
flexibility, and the torsional flexibility is mainly investi-
gated here. Therefore, only four degrees of freedom are
considered in the single helical gear, comprising transla-
tional movements in the three directions of z, y, and z axes,
and a rotation around the zaxis. And the specific
expression of the displacement vector of the equivalent

double-helical gear system is shown in equation (2).

(2)

The mass and moment of inertia of each part in the
equivalent double-helical gear system are distributed
according to the principle that the total mass, the total
moment of inertia and the position of the mass center are
not changed, and are aggregated to the adjacent nodes L
and R, respectively. The equivalent support stiffness of the
left and right support bearings of herringbone gear are
respectively, and acts on node L and node R. Both the beam
element mass matrix M;, (i=s,p)and the stiffness matrix
K;. (i=s,p) are presented as block sub-matrices [18].

= 0 0.1)"
qh_(xhvyhazhv zhy Tht1y Yn+1s Zh+15 zh+1) .
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M;. = (Z; M 22] (3&)
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Kie = :)e K| (3b)

The specific form of each sub-matrix of the mass matrix
M,, is as follows:

mrs 0 0 0

M= 0 0 my 0 (4a)
It
o o o =%
Tbs
mps 0 0 0
0 mps 0 0
M2 =1 o 0 mp, O (4b)
Igs
o o o X
7ﬂbs

where m, denotes the mass of the left single helical gears of
the sun gear, and mp, represents the mass of the right single
helical gear of the sun gear, 7, is the base circle radius of
sun gear, Ir, is moment of inertia of the left single helical
gears of the sun gear, I, is moment of inertia of the right
single helical gears of the sun gear.

Using the same method, the specific form of the stiffness
matrix K, can be obtained. In order to save space, it will
not be listed here.
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2.2 Meshing stiffness of HPGS considering
the meshing phase

According to the principle of elastic potential energy with
considering the torsional flexibility of two sides teeth of sun
gear, and comprehensive consideration of the effects of
various factors on deformation, the single tooth meshing
stiffness of s-p meshing pairs and 7-p meshing pairs can be
expressed as:

Km =
1
(1/Ky+1/Ka+1/Ka+1/Kp+1/Ko+1/Kep+1/Ky,)
(5)

where K;, K,, K, are the stiffness of deformation of bending,
shear and axial, respectively, and K, is the stiffness of
Hertz contact, and subscript 1 and 2 represent driving and
driven gear, respectively.

There are three kinds of meshing phase differences
in general planetary gears: s-p mesh, r-p mesh and between
s-p and 7-p mesh [6]. But, the herringbone planetary gear
transmission has four meshing phases when torsional
flexibility is considered. They are defined as the phase
coefficient A,,, A, A, and App; represent the relative
phase of the nth to the first s-p meshing pair, the nth to the
first r-p meshing pairs, the nth s-p meshing pairs to the nth
r-p meshing pair and left s-p meshing pair to right s-p
meshing pair, respectively. App; is between left side and
right side phasing difference caused by relative torsion
angle ¢ ;.

Atis the time interval of the nth to the first s-p meshing
pair, T,, denotes the mesh period of all phases.

Atsn = )"snTm (6)

21

(a)s - a)c)zs ’

In this dynamic model, ¢,, represents the angle of the
nth to the first planet gear on the right side. As the right
sun gear rotates angle ¢, relative to the carrier, the right
side nth planet gear moves to the position right belonging
to the right side first planet gear, and the expression of the
required time ¢ is shown by the following:

b

t=—""
wWs — W¢

(8)

Uniting the equation (6) and the equation (7):
én,

Ws —

(Asn + )T = 9)

where p,, is an integer, and the expression of A, can be
obtained by combining the equations (6) and (7).

2P

where dec(A) represents the decimal part of A, so A, = A,
and AW = All) can be derived.

ZT¢TL
A = +dec| —2 10b
+ ec( 271) (10b)
N, T
Aps = 1
= (10¢)

where N, T is the distance between r-pn initial meshing
position point T and meshing pitch point N, when the
starting point of s-p,, meshing is at meshing pitch point N,
Py is the planetary gear pitch.

When considering torsional flexibility of the both sides
teeth of the sun gear, (¢,,+ ¢ r;) means the actual rotation
angle of the left side sun gear relative to the carrier, and the
phase coefficient Ay p; is shown by the following:

Zs¢LRj) .

i )

)”LRj = idec(

According to the equation (11), at any time ¢, the
instantaneous total contact line length of single helical gear
pair in herringbone gear is L(t) as shown by the following:

L(t) = iLn(t). (12)
n=1

Then, according to the equation (12), the expression of
tooth meshing stiffness £(¢) can be derived by the following:
k(t) = koL(t) (13)
where k, is the meshing stiffness per unit contact line
length.
Therefore, considering the torsional flexibility of the
both sides tooth of the sun gear, the expression of meshing
stiffness of the s-p meshing pairs is shown as:

krsi(t) = korsL(tr) (14a)

krsn(t) = korsL(t — AsnT'm) (14b)
krs1(t) = korsL(t) (14c)

krsn(t) = kors L(t — (Asn+ALRj)Tm)- (14d)

This article only considers the torsional flexibility of the
both sides tooth of the sun gear, so there is no influence on
r-p meshing pairs, and the expression of its meshing
stiffness is shown as:

kLrl (t) = erl (t) = k()mL(t - )LrsTm) (153)

kLrn(t) = ern(t) = kOrnL(t - ()\rn + )"'rs)Tm) (15b)

where A, is meshing phase difference between s-p mesh and
r-p mesh.
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2.3 Dynamic equations of the HPGS

The dynamic model of HPGS is shown in Figure 3, Three
coordinate systems are established in the above model.
OXYZ expresses a static coordinate system. And their
origin is the rotation center of the carrier. The 2-axis
through the first planet’s rotation center and uses the
rotation center of the carrier as the origin, which rotates at
a constant speed around the zaxis with the angular
velocity w,. of the carrier. 0,%,¥,2, is a moving coordinate
system. The difference between 0,z,y,2, is that 0,2,y,2,
rotates at a constant speed with carrier around the z,-axis,
using the rotation center of each planetary gear as the
origin.

In this dynamic model, herringbone sun gear and planet
gears are regarded as two single helical gears connected
together. Left and right sides of herringbone gears are
assumed identical in geometry expect the hand of the teeth
is opposite with respect to each other. In an actual
herringbone planetary gear system, left and right sides of
gears and carrier are either one-piece (for planet and sun
gears) or connected rigidly (for the ring gear and carrier).

Y

s-n mesh plane

Planet n

Kepal) /

Cqn(t),”
¥
/

Sun gear

(@

(b)
Fig. 4. Left side positional relationship diagram of the HPGS. (a) Sun-planet mesh. (b) Ring-planet mesh. (¢) Carrier-planet.

Sun gear, planet gears and ring gear are regarded as two
single helical gears connected together, and each helical
gear owns four degrees of freedom, comprising translational
movements in the three directions of z, y, and z axes, and
a rotation around the zaxis. In addition, the following
assumptions are made in the dynamic model: (a) without
considering the energy loss, the input torque can be directly
applied on the carrier, and the load torsion can directly
applied on the sun gear. (b) It is assumed that the left and
right sides of herringbone gear are geometrically symmet-
rical, and the rotation of teeth is opposite to each other.
They are staggered by a certain angle with torsional
flexibility of relief groove. (c) It is difficult to obtain the
damping coefficient, damping of the system is represented
by a constant modal damping, and the friction effect of gear
pair meshing and the friction between other parts are
ignored. According to the equation (16), the displacement
vector q of the system is obtained. Moreover, the model of
the transmission system contains 8(N+3) degrees of
freedom in total.

T
q:(misayis azisa0i57xinaym7z’m70in 7xiray1',r7ziraei7'7$icayimzicygic)
(16)

where z, y, and z denote the lateral, longitudinal and axial
displacements of the component, respectively. The param-
eter 6 denotes the angular displacement, the subscript is
denotes the sun gear, the subscript in denotes the nth
planet gear, r is the ring gear, and c is the carrier.

Figure 4 illustrates the relative positional relationship
of the components of the HPGS. The left side relative
displacements of the s-p and r-p meshing pairs perpendic-
ular to the tooth surface can be obtained from Figure 4. The
right side relative displacements are symmetrical with left
side.

Before calculating the relative displacement of the
herringbone tooth, this paper takes the herringbone gear
quivalent to two identical single helical gears on the left and
right sides respectively. Therefore, the relative displace-
ment of the left and right sides needs to be calculated
separately. Taking the calculation of the left-side relative
displacement of the sun gear and the planet gear as an
example, the solution process will be introduced in detail.
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Projecting the displacement of the sun gear and
planetary gear in the z direction onto the meshing plane
s-n to obtain zj, sin ¥, and zr,, sin ¥,. Since the sun gear
and the planet gear rotate in opposite directions, the
displacement projections of the sun gear and the
planet gear on the meshing line in the z direction are
(— x4 8in Y, cos Bry) and zy, sin ¥y, cos By, respectively.
Therefore, the comprehensive relative displacement of the
sun gear and planetary gear in the z direction is (zr,, — zr,)
sin ¥, cos Br, Using the same method, the projections
(YLs— Yn) €OS Y €OS Bryand (2ps+ Zap — 21n) sin Bry of the
displacements in the y-direction and zdirection of the sun
gear and planetary gears on the meshing line can be
obtained, respectively. Due to torsion flexibility and
manufacturing and installation errors, the projection
[75(OLs+ @n) + To,01s] cos By of the torsional freedom
and the transmission error er,, need to be added.
Therefore, we can easily get the equation (17a).

Using the same method, we can obtain the following
equations (18) and (19). Therefore, 814, and 81, represent
the relative meshing displacement of the s-p mesh in the
direction normal to tooth surface such that [18]:

8rsn = [(Yrs — Yrn) COS Yy, + (Tpn — Trs) sin Yy,
+705(0rs + @p,) + TpBra] cos By
+(ZLS + Zah — ZLn) sin ,BLb — €Lsn (17&)
8R5” = [(yRS - yRTL) COos wsn + (IRTL - IRs) Sin wsn

+TbseRs + preRn} Cos IBRb

+(2Ln + Zah — ZLS) sin IBRb — €ERsn (17b)

Relative displacement between ring gear and planet
gears is:

Sinr - [(ym - Z/,'r) COS wsn_’_ (xir - xin) sin wm _rbpein +Tbr9ir]

cos By + (zin — zir) Sin By, — €ing- (18)

Relative displacement of the planet gear to the carrier
is:

Sicne = Tic — Tin — Ticlic SIN @y, (19&)
5icny = Yic — Yin + Ticgic COS @;, (19]:))
(Sicnz = Zic — Zin (19C)

= (CEm - xic) sin ¢zn + (yzc - yzn) CoS ¢m + ricbic
(194)

where wsn:(psp_am wrn,:¢rp+an7 Tbsy  Top and Tor
represent the radius of the base circle of the sun, planet,

and ring gears, respectively, and r. denotes the distance
from the center of planet gear to rotation center of carrier,
and ¢ represents the transverse pressure angle, o,
represents the position angle belonging to nth planet
gears, f8;; denotes the helix angle of the single helical gear on
two symmetrical sides of the herringbone gears, and z,

8icnc

represents the axial slide of the sun gear, e;,,, and e;,,.denote
respectively the transmission error on the nth s-p and r-p
meshing pairs.

To reflect the dynamic characteristics of the HPGS
more truly, this model considers the torsional flexibility of
the both sides tooth of the sun gear. The dynamic equations
of the single helical gear on the left and right sides of the sun
gear can be determined as follows:

mrs (iLs - chyLs - ngLs) + KkiLRsa (st - st)
+(kLszst + CLsz (xzs - wcyLs))

N
- [(kLsnSLsn + CLsnaLsn)Sin((an - O[Lspﬂ
n=1
cosfr, =0 (20a)
mrs (yLs + 2(1)(;53[,3 - wzyLs) + kLRSZ/(yLs - yRs)
+(kL$nys + CLsy(yLs + werrs)
N
+Z [(kLsn(SLsn + CLsn(SLsn)COS((an - aLsp)]
n=1
cosfr, =0 (20b)
mLséls + kLRsz(ZLs - ZRS) + (kLszst + CLsz'.ZLs)
N
+Z [(kLsn(SLsn + CLsn‘SLsn)]SinﬂLb =0 (200)
n=1
ILs .. .
TTULS + kLRsu(uLs - uRs) + (kLsuuLs + CLsuuLs)
bs
N .
+Z(kLsn8Lsn + CLsnSLsn)
n=1
Tp
cospBr, 5r, (20d)

Mps(i s — 200 py — WoTRs) — kLRsa (TRLs — TRs)
+(kRsmes + CRsz (-’i‘Rs - wcyRs))

N
_Z [(kRsnaRsn + CRsnO Rsn )SIN(Pp, — C{Rsp)]

n=1

cosBp =0 (21a)

MRs (yRs + 2wCiR5 - a)zyRs) - kLRSy(yLs - yRs)
+(kRsnys + CRsz (yRs + wcmRs))
N
+Z [(kRsnSRsn + CRanSRsn)

n=1
cos(@r, — ®Rsp)]cosPr, =0 (21b)

MRsZRs — kLRsz(st - ZRS) + (kRszzLRs + CRszéRs)

N
+Z [(kRsndRsn + CRsnd Ren)|SinBRy = 0 (21c)

n=1
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Fig. 5. Left and right sides meshing stiffness of the s-p mesh with changing torsional stiffness. (a) Left side s-p mesh cycle. (b) Right
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Ips .. .
TTSULS - kLRsu(uLs - uRs) + (kRsuuRs + CRsuuRs)
bs
N
. Th
+Z(kRsn(SRsn + CRsnSRsn) COos ,BRb = m (21d)
n=1 s

where my, denotes the mass of the left single helical gears of
the sun gear, and mp, represents the mass of the right single
helical gear of the sun gear, ¢ is the three translational
motions of freedom along the z, y and z directions, and a
rotation around zaxis, Tp represents input and output
torque, ki gy is the stiffness on the ¢ direction between the
two symmetrical sides single helical gear of the sun gear,
kisc and c, denote the support stiffness and support
damping of the sun gear along the ¢ direction, kisn and c;,,
denote the meshing stiffness and mesh damping between
the nth planet gears and the sun gear, respectively.
Equations of motion of the components ring gear,
carrier and the planets can be derived in a similar way. The
8(N+3) DOF coupled dynamic equations can then be
derived through the coordination of the rotation angles and
the balance of the torques. The dynamic equations of the
HPGS are arranged into a matrix modus as follows:

M + (Cp + C + 0.G) i+ (Kp + K (1) — 02K, )g
= T(t) + F(t) (22)

where C, is the matrix of support damping, and C,,
represents the matrix of meshing damping, and G denotes
the matrix of gyroscopic, and M represents the mass
matrix belonging to the system, and w. expresses the
angular speed belonging to the carrier, and K, denotes
matrix of the support stiffness, and K,,, means the matrix of
meshing stiffness, and K, represents the matrix of the
centripetal stiffness, and T expresses the torque vector, and
F(t) is individual force vector caused by transmission error
and time-varying meshing stiffness.

The equations of the dynamic mesh force response of
sun gear and planet gear, ring gear and planet gear as
follows:

Fisp = KisnSisn + Cisn('sisn (23&)

Firp = kirnsirn + Cirnairn (23b)
where F), denotes the dynamic mesh force response of s-p
meshing pairs, and F},, represents the dynamic mesh force
response of r-p meshing pairs, and k;, represents the
meshing stiffness of s-p meshing pairs, and k;,,, denotes the
meshing stiffness r-p meshing pairs, and ¢, is the mesh
damping of s-p meshing pairs, and c¢;,., is the mesh damping
of 7-p meshing pairs.

3 Influence analysis of meshing parameters
3.1 Influence on the time-varying meshing stiffness

In order to study the influence of torsional stiffness of sun
gear on meshing stiffness, a series of meshing stiffness k;,,, of
the system can be obtained under different torsional
stiffness according to equations (14) and (15). The initial
torsional stiffness between the both sides teeth of the sun
gear is 5.2 x 10° N'm? based on the equation (1). Here, the
variation of torsional stiffness changes from 5.2 x 10° Nm?
t04.0 x 10° Nm?. The torsional stiffness K, Ko, Ks, K, K;
are 5.2 x 10° Nm?, 4.9 x 10" Nm?, 4.6 x 10" Nm?, 4.3 x 10"
Nm? 4.0 x 10" Nm®.

Figure 5a and 5b show the trend of meshing stiffness in
case of the changing the torsional stiffness from K; to K.
As the torsional stiffness K; decreases, the meshing stiffness
of the left side s-p meshing pairs increases, while the right
meshing pair is opposite. When the torsional stiffness of the
sun gear decreases from 5.2 x 10° Nm? to 4.0 x 107 Nm?,
the maximum meshing stiffness of left s-p meshing pairs is
increases by 9.79%, and the right side decreases by 11.23%.

To analyze the influence of axial slide of the sun gear on
time-varying meshing stiffness, left and right sides of s-p
meshing stiffness are calculated in case of —0.5 mm, 0 mm,
+0.5 mm and +1 mm, respectively. The direction of slide is
indicated by ‘4’ means sun gear slides towards the right (to
output direction). The meshing stiffness of the s-p meshing
pairs under the sun gear axially sliding are shown in Figure 6.

According to Figure 6, when the sun gear slides 1mm to
the right under the initial torsional stiffness K;, the
maximum meshing stiffness of the left side s-p meshing
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Fig. 6. Left and right sides meshing stiffness of s-p mesh with sun
gear axially sliding.

pairs decreases 6.30 x 107 (N/m), and the right side s-p
meshing pairs increases 1.11 X 108 (N/m). From the point
of view of time-varying meshing stiffness, when the sun
gear slides axially, the time-varying meshing stiffness of s-p
meshing pairs could be adjusted by adjusting the torsional
flexibility of the two sides teeth of the sun gear.

Then, according to equations (22) and (23), the
dynamic gear meshing force time history for the left side
and right side of s-pI meshing are obtained at mesh
frequencies 1440Hz. When the torsional flexibility is rigid,
the herringbone planetary gear can be considered to be
completely symmetrical on the left and right, which is
equivalent to spur gear. Parker’s model [1] can be used to
compare the dynamic meshing force to verify the model.
For comparison, the dynamic load factor L} (?) is defined
to represent the dynamic load sharing time hlstory among
the planets gear as equation (24).

) =4F" (

1sp § :Fzsp

In fact, when torsional flexibility is not considered, the
axial load of herringbone planetary gear offsets each other,
and the model is very similar to the Parker’s spur planetary
gear model. But in this model, the herringbone gear is
equivalent to the double helical gears on the left and right
sides, and the direction of helix angle is opposite. And due
to the torsional flexibility of herringbone planetary gear,
the dynamic mesh force of left and right single helical gears
is different. Figure 7 show the dynamic load factor
time history of s-p mesh, including both sides s-p!mesh
and s-p1mesh of equivalent Parker’s model. From Figure 8,
the maximum dynamic load factor on the left is 1.04, and
right side is 1.03. They are slightly different, but are very
close to 1.09 of Parker’s model. In terms of the overall
trend, Parker’s model is very close to the dynamic load
factor curve of s-p on the right side of this article, and is
slightly different from the left side. The results are a good
agreement with the Parker’s model results.

L7 (t) (24)

isp

Dynamic Load Factor Lsp

0 0.05 0.1 0.15

Time (s)

Fig. 7. Dynamic load factor time history of s-pfmesh.

3.2 Influence of torsional flexibility on tooth surface
load

Tooth surface load is an important index that reflects the
gear tooth meshing contact performance. References
[14,15] used the slice method in the axial direction for
gears and analyzed the distribution of the tooth surface
load of helical gears by considering various factors. The
general expression for total load and total deformation of
gear teeth can be obtained as:

/ K@, p() + Ko(w Op@lde =W (25)

where Kjy(z, & and K.(z, &) represent the influence
coefficient of the bending and contact deformation of the
gear teeth, respectively. p(&) represents the distributed
load on the gear contact line, W represents total
meshing deformation, 7 represents the total contact line
length.

The sun gear tooth surface unit length load distribu-
tions are achieved for changing torsional stiffness from K
to K. Figure 8 shows the trend of unit length load of the
tooth surface with torsional stiffness and axial sliding of
sun gear.

According to Figure 8, the distributions of tooth surface
load of the left and right s-p meshing pairs are not
completely the same. When the torsional stiffness K,
equals 5.2 x 10 °rad, the maximum load area of the left s-p
meshing pairs is 880N /mm, and the minimum load area is
260 N/mm, and the maximum load area of the right s-p
meshing pairs is 850 N/mm, and the minimum load is
270 N/mm. When the torsional stiffness K1 equals
4.0 x 10" Nm?, the maximum load area of the left s-p
meshing pairs 1s 940 N/mm, and the minimum load area is
280 N/mm, and the maximum load area of the right s-p
meshing pairs is 780 N/mm, and the minimum load area is
240N/mm. The maximum load area of the left side s-p
meshing pairs increases by 6.82%, but the right side
decreases by 8.34%.
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sliding and Kj.

The same method can be used to obtain the tooth
surface load distribution of the s-p meshing pairs under the
sun gear sliding axially as shown in Figure 8e and 8f. When
the sun gear slides to the right by 1mm under the initial
torsional stiffness K;. The maximum load area of the left
s-pmeshing pairs is 790 N /mm, and the minimum load area
is 250 N/mm, and the maximum load area of the right s-p
meshing pairs is 940 N/mm, and the minimum load area is
280N/mm. The maximum load area of the left side s-p
meshing pairs decreases by 10.20%, but the right side s-p
meshing pairs increases by 10.59%.

4 Effects of torsional flexibility and axial
sliding on dynamic mesh force

In the HPGS, the dynamic mesh force is the main index of
dynamic characteristics. Thus, the dynamic force response
of the HPGS can be analyzed by changing torstional
stiffness and axial sliding. Steady-state responses are
obtained by using the fifth-order variable step-size Runge-
Kutta method to solve the dynamic equation (22).
Then the continuous frequency sweep method is used to
analyze the dynamic mesh force response of the HPGS.
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Fig. 10. Dynamic mesh force response under sun gear axially sliding. (a) Left side s-p mesh. (b) Right side s-p mesh.

In continuous frequency sweep, the frequency change is
realized by continuous changing the meshing period. The
steady-state response speed at the end of the previous
sweep step is used as the initial condition for the next
frequency sweep step. Here the amplitude of the response is
the root-mean-square values of the dynamic mesh forces.
At last, the left and right sides dynamic mesh force
response Fj, of the s-p mesh are conducted with different
torsional stiffness and axial sliding of the sun gear.
Figure 9 shows the left and right sides dynamic mesh
force response curves of the s-p mesh are conducted by the
s-p mesh frequency sweep from 0Hz to 5000 Hz, and the
torsional stiffness of sun gear is chosen from K; =5.2 x 107
Nm? to K5=4.0 x 10" Nm?. It can be seen from Figure 9a
and 9b, the s-p meshing pair has almost no change in
dynamic mesh force response at low frequencies, and the
resonance peak of the most obvious frequency change
appears near the frequency of 1440 Hz and 2500 Hz. With
the increase of torsional flexibility, both the dynamic mesh
force response peak values and peak frequencies of the left
and right s-p meshing pairs decrease very obviously.
Therefore, appropriate increasing the torsional flexibility

of the both sides tooth of the sun gear can reduce the main
peak values and peak frequencies of the s-p meshing pairs
significantly, which will alleviate the vibration conditions
of the system.

In order to observe the sun gear axially sliding on
dynamic mesh force response, a group of axially sliding
cases are employed to sweep the dynamic mesh force
response. These axially sliding cases include 0mm,
+0.5mm, +1 mm under initial torsional stiffness K;, and
+1mm under torsional stiffness Kj, respectively. The
dynamic mesh force response of the s-p meshing pairs with
the sun gear axially sliding can be shown in Figure 10.

According to Figure 10, when sun gear axially sliding
changes from 0 to +1mm to the right side, the left dynamic
mesh force response peak decreases and the right response
peak increases. The most obvious frequency change
appears near the frequency of 1440 Hz and 2500 Hz. But
both sides peak frequencies have almost no change when
only axial sliding is applied. In addition, axial sliding and
torsional stiffness are both applied, both sides response
peak and response peak frequencies are still obviously
decreased.
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5 Conclusion

This investigation takes the HPGS as the research object,
mainly analyzing influence of the meshing stiffness, the
tooth surface load and the dynamic mesh force of the HPGS
under the changing of the torsional stiffness and the axial
slide of the sun gear. Combining the structural character-
istics of herringbone gears, a novel dynamic model of the
HPGS is developed based on a lumped parameter method.
The conclusions show that, as the torsional stiffness of the
both sides tooth of sun gear decreases, the meshing stiffness
and maximum load area of the left side s-p meshing pair
increase and the right side decrease, the dynamic mesh
force response peak values of the left and right s-p meshing
pairs in all frequencies decrease, and peak frequencies of the
main peak values decreases. When the sun gear slides to the
right, the meshing stiffness, maximum load area and
dynamic mesh force of the left side s-p meshing pairs
decrease, while the right side s-p meshing pairs increase,
but peak frequencies keep the same. The results could be
applied to reduce vibration and impact of the system,
prolong the service life.

Nomenclature

Cy The support damping matrix

Cn The meshing damping matrix

Cisc The support damping of the sun gear on the ¢
direction

Cisn The meshing damping of the nth sun to planet

meshing pairs

e Transmission error

E Elastic modulus

F(t) The dynamic exciting force

Fip Dynamic mesh force of the nth ring to planet
meshing pairs

Fisp Dynamic mesh force of the nth sun to planet

meshing pairs

G Gyroscopic matrix

G, Modulus of elasticity in shear

1 Moment of inertia

I Torsional moment of inertia

I, Moment of inertia of the left single helical
gears of the sun gear

Ip, Moment of inertia of the right single helical
gears of the sun gear

K, The matrix of support stiffness

K,, The meshing stiffness matrix

K, The centripetal stiffness matrix

K, The stiffness matrix of beam element

K, The stiffness of Hertz contact

K Torsional stiffness between the two sides teeth

of sun gear
K The meshing stiffness of meshing single pair

K,, K,, K, The stiffness of deformation of bending, shear
and axial, respectively

Ky(z, &) The gears bending deformation coefficient

K. (z, &) The gears contact deformation coefficient

ko Meshing stiffness per unit contact line length

kLng

pn

p(§)

The stiffness in the ¢ direction between the
single helical gears on both sides of the sun
gear

The meshing stiffness of the sun to nth planet
The support stiffness of the sun gear on
direction ¢

Tooth meshing stiffness

The instantaneous total contact line length of
single helical gear pair in herringbone gear
The length of the shaft segment from torsion
center

Length of beam element

The mass matrix of torsion beam element
Matrix of Mass

Mass

The mass of the left single helical gears of the
sun gear

The mass of the right single helical gear of the
sun gear

Number of meshing teeth pairs

Meshing pitch point of 7-p, and s-p,, respec-
tively

Number of planet gear

The speed of the driving gear

Beam element nodes

The nth planet gear

The planetary gear pitch

The load distribution on contact line

Forced vibration response vector

Forced vibration response vector of the beam
element

Meshing pair of ring gear to planet gear

The base circle radius of the driving gear
The distance from the center of planet gear to
rotation center of carrier

The base circle radius of gear ¢ (¢=s, 7, p,)
Meshing pair of sun gear to planet gear
Torque

The input and output torque

The mesh period of all phases

The external load on the sun gear

The time interval of the nth to the first s-p
meshing pair

Time difference

Speed of meshing area

The whole meshing bending

The z direction displacement of the compo-
nent

The y direction displacement of the compo-
nent

The z direction displacement of the compo-
nent

Tooth number of sun gear

Position angle for planet n

Helix angle

Relative mesh displacement

Transverse pressure angle

The angular displacement of the component
Angle made by plane of action with vertical y
axis

Relative torsion angle
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én Relative angle of nth planet gear on the right
rotates to the position of the first planet gear

W, Carrier angular rate

wg Sun gear angular rate

W, Mesh frequency

A Phase coefficient

T The total contact line length

Subscripts

¢ Carrier

h  The hth node of herringbone gear middle segment
torsion beam element

Left or right side of herringbone gear (i=L, R)

A value of torsional flexibility or torsional stiffness
(j—1,2.3.45)

Planet gear

Ring gear

Sun gear

Left side of herringbone gear

Right side of herringbone gear

z direction

y direction

z direction

Translational along 2z, y and z axis or angular
displacement around the z axis

. .
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