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Abstract: The tooth surface friction stiffness and friction torque coefficient equations of cylindrical gear are derived.
On the basis of factors such as time-varying friction coefficient and mesh stiffness, support stiffness, torsional stiffness
and comprehensive error, the dynamic equations of the gear trains with bending -torsional coupling are established.
Using the Fourier series method, the total response of the system is obtained, and the influence of friction on it is
analyzed. The results show that when the spur gear enters the meshing, the frictional amplitude of the tooth surface is
larger than that of the gear when it is withdrawn from engagement, and the meshing force fluctuates greatly. The
frictional force and dynamic meshing force of the herringbone gear tooth surface are relatively stable, and the
fluctuation amplitude is much smaller than that of the spur gear. The amplitude of the bearing vibration is not affected
by the friction, but the friction has a certain influence on the bearing force of the output shaft. The first-order natural
frequency of the split stage and the power confluence stage has a large influence on the vibration of the bearing force.
In general, the natural frequency of the power confluence stage has a large proportion of influence.
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0 Introduction

New transmission structure is one of the re-
search hotspots for its potencial of improving the
power to weight ratio and power density. The re-
sults show that compared with the planetary gear
system, cylindrical gear split transmission system
has several advantages, such as large reduction ratio
in last stage, simplified support, high transmission
efficiency, light weight and so on""*.

For the configuration of power split drive, the
loads transferred by the two branches should be
equal, otherwise the offset load will occur, and the
branches will bear too much load and break tooth,
resulting in major accidents. In order to improve the
dynamic performance, Kish'”' used gear webs with

elastic material. The dynamic and mechanical prop-

*Corresponding author, E-mail address: meeghjin@nuaa.edu.cn.

erties of the transmission system are improved by
the large damping and smaller torsional stiffness of
the elastic material. Rashidi®" and Krantz'"' adopted
a balanced beam. The results show that it is not an
effective measure, unless its coefficient of friction is
less than 0.003. To this end, Krantz'®" has studied
the method of the clocking angle of the gear trains to
achieve load sharing. To further improve the engi-
neering application feasibility of the transmission
configuration, the design method of quill shaft is put

d[lO*lZ]

forwar . To satisfy the requirements of the ch-

53k heavy helicopter on the transmission system of

the main reducer, Yuriy'"*'

proposed a transmis-
sion structure with two cylindrical gear power
splits, and analyzed the influence of the f{lexible
shafts on the dynamic performance of the transmis-

sion system. Yang etal”” established the torsional vi-
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bration dynamics model of the two ~branch power
split system, and calculated the natural frequency
and dynamic response of the system. Li et al.""* es-
tablished the dynamic analysis model of the power
four-branch transmission system, and analyzed the
influence of the transmission error on the dynamic
load coefficient. Gui et al."” calculated the torsional
stiffness of the elastic torque shaft and the compre-
hensive error of the gears, and analyzed the influ-
ence of the structural parameters on the dynamic
performance of the split torque gear trains. Jin et al.
U519 studied the sensitivity parameters affecting the
load sharing performance of a split torque transmis-
sion, and analyzed the influence of the tooth surface
friction on the transmission error. In addition, aim-
ing at predicting the load sharing behaviours among
paths, Zhao et al. ™' studied the quasistatic load
sharing behaviours of concentric torque - split face
gear transmission with flexible face gear. The re-
sults show that the influence of tooth surface friction
on the dynamic characteristics is not clear. Hence,
this article focused on the analysis of the influence of
tooth surface friction on the dynamic characteristics
of split torque transmission system.

The main work of this study is to establish the
dynamic model of bending-torsional coupling power
split drive system based on lumped mass method,
considering stiffness, eccentricity error and friction
coefficient. The dynamic characteristics of the sys-
tem and the influence of the tooth surface friction on
it are obtained, which provides reference for improv-

ing the dynamic characteristics of the system.

1 Dynamic Model

Fig.1 depicts the configuration of a double pow-
er input split torque transmission system. The entire
transmission system consists of two identical sub-
drive systems. Each sub-system uses a simple fixed-
axis gear train to achieve power transmission , in-
cluding three-stage drive : Bevel gear drive, cylin-
drical gear split torque drive and herringbone gear

power confluence drive. The components of the left

and right sub-systems are distinguished by sub-
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Fig.1 Sketch of double input power split torque transmis-

sion system

scripts 1. and R. For the sake of clarity, the input
shaft is defined by the shaft connecting the bevel
gear Z,,; the split torque shaft is defined by the shaft
connecting bevel gear Z,, and cylindrical gear Z,;
the duplicate gear shaft is defined by the shaft con-
necting cylindrical gear Z, and herringbone gear
Z,ns and the output shaft is defined by the shaft con-
necting herringbone gear Z;. Here, (=1L, R; j=
1, 2.

According to the double power input split
torque transmission system, the dynamics model of
the system can be set up, as shown in Fig.2. The
gear meshing deformation, the torsion deformation
of shaft and the support deformation of the bearing
are simulated by spring. The stiffness, damping and
transmission errors of the components in the model
are denoted by the letters K, ¢, ¢ and the corre-
sponding subscripts, respectively. The system has a
total of 40 degrees of freedom, with the generalized
coordinates Y defined as

Y =(Pru> ro> Prpr Priss Proes Prin> Prons
Pros P Pros Priss Proo Prans Proms
Pros oy P bor Xiums Y roms Lo
Xinpr Yiups Zinps Xrts Yits Xos Yoo
Xiams Y tom> Ziams Xinps Y iops Ziaps
X, Y, X Yo, X, Yy)
where ¢,y Gy Gy i Pin and ¢y are the micro-dis-

(1)

placement angles of the gears Z., Zi., Zy, Zys Zin

and Zy, respectively; ¢, and ¢, the micro-displace-
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Fig.2 Dynamic model of double power input gear split torque transmission system

ment angles of the input and output, respectively;
X and Y., X,, and Y,,, X, and Y, X, and Y,
the lateral displacements of input shaft, split torque
shaft, double gear shaft and output shaft, respec-
tively; Zi, and Z,, the axial displacements of the in-

put and output shaft, respectively.

2 Dynamic Equations

2.1 Coordinate transformation

Fig.3 shows the relationship between the gener-

alized coordinate system and the local coordinate

system. Reference coordinate frames with super-

3

script “*” are local, and the direction of Y and Y
coincides with the line of action for each particular
meshing gears. 0,,, 0., 0, Oz, 0 represent the an-
gle between center lines within Z,, and Z,,, Zu;
within Z;, and Z,,, Zy; within Z,, and Z,,, Zy; with-
in Zy and Z,,, Zy; within Zy and Z,,, Zy,, respec-
tively. The pressure angle of the gear is indicated by
a and the corresponding subscript. According to the
geometric relations shown in Fig.3, the transforma-
tion relations between generalized coordinates and

local coordinates can be obtained

.
¥

Fig.3 Relationship of partial and generalized coordinates of system
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X, =X, Co%@ +Y, Smﬁ QRnpls + agopn T ), (Ors — QRrnpzs ~ QArapzh T )s
Y= XipSlnﬁ"“ + Yi')cosain (0., — Qpnpls — Aprppin T )s and (0, + A np2s +
X, =X, cos0, + Y,sind, . :
v @10, T 1), respectively. For the unity of symbols,
Y, = —X,sind, + Y, cost,
. we define the generalized coordinates of the output
X, = X,cos0';, + Y,sind'; (2) 8 p
Y, = *X,-,sm@ s Yzjcosﬁ ; shafts as follows: Xp;=X5, Y= Yis.
Xy = XicosOy + YisinGy 2.2 Force analysis of transmission system
Y= —Xpsinly + YcosOy
Xy = X080 + Y, ,sind Define that Finons Fays and Fips, are the mesh-
Yis = — X, 5sin@ + Y, scosd ing forces between gear pairs in the power input,
where Op, = (0x,/2 — 0/2 — aguprs)s O =(0.,/2 — split torque and the power confluence stage, respec-
0/2 = Q). Oris O0'xey 01 and ', are (Oy + tively. Therefore, we have
F[npls - Kinpls ( - Yz'p + rihp¢ip - Yzz - ribls¢lls - empls)+ Cinpls ( - Ylp + rz'bp¢z'p - Y;i - rz’bls¢ils - é[npls)
F[ans - Kians ( - Yzf) + rz’hp¢z’p - YiZ - rih2s¢[25 - ein|}2s)+ Cians ( - Yi;z + ribp¢ip - YzZ - rins¢i2s - éians)
Fopn =K pun(— Y, + rihlh¢z‘lh - — e ¢1 Cnpin) T Capin (— Yy + rihl]\(ﬁflh - — e ¢1 Cinpih)
FmHZh - Kmmh ( - Yi; + 7’,1)211(]512}\ A (l)}; mP)h + Cinp2h ( - Y;; + rih2h¢i2h - Y rbB¢P m}’ZI )
anmZn - Kiann ( 7X1m T Xm) Pan o KmmZn ( o Zim 7 Zm)PZmn o Kmm?n ( - Yzm + <){)im rzpm 7 Yin P ripn) PYmn o
K/annemen + Ciann ( 7X[m 7 X/t\)Pth\ 7 Ciant\ ( 7 Zim 7 Zin ) Pth\ 7
Cinm2n ( Ymv + ¢1m ipm Ym o in ripn)PYmn o CiannéIV\mZn

where 74,5 Twiss Tises Twms Tz, and rp are the base
radius of Z,, Zu, Zye, Zaws Zon, and Zy, respec-
tively; 7. and r,,, the meshing radius of Z,, and Z,,
respectively. Pxu,, Pym, and P, the calculation co-
efficients, which could be obtained by Eq.(4).
P o = sIN0,, - sinf,, - cosa,, + cosd,, - sina,,
P,n=
Py =

0S80, * SN, + cosa,, — SINO,, + SINA,

coSPin + COSQ,

(4)
where a,, is the normal pressure angle of Z,,; 3, the
helix angle; and ¢, the cone angle of Z,. Suppose
that £, and fip; are the frictional forces in the gear

pair of the split torque and power confluence stage,

f;'np]s
ﬁnl}]

where z;,, and g, are the time-varying friction co-

thus
- #mpjs Fmpjs

(5)
ﬂznl jih anth

efficients between gear pairs of the split torque and
power confluence stage. The friction coefficient be-
tween the meshing surfaces is difficult to calculate
accurately, because it is influenced by the meshing
microstructure of the

state, geometric parameters,

(3)
tooth surface and the system conditions and lubrica-
tion. The calculation model of friction coefficient be-
tween the meshing surfaces is: Coulomb friction
model, Buckingham empirical formula, Benedict &
Kelly calculation model and elastohydrodynamic lu-
brication (EHL) friction coefficient calculation theo-

211 shows that the friction co-

ry. The research result
efficient calculated by EHL theory is closer to the
experimental value. Therefore, the friction coeffi-
cient calculation model based on EHL theory is ad-
opted in this paper. The friction coefficient can be

expressed as

7‘ (SR, Py.v0.S) b

! VC"V?R”8
)=b,+ b,| SR |P,log,(v,)+

—[SR|P,log,(vy) 5
/)56 [SR[Pylogyg (v + bgeb

#_

f(SR7Ph?V07S (6)

where v, 1s the dynamic viscosity of the lubricating
oil; P, the maximum Hertz contact stress; V., SR
and R are the entrainment velocity, slide-roll ratios
and comprehensive curvature radius at the contact
point of meshing tooth surface, respectively; S is
the root mean square of tooth flank roughness; 6,—

by 1s the empirical parameter, as shown in Table 1.
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Table 1 Empirical parameters of EHL
Parameter b, b, b, b, b by b: by by
Value —8.9164  1.0330 1.0360  —0.3540 2.8120 —0.1006  0.7527  —0.3909  0.6203
The meshing forces and frictional forces of the Lindin = Kisgn (i — bin) 1 cn (P — i) —

gear pairs in the input stage, the split stage and the

power confluence stage are decomposed and com-

bined along the generalized coordinate system, and

the resultant force in the generalized coordinate sys-

tem direction 1s

Fl'm.r :meZnPan
Fl'my - meZnPYmn
Fl'nu - FiannPZmn
Fl'pz - 7F1nm2nPZmn
Fz'p.z' - 7F1'np2551n€ip 7f;'npls 7f;np25coseip
Fipy Fianscoseip + Finpls +f;’np2> Slneip
o ol o ol
Fl'l.z' - Fl'npls 51n0 il f;nBlh f;'nplsCObg il
. / <
ley - FmPlSCOS(g il + F{nBIh +finp15$1n6 il
o . I _ el
FI'ZJ' - Fz'n132hbln(9 i2 f;'ans f;'nBZl\CObﬁ i2
o / . -l
F{Zy - F{nBZh COS& i2 + Fians +fz'nBZhSln6 2
Fy, = — Frapwsin(Ogs + 0 )— Frapansind —
Fipmsind g _anuzh _fRnBthOS( Ok + 0 )_
fRnBZh cost _anBzhC056LB
FBy = Frupn€0os( Oy + 0 )+ Frupncosd + F o, +
Fiyppincostyy +fanh5m( Orp + 0)+
fRnHlI\Sln( Ors + 0 )+fRnB2hSln(9 +ﬁ‘bl’>2h51n(9LH

(7)

2.3 Dynamic equation of transmission system

Fig.1 shows two sub-transmission system’s in-

put torque Tk, and Ty, along with the load T,. Ac-

cording to Newton’ s

law, torsional vibration and

axial vibration differential equations in the trans-

mission system can be derived,

as 1S shown in

Eqgs.(8), (9), respectively.

Im¢m

IIT) ¢ D -
Iim¢1m -

pr¢lp -

Iijs¢zj> - F

¢.fm)

7 F iym r:‘pm

T — Kipu( ¢m - ¢im) ~— Ciom * ( ¢.1T) -
sz ¢zl) 7 ¢1‘m) + Ci[)m ( ¢.zl) 7 ¢.zm)

zyn zpn - K[np ( ¢in - ¢ip) - Cinp ( ¢in - ¢zp)
Kinp(¢m_ ¢zp) +Cmp(¢m ¢ip) -
F{nplsrz'bp - 1'np2$ rz'bp +finpls rrilp +f;'np25 rrin

Kwh ( ¢1/s‘ o ¢Uh)*
¢R1]h f;’np/s rr[js

inpjs rzb;‘- o

Cl'jhjh ¢1js

I ¢.IS -

IO¢ :_T +K30 ¢B

F inBjh 7 ibjh + finlzjh Trijh
— KISO(¢B - ¢o)7 Cpo ( ¢.B o ¢o)+
(Frapin T Frapen T Frasimn + Fropa) 7os —
( fropin?rrip 1 fropenrmon + fiasinZ s + fiasen?oios)
¢.) )+ Cro ¢B ¢o

(8)

where 7., s 7un, and ryp are friction forces fi,

on gear Zy,, fuys ON gear Zy, fupn ON gear L., fumn

on gear Zy.
m,m,X,m = Fup — Ko X — ,m,X,m
My Y,m =Fo— Ky Yim — ,myY,m
M Zin = Fine = Kine Zi = ConeZin
(m,, + m“,)X =F, — K, X, — c,-pIXv
(m,, + min)Y,I, F,,—K,Y,— C,pyY,p
(m, + mm)Z,p Fo.— Ky.Z, — WZ,},
(my, + m,jJ =F, — K. X,— C,j,X
(my, + my) Y/f =F,;,, — K.Y, —ca, Y
mBX:B =Fy, — Ky, X — CBJ'XB
mBYB FB\ KByYB - CByYB

(9)

In order to eliminate the displacement of the

rigid body, the relative displacement of the gear
meshing line and the torsional line displacement of

the shaft are shown in Egs.(10), (11), respectively.

Yimon = Pix (— Xgw — Xi) = Pz (— Zi — Z1)—

w (= Y T Omipm — Yiw = Oilipn) = Cinrn
mplﬁ =(— Yl’p + 7’ibp¢ip)_(Yfi + ribls¢1’ls)_ €inpls
Yiee = (= Y 7)) = (Yo + raoepio) — Cinps

Y =(— Y.+ 7ih1h¢z'lh)_ (Yg+ ”m;¢ls)_ €inB1h
Yiwon = (= Yo + ram@ion) — (Y + ripu) — €inpan
(10)
Yiom = Fion (P — ¢im)
Yo, = Tiny (i — i)
Yo = raan (@as — dan) (11)
Y inon = Tizon (Proe — o)
Yo = 70 (s — @)
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where 7ipms Zips Tiaws Tosns and ry, are the equiva-
lent radius of the input shaft, the split shaft, the du-
plicate gear shaft 1, the duplicate gear shaft 2 and
the output shaft, respectively.

The torsional displacement of the meshing gear
pairs Zy, and Zg, is converted into a line displace-
ment along the meshing line by combining Eqs.(8),
(10) and (11), and the differential equation of the

meshing line is

° Fpr_ KprYRp FRI,I‘_ KRLI’XRl -
Y= — + sind g, —
: M M
Rnp R1
2
me*KRly Y / T"Rbls
cosd 1<1*F1<np1,- +
My, I,
: T"Rbp
( Krian Y rian+ Crian Y rian) N
TRDp IRp
. ; T'Rb1s
(KRlslleRlsl}\+cRlsthRlslh) -
Trisin I ris

2 .
rl;bp fRnplsrrRIS T"Rb1s

( F[(npls+ Fl{an,\) + +
IRp IRls

T"Rbp

(ﬁ{ansrrRZp+‘f}€np]srrk]p) Ji 7ERnpls
Rp

(12)
where My, = myy, + myy,. Similarly, the differential
equations on the other gear pairs meshing lines
could also be obtained.

Based on Eqs.(8) and (11), the torsional dis-
placement of the right branch duplicate gear shaft 1
is converted into linear displacement, thus vibration
differential equation of torsional line displacement
Y s

KRlslh YRlslh

FRnplserlsrRlslh

Yiian = - +
I, I
fRnplsrrRlsrRlslh o Cristh Y Rislh +
%R I,
(13)
Frapin 7 roan " r1stn o Krian Y rian +
Ith Ith

~ Crisih Y

IR]I\ Ith

fanh iR1n T E1s1n

Similarly, differential equations of the torsional
line displacement vibration of the other shafts could
be obtained.

Based on the analysis above, the dynamic dif-

ferential equations of the transmission system with

only line displacement could be derived.

3 Friction Coefficient of Tooth Sur-

face

The frictional force and friction torque between
the meshing surfaces are related to the factors such
as friction coefficient, meshing stiffness, friction
arm and so on. Friction coefficient, meshing stiff-
ness and friction arm are all time-dependent periodic
functions. In order to facilitate the subsequent calcu-
lation and analysis, the product of the time-varying
friction coefficient and the time - varying meshing
stiffness 1s defined as the friction stiffness Kf of the
gear pair. The product of the time-varying friction
stiffness and the friction arm is defined as the fric-
tion torque coefficient KTf of the gear pair

Kf ()= (1) (1)K (1)
{KTf(Z)—/1,</(l);z(z‘)K([)r(z‘)

where A (z) i1s the friction direction coefficient,

(14)

when the meshing point passes through the pitch
point, the direction changes; and r(z) the friction

arm.

3.1 Friction stiffness and friction torque of
spur gear

The spur gear meshing schematic diagram is

shown in Fig.4. For the spur gear transmission sys-

tem, the length of the contact line KK' is constant

and parallel to the axis from entering the mesh to ex-

iting mesh. In a meshing cycle, the time - varying

Fig.4 Engagement process of spur gear
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friction stiffness Kf;(z), the friction torque coeffi-
cients KTf,(¢) and KTf,(¢) of the contact tooth pair
7 can be expressed as

KFi () = (1) i (1) kil

KT (1) = A () g (1) koilR (1) (15)

KT (1) = Ao (1) 1 (2) koilR o (1)
where %, is the meshing stiffness of the contact line,
and / the length of contact line. The total frictional
stiffness and the total frictional torque coefficient of
the spur gear pair in a meshing cycle are obtained by

superimposing all the teeth in a meshing cycle.
Kf (1) = ZKf;(Z)
KTf (1) = ZKTfU(Z) (16)
KT/, (1) = ZK%([)

The calculation results of the friction stiffness
and torque coefficient of spur gear are shown in
Figs.5, 6. It can be seen that the direction of rela-
tive sliding speed between the contact flank chang-
es, and as the meshing point moves away from the
pitch point, the relative sliding speed and coefficient
of friction increase. Hence, the frictional stiffness
changes like them. In addition, the friction torque of
the driving gear is the same as the direction of the
driving torque. For the driven gear, during the
meshing process from the entering point to the pitch
point, the friction torque is the same as the load
torque. However, when the meshing point passes

through the node, the conclusion is reversed.

3.2 Friction stiffness and friction torque of her-

ringbone gear

Herringbone gear can be considered as double

2r . Kf
E _KfH
o~ 1r
o — &
22 0F _ .ﬁﬂ
S
<
S

t/10%s

Fig.5 Friction stiffness of spur gear
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g of
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S
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t/10"s
(b) Friction torque coefficient of driven gear

Fig.6  Friction torque coefficient of spur gear

helical gears. Engagement process of helical gear is
shown in Fig.7. The length of the contact line KK'
gradually increases from zero to peak then decreases
to zero during the mesh. If one tooth of the gear pair
is divided into n pieces of unit length in the direction
of the tooth width, each piece can be regarded as a
pair of spur gears. At time 7, the frictional stiffness
Kf.(t,j) and the torque
KTf.(t,j), KTf,(t,j) of the jth piece can be ex-

friction coefficients

pressed as
Kfi(t.j)=A:(t.j) pi(1,]) koydl
KTfi(t,j)= 2, (2,j) (1, ) ko Ry (2,)dL
KTfo(2,j)= A2 (2,)) g (1,] ) ke Roi () dl
(17)

The jth slice

e

Fig.7 Engagement process of helical gear
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where d/ is the unit contact line length. At that spe-
cific moment, the friction stiffness and the friction
torque coefficient of the tooth 7 are

Kf (1) = SIKf(2,])

ji=1

KTf (1) = iKTfu(z‘,j) (18)

j=1

KTf (1) = ﬁ]KTf;I(t,j)

j=1

where m is the number of pieces involved in the
mesh at that moment. Substituting Eq.(18) into
Eq.(16), the total friction stiffness and the total fric-
tion torque coefficient of the helical gear pair in a
meshing cycle can be obtained.

Figs.8, 9 are the curves of the friction stiffness
and the friction torque coefficient of the herringbone
gear. Their variation law is the same, and the varia-
tion amplitude of the driven gear is larger than that
of the driving gear. Compared with the spur gear
transmission, the stiffness curve is continuous with-
out abrupt changes and its direction is almost con-
stant. Due to the symmetry of the double helical
gear, the direction of the friction torque coefficient
hardly changes, so the resultant force direction of
the friction is unchanged, which plays an important
role in improving the dynamic characteristics of the

gear transmission system and the tooth surface wear.

4 Analysis and Discussion

According to the transmission power and speed
of an aviation reducer, the design parameters of the
reducer are optimized, which are shown in Table 2.
Since the dynamic equations are complex and the de-

grees of freedom involved is large, it is difficult to

Friction stiffness /
(10°N *m™)

Fig.8 Friction stiffness of herringbone gear
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Fig.9 Friction torque coefficient of herringbone gear

solve the dynamic equations by analytical method
and numerical integration method. Therefore, the
Fourier series method is used to solve the dynamic
characteristics of the transmission system. In order
to investigate the effect of tooth surface roughness
on the dynamic characteristics of the system, the
mean square root of the tooth roughness is set as

0.3, 0.6 and 0.9 pm, respectively.
4.1 Tooth surface dynamic friction

Fig.10 is the time-domain response map of tooth
surface dynamic friction. It can be seen that the dy-
namic {riction of the system has periodic fluctua-
tion, and tooth surface friction of herringbone gear
is more stable than spur gear.

During the meshing process, the direction of
spur gear’ s tooth surface friction is changed, how-
ever, that of herringbone gear is unchanged. We
compared tooth surface friction absolute value in
three different kinds of roughness and found that the
friction increases with the rise of the mean square
root of the roughness, the friction coefficient is larg-
er when the roughness is larger. For the spur gear
meshing process, when the pair of teeth enter and
exit meshing, the change in the number of teeth

causes a sudden change in the meshing force of the
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Table 2 Main parameters of the transmission system

Parameter Value

Input power / kW 2 000

Input speed / (remin"") 20 900
Normal module of power input, split torque and power confluence stage / mm 3.85,3.5,4

Gear ratio of power input, split torque and power confluence stage 27/74, 31/98, 23/215
Pressure angle of power input, split torque and power confluence stage / (°) 20, 22.5, 20
Face width of power input, split torque and power confluence stage / mm 45, 48, 100
Helical angle of power input and power confluence stage / (°) 30

Installation angles of ¢;;, 6, and 0 / (°) 108,104, 150
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Fig.10 Time-domain image of the vibration response of friction force

tooth surface, resulting in the amplitude of tooth

surface frictional reaching the maximum. Since the

tooth surface friction factor at the time of entering

mesh is greater than that of exiting mesh, resulting

in greater {rictional force, the magnitude of the abso-
lute value of the frictional force is greater when the
gear teeth enter the mesh. For herringbone gear,

since the contact ratio of the double helical gear pair
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is large and the gears in the mesh is more, plus, the cated environment, it is not as small as possible, as
directionality of the tooth friction makes the friction- it involves at least the oil film. Therefore, there is a
al force partially offset, the herringbone gears are vi- ~ balance value, and it is necessary to test and explore
brated smoothly and the amplitudes are much small- specific friction pairs.

er than that of spur gears. 4.2 Dynamic meshing force of tooth pair

There is a certain relationship between rough- Fig.11 is the time-domain diagram of the dy-

ness and friction coefficients, but how to choose namic meshing force between gear pairs. It can be

roughness is complicated because it involves many seen that there is periodic fluctuation of dynamic
factors, such as material properties, surface struc- meshing force in each branch, and the vibration am-
ture, oil film and so on. In general, in an oil-lubri- plitude of the herringbone gear is relatively smaller.
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Fig.11 Time-domain image of the vibration response of meshing force
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As can be seen from Figs.11(a), (b), (e) and (),
for spur gear, there is a noticeable meshing impact
due to abrupt changes in the number of gears partici-
pating in the mesh. When the teeth are engaged, the
direction of the friction torque is opposite to that of
the driving gear torque, thereby suppressing the
generation of the meshing force. During exit mesh-
ing, the direction of the frictional torque is the same
as that of the driving gear torque, thereby increasing
the meshing force. As the surface roughness of the
tooth increases, the dynamic meshing force increas-
es when the gear enters the mesh, and the meshing
force at the time of exit is reduced. It can be seen
from Figs.11(c), (d), (g) and (h) that for herring-
bone gear, due to the small change in the meshing
stiffness of double helical gears, the dynamic mesh-
ing force response in the power confluence stage is
stable and the vibration amplitude is smaller than
that of the spur gear. Besides, for the closed force
system of the transmission structure, the asymme-

try of the force is caused by the structure itself, and

2

Harmonic order of split torque stage

amplified by the contact ratio, so the herringbone
gears teeth dynamic meshing forces of power conflu-
ence stages in the left and the right branches have

significant differences.
4.3 Bearing dynamic supporting force

Fig.12 is the bearing force of the time-domain
signal and frequency-domain signal. From the time-
domain signals in Figs.12(a) —(f), it can be seen
that the roughness has little effect on the vibration
amplitude of each split-torque and duplicate gear
shaft bearing, but has some influence on the local vi-
bration characteristics. Generally, the impact of the
natural frequency of the power confluence stage is
greater. It is clear that the effect on the bearing force
vibration is mainly the first-order natural {requency
of the split stage and the power confluence stage,
and with the increase of the roughness, the influ-
ence of the split stage is increasing and that of the
power confluence stage is decreasing. From the

time-domain signal of Fig.12(g), it can be seen that
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Fig.12 Time-domain and frequency-domain images of the vibration response of bearing force

the vibration of the output shaft bearing force is com-
plicated, and the vibration amplitude and the fluctua-
tion of the output shaft bearing force increase with
the rise of the tooth surface roughness. As can be
seen from the frequency-domain signal, the incre-
ment is the first-order response, while changes of

the other orders are not obvious.

5 Conclusions

(1) The product of time-varying friction coeffi-
cient and time -varying meshing stiffness is defined
as the friction stiffness of gear pair. The product of

time-varying friction stiffness and friction arm is de-

fined as the friction torque coefficient of gear pair,
and spur gear and helical gear’s friction stiffness and
friction torque coefficient equations are derived.

(2) Taking multiple factors such as time-vary-
ing friction coefficient, time-varying meshing stiff-
ness, support stiffness, torsional stiffness and com-
prehensive error into account, the dynamic equa-
tions of the double-input split torque transmission
system with bending-torsional coupling is estab-
lished.

(3) The friction stiffness curve of the herring-
bone gear is more stable and the amplitude of the

frictional stiffness is smaller. Compared with spur
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gear’ s friction stiffness curve, herringbone gear’ s
curve is continuously changed without any muta-
tion, and the direction of friction stiffness i1s un-
changed. Therefore, during the meshing process,
the direction of the tooth surface friction of the spur
gear is changed, and that of herringbone gear is un-
changed.

(4) The friction force of herringbone gear is
more stable than the spur gear, and the fluctuation
is much smaller than spur gear. The meshing force
of the spur gear is larger when entering mesh due to
the directionality of the tooth friction force. The
change of the meshing stiffness of herringbone gear
is small, so the dynamic meshing force changes
smoothly and the vibration amplitude is small. The
amplitude of the bearing vibration is not obviously
affected by the friction, but the friction has a certain
influence on the bearing force of the output shalft.
The effect on the bearing force vibration is mainly
the first -order natural frequency of the split stage
and the power confluence stage. Generally, the im-
pact of the natural frequency of the power conflu-

ence stage is large.
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