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Abstract. Due to a large number of components, complex meshing relations and high
requirements for assembly accuracy, the dynamic characteristic of compound planetary gear, such
as vibration, impact, periodic motion and load sharing, are more easily affected by internal
excitation than those of simple planetary gear set and parallel shafting gear set. To improve the
load sharing behavior and the resistance of Chaos motions in the compound planetary gear set, in
this work, by introducing the floating support into the center gear and planet gear, a lumped-
parameter dynamic model of the compound planetary gear set is built based on the lumped
parameter method and Lagrange kinematics equation. The steady response is calculated by
numeric method to investigate the influence of floating support from different components on
loading sharing behavior and periodic motion. The results indicate that, the increase of the floating
value of all components improves the instantaneous load-sharing behavior, and single floating of
planet gear reduces the load sharing behavior. To avoid the system being in quasi-periodic motion
and Chaos motions under the condition of floating support, the input speed should be avoided
away from the range of 3201 r/min-5069 r/min.

Keywords: compound planetary gear set, floating support, periodic motion, load sharing.
1. Introduction

Due to the characteristics of its structure, the compound planetary gear has a large number of
supporting shafting, and a single supporting shaft often bears the supporting load from multiple
gears. When vibration, shock or impinges occurs on the supporting load, due to transmission error
or clearance from mating gears and bearings, dynamic load [1] of supporting load will be
transferred to the shafting through the contact of the axle and hole, causing the vibration of the
shafting and even further decreasing the dynamic characteristics of the gear train. To resist the
influence of transmission error and meshing impact caused by backlash on shafting components,
floating support is generally used in the center construction of epicyclic gear train, such as carriers,
sun gears and rings, to buffer the contact collision caused by axle-hole clearance.

In the development of the stationary technology for the gear transmission system [2], many
solutions have appeared by adding floating support and changing the floating mechanism:
Kahraman [3] investigated the influence of time-varying meshing stiffness on the support
clearance for the parallel-shaft gear system, and found that the dynamic load caused by meshing
stiffness fluctuation further amplified the shafting vibration through the support clearance.
Considering gravity, bearing clearance and input torque, a torsional dynamic model of planetary
gear gearbox is given by Guo et al. [4], to investigate the influence of internal and external
excitation on the load-sharing performance in a simple planetary gear set. By introducing floating
support into the central component of the epicycle gear train and numerical simulation, Wu [5]
found that the floating support of the central component reduced the vibration amplitude. To
further verify the influence of floating support on the average load characteristics of the epicyclic
gear train, a two-dimensional “pure-torsion” dynamic model of planetary gear is built by Tsai [6]
to calculate the average load coefficient under different floating values. Taking the impact of load
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on floating support into account, Xu [7] concentrated on the load sharing behavior of the planetary
gear set under heavy load and floating support. The results show that, the central component
floating together improves load sharing behavior obviously, compared with the single floating of
the central component. Wang [8] proposed a floating mechanism with an adjustable floating
volume, which realized the floating volume adjustment for center gears by adjusting the gear
clearance. Zeng et al. [9-11] investigated the vibration sources of a gear-box by experimental
investigation.

In addition to the influence of floating support on the load sharing behavior, scholars have also
carried out studies on other dynamic characteristics of the gear train under floating support. By
using Poincare interface and phase orbit analysis methods, Guo [12] established a dynamic model
of planetary gear with eccentric errors, component floating and transmission errors, and found that
the existence of floating clearance was not conducive to maintaining the stability of the rotation
components [13-14]. Through 3D modeling and modal analysis, Nejad [15] investigated the
floating combination for the wind turbine’s planctary gearbox. Wang [16] established a
mathematical model on the gear-rotor-bearing system and found that the manufacturing error of
floating support and the installation error of planetary gear mainly decreased the transmission
stability of gear multi-support of rotors. Cai [17] investigated the influence of planetary gear
numbers on the floating support. Wang [18] carried out fault diagnosis research on the planetary
gear box containing ring floating, and obtained the system spectrum under floating support. Chung
[19] investigates the floating effects on the load sharing behavior of planetary gear set. Yi [20]
built a coupled dynamic model to reflect the load sharing behavior in the helical
gears-shafts-bearings system, and verified that decreasing transmission error could improve load
sharing behavior. Chen et al. [10, 21, 22] introduced spring damping pair to describe the meshing
force between mating gears and investigated the dynamics under the time-varying fluctuation of
meshing stiffness.

According to the literature listed above, although most of the current researches on floating
support of gear transmission system focus on the relationship between floating and load sharing
behavior for the simple planetary gear system, no research has been processed on floating support
in the compound planetary gear system. In this work, and a “translation-torsion” lumped parameter
dynamic model of the compound planetary gear set is established, to reveal the influence of
floating support on vibration impact, periodic motion and load sharing behavior of the compound
planetary gear under the condition of transmission error, backlash and time-varying meshing
stiffness.

2. Modeling of the compound planetary gear set under floating support

To investigate the relationship between the floating supports from different components and
the dynamic characteristics of the compound planetary gear, a “translational-torsional” lumped
parameter dynamics model proposed and established by Zhang [23] is introduced in this work,
and the structure of compound planetary gear set of Ravenna type is consistent with [23-25], as
shown below in Fig. 1.

As shown in Fig. 1(a), there are two types of components in the Ravigneaux compound
planetary gear set: the central component (Sun gear s, and s,, carrier ¢ and ring gear 1), and the
planet gears (an and bn). The planet gears not only rotate freely around its axis, but also revolve
around the center of the gear system under the support of carrier c. Among them, planet gears an
mesh with sun gear s, and also meshes with the long planet wheel bn, which forming a planet
gear meshing pair between planet gear an and bn. In general, n represents the serial number of
planet gears, and in this paper, n = 1, 2, 3. The central gear engages with three planetary gears,
which arranges symmetrically in space, as shown in Fig. 1(b), where Py, represents the first pair
of sun gear — planet gear meshing pair, Py,p, and Py, (n =1, 2, 3) represent the planet-palnet
meshing pair and the ring meshing pair respectively.
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Fig. 2. The translational-rotational dynamic model of the compound
planetary gear set under floating support

Periodic time-varying meshing stiffness of meshing pairs Pgiqn > Panbn > Pron and Pgopn
(n =1, 2, 3) are expressed by Kg14n, Ks2pn» Kanpn and kyp, respectively, whose meshing force is
determined by the piecewise linear profile gap function f; (j = slan, s2bn, anbn, rbn) [15], [17]:
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& —b, & >b,
fim =130, 8] <b;, (1)
§+b;, & <-b,

where in Eq. (1), §; is the theoretical meshing displacement from penetration depth of mating
gears, and its amplitude reflects the deformation of the meshing pair without considering the
backlash between mating surface, as shown in Eq. (2). b; is the backlash on meshing pair P;. When
the theoretical meshing displacement &; is greater than the backlash b;, §;-b; is the actual meshing
displacement for calculating meshing force in meshing pair P;. The dynamic meshing force F; is
given by multiplying by the actual meshing displacement f; and time-varying meshing stiffness
k; in Egs. (3,4), which are cited in [16]:

5slan = (xan - xsl)Sinlpslan + (ysl - yan)coswslan
+(951T51 - rcaeccosasla + eanra) + €sians

8s2om = (Xpn — X52)SINYgopn + (Vs2 — Ybon)COSYs1an
ZpB .
+ (9527"52 - rcb eccosaﬂa + <Z> eanra) + eszbnarbn = (xr - xbn)snuprbn (2)
A

+()’bn - Yr)cosd)rbn + (anrb + rcb QCCOS(XTb - 9-,7",) + €s2bn»
Sanbn = (xan - xbn)Sinlpanbn + ()/ab - Ybn)COSIpanbn

_(eanra —Tab QCCOS(Zab + gbnrb) + €anbns
ki =km; +km;-v- cos(wmesht + yj), 3)
F; = kj -fj, j = slan,s2bn,anbn,rbn. 4

To investigate the influence of floating support on dynamics of compound planetary gear set,
floating coefficients w; is introduced into each supporting of components, and is incorporated with
support stiffness for center gears and planet gears, as shown below:

Fp =k (o —x)% + i — y)2 - wy, (5)

FL'T = ki . ’xlz +y12 Wi, (6)

where in Egs. (5, 6), x; and y; is the translational displacement on x-direction and y-direction for
the component i, and is observed under rotational coordinate system YOX. k; is the support
stiffness of the axle-hole joint on component i under the condition without floating. w; is the
floating coefficients. By incorporating the floating coefficients w; and the support stiffness,
kinetic equations of the central component and the planet gears are derived based on Lagrange’s
Equation of Motion:

Central gear s;:

N N
msq (.’56'51 - 2wcj’sl - wczxsl) - Z kslanfslanSinlpslan - Z CslanaslanSinl/)slan
n=1 n=1
+kg1x5Ws1 = 0,
ms(ysl + chxsl - wczysl) + Z kslanfslancos(lpslan) + Z Cslansslancos(lpslan) (7)
n=1 j=1
+kslyslwsl - 0
/sl Tsl
_951 + Z kslanfslan + Z Cslan stan T ksltgslrsl - T_
s1 s1

n=1 n=1
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Planet gear an (n =1, 2, 3):

ma(jc.an - ch)}an - wczxan) + k.slanfslanSinlpslan + Cslan6slan5in¢slan
+kanbnfanbn5inlpanbn + Cab(stzrlb‘rlSinlpbanbn + ka ! 5canx '_Wan =0,

ma(j}an + chxan - wczyan) - k_slanfslanCOSlpslan - CslansslanCOSlpslan
+kanbnfanbncos'~/)anbn + Cap 6ananOS¢anbn + ka ' 6cany *Wan = 0,

Ja

a

Gan + kslanfslan + Cslaaslan kanbnfanbn - CabSanbn =0.
Planet gear bn (n =1, 2, 3):

my (jc.bn - ZwCYDTl - wcszn)'—}' kszbnfszbnSinlpstn + CszbnsszbnSinlpstn
krbn_f‘rbnSinlp‘rbn - Crb(SrbnSinlprbn - kanbnfanbnSinlpanbn
—CabOannSiWanpn + KpSepnx * Wpn = 0, )
my (Ybn + chxbn - wgybn)__ kstnstanOSIz[}stn - Cszbn552bncoswszbn
+krbn_frbncoswrbn + Crb é‘ranOSl»brbn - kanbnfanbncoswanbn
—CabOanbnCOSYanpn + Kp 6cbny “Wpn =0,

Jv Tvp Tvp : :
r ebn szbnfszbn + r Cszbaszbn + krbnfrbn + Crb Srbn
bA A

kanvnfanvn — CabOanpn = 0.

Central gear s,:

N N
. . 2 . S .
My, (xsz - ch)’sz — e xsz) - Z kszbnfszbnSIru/)szbn - Z CszbnsszbnSIHIPSan

n=1 n=1
+k52x52 *Wsr = 0,

.e . 2 o
mg (YSZ + chxsz — W¢ J’sz) + Z kszbnfszbncoswszbn + Z Cszbn5s2an051p52bn

+ksZ.Vs2 W, =0,

]sZ k k Tsz
r_esl + szbnfszbn + Cstn s2bn T KsatUsz = 7"_
s2

n=1 n=1

Planet carrier c:
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N N N
Mce(jéc - chj}c - CUczxc) + Z ka(xan - xc) + Z Ca(xan - xc) - Z kb(xbn - xc)
n=1 n=1 n=1
- Z cp(Xpn — %) + kexe-w, =0,
n=1

N N N
Mce(j)c + zwcjéc - wczyc) - Z ka(yan - yc) + Z Ca(yan - yc) - z kb(ybn - yc)
n=1 n=1 n=1

_Z Cb(j’bn - yc) + kexe-we =0,

n=1 (1 1)

]cerca c Z kslanfslan Cos(asla) Z Cs1a slancos(asla)
N
ch .
Z kszbnfszbn COS(“SZ[J) - _Z Cszbaszbncos(aszb)
Tea
N n=1
ch .
krbnfrbncos(arb) + Cszbarbncos(arb)
n=1
N
rab .
kanbnfanbncos(aab) + Cab6abncos(aab) =0.
n=1
Ring r:
N N
my (¥, — 20y — ngr) + Z krbnfrbnSinlprbn - Z CrbOrpnSINYypn + kyXy - Wy = 0,
n=1 n=1
N N
mr(j}r + chxr - wc%yr) - Z krbnfrbncoswrpn - Z Crbgrbncoswrbn + kryr Wy = 0: (12)
n=1 n=1
] N N
- .
—0, — Z kyonfron — Z CrpOrpn + krety = 0,
n=1 n=1

where in Egs. (7-12), 10 components and 30 kinematic equations form together for the dynamic
model of the compound planetary gear set, and the description of each parameter is shown in
shown in Appendix Tables A1-A2.

3. Influence of floating support on load sharing behavior

To quantify the influence of floating value on load sharing behavior from different meshing
pairs of compound planetary gear, the floating coefficient w; is introduced into the support of
central gear and the planet gear respectively, to change the support stiffness.

To study the load distribution in each meshing pair, dynamic load coefficient LSC; (j = slan,
s2bn, anbn, rbn) is introduced. Definitions for three different types of load sharing coefficients
are given [25] below:

aXF
LSC;(t) = (j = slan,s2bn,anbn,rbn), (n=1,2,3), (13)

Z
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where F; is the meshing force defined in Eq. (4). The load sharing definition is applied in all the
other meshing pairs. The parameters values of numerical simulation are shown in Appendix
Table A3. Under the condition that the floating coefficients of all components are consistent and
change synchronously, the calculation results are shown in Fig. 3.
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Fig. 3. The influence of floating support on load-sharing behavior
of different meshing pairs under the condition of the same floating coefficient

1.1

When the floating coefficient of all components is 1, which represents non-floating support,
as shown in the red line in Fig. 3(a-c).With the floating coefficient w; at each support increasing
from 0.8 to 0.6, the floating value increases also, compared with the load sharing coefficient curve
under non-floating, increasing the floating coefficient of each component decrease the amplitude
of the load sharing fluctuation in meshing pair P4y, as shown in blue line and purple line of
Fig. 3(a), and the fluctuation style of load sharing coefficient LSC,; 4, (t) remain unchanged. It is
indicated that increasing floating value improves the instantaneous load sharing behavior for
meshing pair P4 4,. Similarly, in meshing pair P,,,;,, as shown in Fig. 3(b), and in meshing pair
Pyopn, as shown in Fig. 3(c), floating increasing decreases the instantaneous load sharing
coefficient LSC,,p, (t) and LSCgypn (t). The difference is that, Compared with meshing pairs
Psian, the load sharing behavior of meshing pairs Py,p, and meshing pairs Pgy;, is more
obviously affected with floating change, and the increase of floating quantity improves the load
distribution performance of meshing pairs Py, and Py, significantly. The reason for this
difference is that, an initial transmission applied on sun gear s; causes unbalance loading
distribution on planet gears a,, a, and a5. In the process of power transmission from power input
gear s; to meshing pair P,,,;,, and meshing pairs Pg,j,, the internal excitations in gears system,
such as backlash, transmission error, meshing stiffness and so on, enlarge the unbalance loading
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distribution, resulting in a larger load sharing coefficient at power output end s, than that at input
end s;. The floating support of sun gear s; at the power input end not only reduces the
instantaneous load sharing coefficient LSCgq4,(t), but also transmits the improved load
performance to the output end. Therefore, at the power transmission line, the load sharing behavior
improves more obviously with the floating coefficient increasing, resulting from the floating
coefficient of each component increasing synchronous.
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In Fig. 4(a), when the floating support is applied single on sun gear, carrier or ring, the time
history curves of instantaneous load coefficient LSCyy 4, (t) are similar between each other, which
indicates that the effect of single floating of different center components on the load-sharing
characteristics is similar. In Fig. 4(b), when the floating coefficient of each planet gear is identical
(purple wire), instantaneous load coefficient LSCyq 4, (t) is lower, compared with the condition
that floating of only one planet (red wire) or two planets (blue wire). The same phenomenon also
appears in the curve of instantaneous load coefficient for meshing pair Py, , as shown in
Fig. 4(c-d). Because that the load sharing behavior is largely determined by the uniformity of the
load from the sun gear to the planet, The load fluctuation caused by the floating of the central
component is evenly distributed to the planet gears, resulting in a harmonic uniformity around the
central component. Similarly, when the floating coefficient is equally applied on each planet gear,
as shown in the purple wire of Fig. 4(b-d), the fluctuations in dynamic load caused by the floating
cancel out. However, only floating one or two planet gears cause the imbalance of dynamic load
distribution among the three planet gears, resulting in unbalance load distribution and bad load
sharing behavior, as shown in the red and blue wires of Fig. 4(b-d). The analysis above shows
that, single floating of planet gear reduce the load sharing behavior of compound planetary gear
set, and single floating of different central components has similar effects on load-sharing. To
improve the load sharing behavior efficiently, each planet gears should be equally applied on
floating value.

To seek methods to improve the load-sharing characteristics of the compound planetary gear
set and find out the optimal configuration of floating support, as shown in Fig. 5(a). By comparing
the floating of a single sun gear with that of two sun gears together, it is found that, the floating of
two sun gears together reduce the load sharing coefficient largely, and the effect is better than that
of a single floating on sun gear. While the floating planet gears an (blue line) increases load
sharing coefficient significantly, indicating that increasing the floating number of central
components improve the load sharing behavior, while the floating of planet gears reduce load
sharing behavior. The same phenomenon also occurs in meshing pair P,;,p,, as shown in Fig. 5(b),
which verifies the correctness of the conclusion from Fig. 5(a).

4. The influence of the floating support on the periodic motion

The mode of vibration optimization is partially determined by the periodic motion. Generally,
the vibration on mating gears can be optimized using directional error compensation under single
and double periodic motion, while the vibration is not able to be eliminated under quasi-periodic
and chaotic motion due to the uncertainty of motion. To find out the method of optimizing the
periodic motion of the compound planetary gear, different floating quantities is applied on the
different components, and the gear train periodic operation behaviors under different meshing
frequencies and floating quantities are investigated by taking the meshing frequency and floating
support as the excitation variables.

At the low-frequency section w,,esp, < 0.4, in Fig. 6(a, d), the motion trajectory of relative
meshing displacement of meshing pair Pg,,; presents a single closed curve, and the Poincare
interface presents a single solitary point, which indicates that the vibration of the system moves
in a single periodic motion. By introducing floating coefficient of all the components w,; = 0.8
into the system, in Fig. 6(b, e), although the motion trajectory still presents a single closed curve
state and the Poincare interface presents a single isolated point, compared with Fig. 6(a, d), the
vibration velocity of Py, ,; reduces greatly, indicating that the introduction of the floating support
absorbs part of the vibration kinetic energy and reduces the vibration velocity at the gear tooth
engagement. With the further increase of the floating value and decrease the floating coefficient
W = 0.6, as shown in Fig. 6(c, f), the vibration of meshing pair Pg,,; maintain the single-period
motion.
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The above analysis shows that, the floating support reduces the vibration velocity at the gear
tooth engagement, a larger floating amount or a lower floating coefficient, causes a smaller
vibration velocity. Floating support does not change the single-period motion state in the
low-frequency range. If it is necessary to add floating support to improve the load-sharing
behavior in a compound planetary gear set, it is suggested to maintain the meshing frequency in
the low-frequency range.

At the intermediate frequency section wy,esp = [0.4-0.9], and the input speed of sun gear
improves. Under the condition of non-floating support, the vibration maintains a regular
single-period motion state, as shown in Fig. 7(a, d). With the introduction of floating support in
Fig. 7(b, e), the motion trajectory of meshing displacement changes from a single curve to a double
closed curve, and the Poincare section is programmed from a single solitary point to two solitary
points. Therefore, in this meshing frequency section, the vibration changes from a single periodic
motion to a double periodic motion, as a result of floating support. With the floating value of all
the components increasing further, as shown in Fig. 7(c, f), the motion trajectory of Pg;,4, is no
longer a closed curve with single cycle, but a closed curve with multiple cycles, indicating that
the system enter into quasi-periodic motion.

In addition, by comparing the ordinate of Fig. 7(a-c) and Fig. 7(d-f), it is found that the increase
of floating amount reduces the vibration velocity of the relative meshing displacement 841,
indicating that the introduction of floating support can absorb vibration kinetic energy and reduce
the meshing impact of gear teeth in the section of intermediate meshing frequency.

The above analysis shows that, in the section of intermediate meshing frequency, the
introduction of floating support and the floating amount increasing results in the periodic motion
change from single periodic motion to double periodic motion and even quasi-periodic motion.
However, the vibration velocity and the meshing impact caused by the vibration of components
are reduced by introducing floating support.
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Fig. 7. At meshing frequency wesp = 0.9, (a-c) is the phase trajectory under different floating coefficient,
and (d-f) is Poincare interface under different floating coefficient, x-coordinate is the non-dimensional
theoretical penetration depth of meshing pair Pg,,,, y-coordinate is non-dimensional theoretical
penetration velocity of meshing pair Pgq4,. Wy is the floating coefficient for all the components
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Fig. 8. At meshing frequency wmesn = 1.9, (a-c) is the phase trajectory under different floating coefficient,
and (d-f) is Poincare interface under different floating coefficient, x-coordinate is the non-dimensional
theoretical penetration depth of meshing pair P4 .1, Y-coordinate is non-dimensional theoretical penetration

velocity of meshing pair Pgq41. Wy 1s the floating coefficient for all the components
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At the high-frequency section w,,esp = [1.2-1.9], vibration motion is not easy to maintain a
single periodic motion, and most of them present quasi-periodic or even chaotic state, as shown
in Fig. 8(a, d). The phase trajectory shows several closed curves, and the Poincare interface shows
two isolated islands, indicating that the system is in quasi-periodic motion with good periodic
motion. After the floating support is introduced, as shown in Fig. 8(b,e), the meshing
displacement &4, presents several closed curves. As the floating amount further increases, as
shown in Fig. 8(c, f), the number of closed curves also increases, the number of isolated points in
Poincare interface increases, and the distribution range becomes larger.

In addition, by comparing the ordinate of Fig. 8(a-c) and Fig. 8(d-f), it is found that, the floating
amount increasing does not affect the vibration velocity of the relative meshing displacement
85141, Indicating that the introduction of floating support has little influence on the absorption of
vibration kinetic energy in the high-frequency meshing section.

In the process of bifurcating through single periodic to chaos motion, bifurcation process goes
through single periodic motion, double periodic motion, quasi-periodic motion and chaotic
motion. Fall in between double periodic motion and chaotic motion, quasi-periodic bifurcation
process is a typical way to chaos, and can be considered as a way to enter chaos from periodic
window.

After a period of running time, if the vibration amplitude and velocity of the observation point
changes regularly and periodically, such as single periodic motion and double periodic motion in
Fig. 6, a corresponding periodic damping can be designed to counteract the regular vibrations.
However, when quasi-periodic motion appears in Fig. 7(c) and Fig. 8(a), it’s going to be a longer
period for the observation point to complete a cycle, compared to single periodic motion and
double periodic motion. If chaos motion appears, periodic motion is replaced by random motion
which is hard to controlled and eliminated.

The above analysis shows that, in the high-frequency meshing section w,.sn, = [1.2-1.9], the
introduction of floating support lead periodic motion to an unregulated state, and the increase of
floating amount induce the quasi-periodic motion to chaotic motion, which is not conducive to the
maintenance of regular periodic motion.

5. Literature validation

In this work, the validation of Eq. (7) to Eq. (12) comes from similar work in other’s literature,
by using the Eq. (7) to Eq. (12) from Lagrange equations of the second kind, a lumped parameter
“translational-rotational” model for compound planetary gear set (in Fig. 2) is built to calculate
the vibration displacement and meshing force for each mesh pair. Similarly, Zhang [26] introduced
the lumped parameter model and the equations of motion by using the Lagrange principle to
calculate the meshing force and load sharing coefficient in two-stage planetary gear set, and the
pure torsion equations of motion are given by Parker [27, 28] for compound planetary gear set.

Different from the equations of motion in Zhang [26] and Parker [27, 28], in this work, the
“translational-rotational” equations of motion are derived for compound planetary gear set, with
more degrees of freedom and more complex meshing relation. Based on Lagrange principle and
modeling by lumped parameter method likewise, the equations 7 to 12 in this work could be
verified by the similar work in Zhang [26] and Parker [27, 28].

The influence of transmission error and float on dynamic behavior was studied by Liu [29]
and Du [30]. Different from this work, the load sharing coefficient is calculated by using the theory
of equivalent mesh force. The results of Liu [29] indicated that, the floating of basic components
of planetary gear can obviously reduce the load imbalance among planet gears, and the similar
results of this work occurs in Fig. 3. Besides that, Du [30] found that, the load distribution
uniformity is better when multiple components float together, and the similar conclusion of this
work occurs in Fig. 4(b, d), where the load sharing coefficient under the condition of planet gears
floating together is lower than the condition of floating individually.

In Fig. 6(a), at low meshing frequency section, the motion trajectory of relative meshing
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displacement of meshing pair presents a single closed curve, the similar results are verified by
[29, 31] and indicates of a regular periodic vibration when input speed of gear is low.

From the Fig. 7(a-c), with the floating value increasing, the clearance between the mating gears
increases as well, resulting in the periodic motion change from single periodic (Fig. 7(a)) motion
to double periodic motion (Fig. 7(b)) and even quasi-periodic motion (Fig. 7(c)). It is indicated
that, the floating of gears and carriers causes more irregular movement and is not conducive to
periodic motion, which are verified by [32].

6. Conclusions

In this work, considering the influence of floating support on dynamics of compound planetary
gear set, first of all, based on the second Lagrange equation, a translation-torsional dynamic model
of compound planetary gear set including floating support is proposed and calculated in time-
domain by numerical method. The influence of floating support before and after introducing into
gear system and the floating value increasing on load sharing behavior and periodic motion is
conducted by comparing analysis, it is concluded that:

1) Under the condition of all components floating together, the increase of the floating value
of all components improves the instantancous load-sharing behavior of the compound planetary
gear. In the power transmission route, the closer to the meshing pair of the output stage, the more
obvious the load-sharing performance can be improved, due to introducing floating support.

2) Single floating of planet gear reduces the load sharing behavior of compound planetary gear
set, and single floating of different central components has similar effects on load-sharing. To
improve the load sharing behavior efficiently, each planet gears should be equally applied on
floating value. Increasing the floating number of central components improve the load sharing
behavior, while the floating of planet gears reduce load sharing behavior.

3) At the low-frequency section W, < 0.4, introducing floating support do not change the
single-period motion state in the low-frequency range. If it is necessary to add floating support to
improve the load-sharing behavior in a compound planetary gear set, it is suggested to maintain
the meshing frequency in the input speed range of 0-1067 r/min.

4) At the intermediate frequency section w5, = [0.4-0.9], where the input speed of sun gear
s; is converted into the range of 1067 r/min-2401 r/min, the introduction of floating support and
the floating value increasing result in the periodic motion change from single periodic motion to
double periodic motion and even quasi-periodic motion. However, the vibration velocity and the
meshing impact caused by the vibration of components are reduced by introducing floating
support. In order to reduce the vibration velocity and amplitude at the input speed range of
1067 r/min-2401 r/min, it is suggested to add a floating support to each component.

5) In the high-frequency meshing section w,,.gp, = [1.2-1.9], where the input speed of sun gear
slis is converted into the range of 3201 1r/min-5069 r/min, the introduction of floating support
leads periodic motion to an unregulated state, and the increase of floating amount induces the
quasi-periodic motion to chaotic motion, which is not conducive to the maintenance of regular
periodic motion. In order to avoid the system being in quasi-periodic motion and C motions under
the condition of floating support, the input speed of sun gear s; should be avoided the range of
3201 r/min-5069 r/min.
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Appendix
Table Al. Symbols in Eqgs. (7-12)
Notation Unit Description

X; mm | Translational vibration displacement for the part i under the coordinate
system yOx rotated with the carrier in the x-direction

Vi mm | Translational vibration displacement for the part i under the coordinate
system yOx rotated with the carrier in the y-direction

W, Rad/s | The angular speed of carrier ¢

J; kg'm? | The moment of inertia of component i

0; rad Rotational vibration displacement for the part i under the ground coordinate
system YOX

Teq mm | The distance between the center of carrier and planet gear a

kjm N/m | Mean value of time-varying meshing stiffness for meshing pair P;, after the
system running for m time steps, j = slan, anbn,rbn, s2bn,n=1,2,3

k; N/m | Radial support stiffness of part i

kit N/m | Tangential support stiffness of part i

Scanx> Ocany mm | Penetration displacement between carrier hole and planet an shaft,n =1, 2,
3

Scbnxs Ocony mm | Penetration displacement between carrier hole and planet bn shaft,n =1, 2,
3

T mm | Base circle radius of part i

fi mm | Deflection of mating gears in meshing pair P;, j = slan, anbn, rbn, s2bn,
n=1,2,3

¥; rad The angle between the line of action of P, and the x-direction of the
coordinate system yOx

Table A2. Subscripts

Symbol Description

i The part name shown in the dynamic model, i = s, S5, ¢, 7, an, bn

n Serial number of the planet among the equally spaced planets in the system, e.g. a4, a, and

az;,n=1,2,3

j Serial number of the meshing pair in the dynamic model, j = slan, s2bn, rbn, anbn

S1 Sun gear s;

S, Sun gear s,

c Carrier

T Ring gear

an Planet gear an

bn Planet gear bn

slan Meshing pair between s; and an

s2bn Meshing pair between s, and bn

rbn Meshing pair between r and bn

anbn Meshing pair between an and bn

ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460, KAUNAS, LITHUANIA 2 87



INFLUENCE OF FLOATING SUPPORT ON THE DYNAMIC CHARACTERISTICS OF COMPOUND PLANETARY GEAR SET.
HAIBO ZHANG, HUAJIAN SHANG, CHAO YANG

Table A3. Values of input parameter in results analysis

Input parameters Symbol and value
Number of carriers c=1
Number of sun gears s=2(sl,s2)
Number of rings r=1
Module (mm) m=4
Number of teeth Zg1 =36, 25, =48, 2z, =21,
zbA=18,zbB =18, z, = 84
Position angle of Planets 2n(n—1)
an =~
N
2n(n—1)
=N + 0.629

¥Ys1an = Yan — As1a

Ys2on = Ppn — As2p

Yrpn = ¥y + app
lpanbn =1.478 — Aap — lpan

Pressure angles Us1as Xszbs Aaps Urp = 20°

Mean value of mesh stiffness (N/m) ksianm = 1¥10° N/m
kgopnm = 1x10° N/m
kanpnm = 1x10° N/m

krpnm = 1x10°N/m,n=1,2,3

Coefficient of stiffness fluctuation v=0.25

Initial relative meshing phase Ys1a(1) = ¥51¢(2) = ¥514(3) =0
Vst(l) = }/szb(z) = Vst(3) =0
Yar(1) = Vap(2) =va(3) =0
Yro(D) =¥ (2) =¥, (3) =0
yab sla=1.1789, yrb sla = 0.2876, ys2b sla =

09111
Translational Bearing support stiffness (N/m) k; (i =s1,s2,c,r,an, bn) = 1x10° N/m
Torsional Reaction Stiffness (N/m) k. = 1x10°, others = 0
Mass (kg) mg = 6.173, my, = 11.102, m,. = 5.038
m, =5,698, m; =1.997, my, =3.139
Mass moment of inertia (kg/m?) Js1 =0.016, J, =0.052, . =0.152, ], = 0.08
Jo=0.0019, J, = 0.0022
Base circle of gear (mm) Ts1 = 67.65, 155, =90.21, 1, =39.47, 1,4, = 33.83
rpp =33.83, 1. =15.79
Gear Types Spur
Damping coefficient £=0.07
Meshing frequency (Hz) 1
Initial static transmission error (um) Sun gear s1 has a 60 um eccentricity error, others zero
Initial backlash (um) Backlash of All meshing pairs are 200
Applied load (Nm) Ts1 = 2000 Nm, Ty, = 969.69 Nm

Haibo Zhang received Ph.D. degree in school of power and mechanical engineering, from
Wuhan University, Wuhan, China, in 2017. Now he works at Hubei University of Arts and
Science. His current research interests include gear dynamics, dynamics and fault
diagnosis.

2 8 8 JOURNAL OF VIBROENGINEERING. MARCH 2022, VOLUME 24, ISSUE 2



INFLUENCE OF FLOATING SUPPORT ON THE DYNAMIC CHARACTERISTICS OF COMPOUND PLANETARY GEAR SET.
HAIBO ZHANG, HUAJIAN SHANG, CHAO YANG

Huajian Shang received bachelor’s degree in school of mechanical engineering, from
Hubei University of Arts and Science, Xiangyang, China, in 2021. Now he continues to
study for a Master’s degree at Hubei University of Arts and Science. His current research
interests include NVH monitoring and fault diagnosis.

Chao Yang received Ph.D. degree in China Academy of Machinery Science and
Technology in Beijing, China, in 2019. Now he works at Qingyan New Energy Vehicle
Engineering Center (Xiangyang) Co., Ltd as the general manager. His current research
interests include automobile fault diagnosis, test equipment and high-speed gear dynamics.

ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460, KAUNAS, LITHUANIA 289





