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Forced Vibrations of Planetary Gears with Elements of the Increased Flexibility
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The paper continues the research of dynamics of planetary gears with elements of the increased flexibility. The ba-
sis for the analytical model and input equations is the system of nine differential equations of dynamics of the plane-
tary mechanism received earlier. In the generalized forces the engine moment, the moment caused by torsion of an
elastic shaft of a sun gearwheel, and elastic forces in meshing of gearwheels and on satellites axes are considered.

The planetary carrier’s speed is assumed to be constant. The rigidity of the axle of the satellite in the tangential di-
rection considerably exceeds the rigidity of the axle in the radial direction, therefore, the displacement in the tangen-
tial direction is absent. The moment of the engine changes under the harmonious law. In this case forced vibrations of
a sun gearwheel and the satellite can be considered separately from forced vibrations of the satellite in the radial di-
rection owing to flexibility of the satellite axle. Amplitude-frequency characteristics of these oscillations are con-
structed. Characteristics of vibration processes are expressed through mass-dimensional, kinematic and strength pa-
rameters of the planetary gear taking into account flexibility of its elements.

Influence of the relative height of the flexible axle section, gear ratio of the mechanism and module of gearing on
the amplitude of forced vibrations and the position of the resonance area is investigated. Conclusions are drawn on
limits of variation of these parameters and their influences on the structure of planetary gears.

Keywords: planetary gear, flexibility of elements, dynamic, vibrations.

Introduction relative angle of satellite ¢, due to flexibility of

P lanetary gears are widely used in many ar- teeth; the relative angle of gearwheel ¢, due to

eas of engineering. The multi-satellite o ]
flexibility of gearwheel shaft ¢t gearwheel teeth is

planetary gears have additional advantages ' . e
in front of in-line gears [1-3]. The development of represented. It is considered natural vibrations of
gearwheels due to flexibility of teeth.

rational designs of planetary gears with elements
with increased flexibility continues [4—6]. This
makes it possible to reduce unevenness of load on
satellites [7-9], but leads to the need to study addi-
tional strength in elements the elements having the  /
increased flexibility [10] and also possible vibration
processes [11-15]. The relevance of a problem in-
creases at considerable loadings and high rotary
speeds [16—18].

In work [19] the planetary gear of type k-h-v is
presented by gearwheels as solid bodies (figure 1) T
and elastic linkages between them are modeled as
a springs; system of equations based on Lagrange’s  Fig. 1. The drive containing planetary gear: b - fixed cen-
equations of the second kind on nine generalized tral gearwheel, g- satellite, /4 - planet carrier, a - sun gear-
coordinates including: the displacement of the sat- wheel, - electric motor, 2 - coupling, 3 - actuator
ellite mass centre is represented due to axial flexi-
bility in radial direction y, and in tangential direc-

The purpose of this work is the research of in-
fluence the increased flexibility of links on forced
tion x,,; the rotate angle of planet carrier @,; the  vibrations of planetary gears.
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Simplification of the original equations and

the research of forced vibrations of the

“sun gearwheel — satellite” system

In the generalized forces like in the general dy-
namic model [20] takes into account (figure 2):
torque of engine M  ; moment due to torsion of the

elastic shaft of a sun gearwheel M ; elastic forces
in gear meshing of gearwheels. The moment
M, =c,p,, where c, is the torsional rigidity of the
shaft. The elastic forces in bearing of satellite

Fy =Chg, Y, Forses in gear meshing of motionless

gearwheel b and satellite g F),, =F,

ngb

=c gAsnb .
Here c),, and c,, are rigidity in gear meshing.

Since the force F,,, =F,

ugp 18 directed along the

line of contact located at an angle o, to the axis
x,, then the movement is due to the flexibility of
(pgrg
the elements (figure 3) As,,, =
COS L,

, Where r, is

the satellite radius. The elastic force in the meshing
of the sun gearwheel a and the satellite g is deter-
mined in a similar way.
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Fig. 2. The designe model with operating forces
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Fig. 3. Gear meshing “fixed central gearwheel — satellite”
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To study forced vibrations of the planetary gear
from a system of nine differential equations of second
order, three equations were selected according to
generalized coordinates ¢,, ¢, and y, :

]g(f)hihg +Ig('pg =
= _Mmp T Ch Pty T Cy ((para _(Parg)rg;

]a(-phiha +[a(-pa =
=M,cos pt—c,0, —n.c,, ((para —Q,7, )rg;

.. .o .o -2
ng'xq)h +mgxq)h +mgyg _mgyg(ph =
=G Ve T Cpe P 18O, T, Ty, ((para —(pgrg)tgaga.

It is believed that the speed w, =@, =const.
The rigidity of the axle of the satellite in the tan-
gential direction considerably exceeds the rigidity
of the axle in the radial direction, therefore, the dis-
placement in the direction of the axis x
x,=x,=%,=0. Torque of engine M, =
=M, cos pt, where p is the frequency of the driv-
ing force. Then the equations are transformed to the
following form:

ng')g =—MTp =P Ty +Cyp ((para —(pgrg)rg; )]

Ia('l.:)a :MO Cospt_ca(pa _nwcga ((Para _(pgrg)ra; (2)

meye— mgyg(bizz =" Cg Vg T ChPg 180T,
+cga((para —(pgrg)tgaga. 3)

Here m, 1s the mass of satellite; [ o 1, are the

moments of inertia of the satellite and sun gear-
wheel; n, the number of satellites; 7, radius of the

sun gearwheel;i ,, i, are gear ratios.

gh>

Under the accepted assumptions, the system of
equations is separated — the first two equations can
be solved independently of the third. A particular
solution of the system of equations (1), (2) can be

found in the form ¢, = 4, cos pt; ¢, = 4,, cos pt,
from which
A — M0b12 .
" (bll —ay,p’ )(bzz —ayp’ ) - by,

. Mo(bn_anpz)
" (bll _allpz)(bZZ _azzpz)_blzz ’

“

where a,, =n I

wlg»

a, =1,

b, = N, Colo T b, =c, + nwcgaraz.

From formulas (4) it is possible to determine
natural frequencies of vibrations of the sun gear-
wheel system with satellites by equating to zero the

denominator
ay,ank’ ~ (b11a22 +ay,by, )k2 + (bllbzz - b122) =0.

Solution of the biquadratic equation:

K= (blla22 + allb22) i
12 = *
2a,,a,,
N \/(bnazz +ay,by,)’ —4a;,a,, (bllb22 - b122)
- 2a,,a .

117722

For further analysis, we will use the relationship
between the mass and size characteristics of the
planetary gear [21]:

r,=(0,5i-1)r; m, =k m, (0,5 -1);

m.r:  k.m 0,51'—14r2
m, =k,pnr}b,; I, = Zg =-£ A 5 )%

2

Here p is the density; b, is gearwheel rim width;

w

k, — coefficient of filling of the satellite; i is gear

ratio of the mechamism.
After substitution of expressions for mass and
elastic coefficients a;, b, taking into account the

fact that the rigidity of the gearing
Cpe =Cq =0,075ED,; is the torsional rigidity of the
shaft ¢, =G, /l,, where G :E/[2(1+u)] is the
modulus of elasticity in shear, p is Poisson’s ratio;
I, = nd} / 32=mnr / 2 is the polar moment of inertia
of the gearwheel shaft section, /, is the length of
the sun gearwheel axle, natural frequencies are
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., 0I5E 1 T
k12 = . 2 + 11 +nw i
: k,(0,5i—1)* " 0,65/ (1+p)

a-w

2.2
k,mpm z;

2
- { I } +0,2517 |.
k,(0,5i=1)"  0,6/;b; (1+p)
Here the radius of the gearwheel is written in the
form r, =mz,, where m is the gear module; z, —
number of the gearwheel teeth; relative values
Li=L/r; b,=b,[r,.

Knowing the frequencies &, and k,, expressions
for the amplitudes, we rewrite in the form

A = MOblz ;
g, (p2 _k12)(p2 _kzz)
4 = M, (b, —a,p’)
" allazz(pz_kf)(pz_kzz),
or 4, =p4,,.

Shape quotient pu=-M, (b” —a,p’ )/b12 :

Forced vibrations of satellite with axle
of the increased flexibility

By substituting the found values

@, =4, cos(pt+y) and ¢,= =4, (cospt+y)
into

equation (3), solution is

found: y, = Acos(pt +7v,). Amplitude

a particular

A=-M, [(cbg tga,, +c,,tga, )rgb12 +

e, gy, (b _a”pz)]/
/mga11a22 (p2 _kz)(pZ _klz)(p2 —k22)

Here k= (chgy / mg)— ¢; natural frequencies of
vibrations of satellite axle radial direction which is
determined primarily by the bending rigidity of the
satellite axle ¢, =3EI, / I’. The cross-section of
the axle with increased flexibility in the first ap-

proximation can be considered rectangular (figure
4). Then the moment of inertia of the section

I, =bh3/12, where b= D, h=yD, y is a fraction
of diameter; I =y’D*/12. The diameter and
length of the axle are expressed in terms of the di-

ameter of the satellite: D :Drg; /. :I_mrg. Then
Ex354rg .
Chay :T’ and natural frequency of vibra-

ocH

tions of a satellite in the radial direction

Ey’D* ©
k=, . 22
41 k,mp(0,5i -1)b,m’z; i
y
h,
h| 544

Fig. 4. Section of a flexible axles of the satellite

In figure 5 shows the dependences of the natural
frequency of the satellite vibrations in the radial
direction for different values of the input quantities.
The graphs correspond to the following values of
quantities: [o, |=550 MPa, D=1, [ =2,
b =2, z =18, E= 2.1-10" Pa; p =7800 kg/m’;
k,=0.8, o, =100 rad/s.
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Fig. 5. Dependence of natural frequency of vibrations of
the satellite in the radial direction from module m and

from the gear ratio i: (@) —-i=4, ame - i =5, weun. -i=7,
—.—- i = 10; from the relative height of section of a flexible
axles  (0): —-x=0.25, ae- 1= 0.5, ceuuuue -x=0.75,—.=-
x=1

Sun gearwheel shaft torque M =M, cos pt,
M,=M,/i. From the known relationship of the
calculation of teeth for bending strength, the per-
missible moment [A,] on the planet carrier shaft
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B 2[o,]a,n,b,m

wowew

M
[ h] Y. K,

teraxial distance; Y, — tooth form factor; K, — un-

, where a,=0,5ir, is in-

evenness of load in gear meshing factor [22]; [o, | —

allowable stress of bending.
After substitution of the gearing rigidity
Cpe =Cq =0,075ED,,, of the expressions for the

coefficients a;, b, and the torque M, amplitude
Xp®

e -]

where
_0,15E[c,]tga n, 1
YK kp mzl(0,5i-1)

Change of parameter X which characterizes the
part of the satellite vibrations amplitude that does
not depend on the natural and forced frequencies is
shown in figure 6.

An amplitude-frequency characteristic of vibra-
tions of the planetary gear is shown in figure 7. The
graphs correspond to the following values of quan-
tities: [o,]=550 MPa, n,=3, m=2, Y, =375,

K,.=1, I'=4, b, =2, z,=18, E=2.1-10" Pa,
p =7800 kg/m’; k, =038, k, =1, i=4,
®, =100 rad/s.
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Fig. 6. Change of parameter X depending on module m
and the gear ratio i ——-i=4, cee - i = 5, cesen. =T, -
i=10
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Fig. 7. An amplitude-frequency characteristic of vibra-
tions of the satellite in the radial direction depending on
the gear ratio i: —— - i =4, ....... -i=7

Analysis of results

The features of the design scheme and the ac-
cepted assumptions made it possible to divide the
analysis of forced vibrations of the planetary gear
into the study of two independent systems: forced
vibrations of the sun gearwheel and satellite due to
the flexibility of the teeth and forced vibrations of
the satellite in the radial direction due to the flexi-
bility of the satellite axle.

The amplitude-frequency characteristic of the
sun gearwheel and the satellite indicates that in the
range of mass and size characteristics and gear ra-
tios of planetary gears, which are most often en-
countered in practice, an increase in the amplitude
of forced vibrations of this system is possible only
with a significant value of the frequency of the
driving force, and the first the frequency is in the
region of 7000 rad/s, and the second is 19000 rad/s.
In this regard, taking into account forced vibrations
in planetary gears of this scheme can be relevant
only in some high-speed gears.

The satellite axle flexibility significantly affects
the natural frequency and amplitude of forced vi-
brations. So, the performed calculations and graphs
indicate that a decrease in the relative height of the
section along the y satellite flexibile axle from 1 to
0.5 reduces the natural frequency of vibrations of
the satellite in the radial direction by about three
times, which increases the probability of resonance
phenomena.

An increase in the gear ratio of the mechanism
with a flexibile satellite axle also reduces the natu-
ral frequency of the satellite, but to a lesser extent.
So, an increase in the gear ratio from 4 to 10 leads
to a decrease in the natural frequency by about two
times.

An increase in the engagement gear module has
the strongest effect on the natural frequency of
a satellite with a flexibile axle. A twofold increase
in the engagement modulus leads to an approxi-
mately twofold decrease in the natural frequency.

The amplitude-frequency characteristic of a sat-
ellite with a flexibile axle indicates an increase in
amplitudes near the resonant regions with a de-
crease in the gear ratio of the planetary gear. With
an increase in the gear ratio to 7, a sharp decrease
in amplitudes is observed near the resonance re-
gions and in the region between the first and second
frequencies.

Conclusions

An increase in the amplitude of forced vibra-
tions of planetary gears with elements of increased
flexibility is possible at a high frequency of the
driving force. The probability of the appearance of
resonance phenomena increases with a decrease in
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the height of the section of the flexible satellite axle
in the radial direction but it is not typical for most
planetary gears used in practice.

With an increase in the gear ratio the amplitude
near the resonant regions decreases sharply. At the
same time with an increase in the gear ratio the
value of the natural frequency of the satellite with
a flexibile axle decreases, which reduces the value
of the resonant frequencies. With an increase in the
gear module and consequently the diameters of the
gearwheels, the risk of resonance phenomena in-
creases.

The obtained dependences between the indica-
tors of the strength of the engagement and the char-
acteristics of the planetary gears make it possible to
select rational values of the parameters of the
planetary gear, ensuring its maximum load capacity
with improved weight and dimensions.
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BoinyskeHHbIe KOJIe0aHNUS IVIAHETAPHBIX Mepeay ¢ 3JieMeHTAMHU NOBBILIEHHOI MOJATIMBOCTH
U. A. IIywkapes, acnupanrt, VxI'TY nmenu M. T. Kanamnukosa, Mxesck, Poccust

B cmamve npooonsicaemest ucciedosanie OUHAMUKU NIAHEMAPHBIX Nepeday ¢ IAEMEHMAMU NOBbIUEHHOU NOOAm-
ausocmu. OcHOB0U 07151 pacuemHOU cxeMbl U UCXOOHLIX YPABHEHUUl AG1AeMCs NOJYYEHHASA panee cucmema Oessamu
ougpepenyuanvbix ypagHenul OUHAMUKY NAAHEMAPHO20 MeXaHuzma. B 060buennvix cunax yumenvl MOMEnm 08u-
eamejisi, MOMeHM, 00YCI0GIEHHbLI KPYUEHUEM YRPY2020 6A1d COTHEYHOU UWeCmepPHU, Ynpyaue CUlbl 8 3ayenjieHull Ko-
JleC U 8 0CAX CAMennUmos.

Jlonyckaemcs, umo ckopocmv 800una NOCMOSHKA. KecmKkocmy ocu cameniuma 6 maHeeHYUaIbHOM HANpaIeHUU
3HAYUMETLHO NPesbluLaen JHCECMKOCIb OCU 8 PAOUATLHOM HANPAGIEeHUU, NOIMOMY nepeMeujeHue 8 MaHeeHYUaIbHOM
Hanpaeienuu omcymcemeyem. Momenm 0guecamensi UsMeHsAEmest No 2ApMOHUYECKOMY 3aKOHY. B amom ciyuae evinyoic-
Oennble KONeOaHUsI COTHEYHOU WeCmePHU U CAMELIUMA MOJICHO PACCMAMPUBAMb OMOETbHO 0N GbIHYHCOCHHBIX KOle-
banuti cameniuma 6 paoudibHOM HANPAGIEHUU BCiedcmeue nodamaueocmu ocu cameinuma. Ilocmpoenvt amniu-
MYOHO-4ACMOMHbLE XAPAKMEPUCIMUKY IMUX KoaeOaHuil. Xapakxmepucmuky KoaieOamenbHbIX NPOYEcco8 GblpadCcetbl
yepes Maccoeabapummuvle, KUHEMAMUYECKUE U NPOYHOCHHbIE NAPAMEMPbL NAAHEMAPHOU NEpeoayu ¢ y4emom nooam-
JUBOCU €€ INeMEHMOE.

Hccnedosano snusinue omHOCUMENbHOU 6bICOMbL CEYEHUsE NOOAMAUBOU OCU, NEPeOamoiHo20 OMHOUICHUS MeXa-
HU3MA U MOOYJISL 3AYeNnieHUs Ha AMIAUMYOY GbIHYICOCHHbIX KONeOAHUIl U NOJ0dceHue pe3oHancHou obaacmu. Coena-
Hbl 8bIBOObL 0 NPEOELAX USMEHEHUS. YKA3AHHBIX NAPAMEMPO8 U UX GIUSHUSL HA KOHCMPYKYUIO NIAHEMAPHLIX Nepeoav.

KiroueBble ciioBa: TUTaHETapHas nepeaayda, nmoaaTiImBOCTb JIEMEHTOB, JUHAMHUKA, KoJieOaHusI.
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