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TO THE ANALYSIS OF INTERNAL DYNAMICS
OF SPECIAL CASE IN A CLASS OF NON-LINEAR
PARAMETRIC PSEUDOPLANETARY SYSTEMS

Milan Hortel, Alena Skuderova*

Within the frame of the mass discretisation method has been designed the mathema-
tical — physical model of the pseudoplanetary system of seven degrees of freedom for
the analysis of the influence of the number of satellites and for free or elastic mounting
of the sun wheel as a next phase of the solution of general differential system with
branched — split power flow.
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1. Introduction

The present world development of highly powerful and high-speed transmissive systems
with the minimum dimensions and the masses leads to a planetary gear systems with
branched — split power flows.

This development trend requires with regard to the reliability and the safety of these
complicated constructions with many degrees of freedom the sophisticated both analytical,
numerical and experimental research. The rising demands on the profundity and accuracy
of analysis of dynamics of these systems can be achieved by more accurately mathematical-
physical modelling of the non-linear systems with many degrees of freedom as well as more
exacting analytical and numerical computational methods including the experimental tech-
nics.

This study continues the basic research in the area of non-linear time heteronymous
transmissive systems with many degrees of freedom [1],[2],[3] and elaborates the first part
of the analysis of the class of non-linear parametric pseudoplanetary system with seven
degrees of freedom.

2. Mathematical-physical model

The dynamical force as the primary constructional data constitutes the first stage of non-
linear dynamical analysis of the regular and irregular — chaotic motions in the complicated
planetary chain-branched differential or pseudoplanetary systems as occur for example in
the Wilson’s transmissive systems in an automotive technics, in a drive mechanisms of the
weighty caterpillar vehicles with the limitary constructional spaces or on the other side in
the aeronautical technics for example in the turbo-prop engines, where the revolutions of
the turbine presently reach to as many as 90 thousands per minute.
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Such systems can show the various dynamical behaviour, where in the certain sensible
areas of the tuning occur the new often even unexpected phenomena as the patterns of the
solution ambiguity, the bifurcation, splitting of the amplitude-frequency characteristics, the
transitions of the regular motions into irregular up to the deterministic character etc.

We illustrate now the solution of the more complicated system with the cog wheels,
i.e. the solution of the mathematical-physical model of the pseudoplanetary gear box (the
revolutions of the satellite carrier pns = 0, [1]) with three double planets — satellite gears
7 =1 =3, see Fig. 1, as the special case of the general basic system with j = I > 1 double
satellites, [1],[3].
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Fig.1: Kinematic scheme of the mathematical-physical model with spur and helical

gearing (V2C; (¢), V2C1 (p) ... the resulting stiffness in the gear mesh,
n32 n35
5 p I
328,, 358y ... the inclination angle of gearing, 1’2fn32, 1’2fn35 ... the re-
=1

sulting deviation from ideal involute gearing, C the torsional stiffness

n3n3 -
of the satellite shafts)

The scheme in the Fig. 1 constitutes the kinematic model with a helical (gear meshes 32)
and spur (gear meshes 35) gearing.

The system with seven degrees of freedom here is solved as the isolated non-linear non-

conservative system without the influence of adjacent shafts (Cymn2, Cnsws = 00), with
J=1I

the torsion-resistant shafts of satellites (C 3,53 = 00), with the absolutely stiff supported

gear ring 5 and the satellites 3, 3 (é'n5p, é’n34, é’n34, J$JC§4)7 i.e. the solution variant with
‘floating’ or in the elastic bearing supported sun gear 2. The oscillating system is for the
internal dynamics analysis loaded by the constant external torsional moments M, = const.,
Mys = const. and excited by the internal disturbing sources, i.e. with the time variable

stiffness 12C ; () in the spur gear mesh (3’5611 = 0) of the gear ring 5 and I — satellites
n35

3 as well as the disturbing function in gear mesh 1’2}1132(90) which occurs in this example
among the satellites 3 and the sun gear 2 in the branch j = — and which we will mark below
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as the main branch. Whereas the gearing of the sun gear 2 and of satellites 3 is considered

as helical with the inclination angle 323, # 0, the small variation of the stiffness function

L2C; (o) will be here neglected and the function supposed 2C'; () ~ const. Further, in
n32 n32

the first stage of the solution, will be performed the solution only in the directions of the

co-ordinate axes y, so that the frictions forces P Tn(p) occurred in the orthogonal direction

towards the gear mesh line, i.e. in the directions x of the co-ordinate system and analogously
the frictions moments M; (¢) that produce the additional, even if not very marked, run
F

inequality and the system efficiency, will be neglected in this solution stage.
In the mathematical-physical model is considered the inverse phase of the mesh at the
impact effects in the gear mesh. The solution hence will be contain except the normal gear

mesh also the phase of the contact bounce of the tooth faces with the related re-contacts
with the impacts both at the normal and the inverse mesh.

For the composition of the motion equations of the solved example we result from the
motion equations of the general basic planetary differential system in the form [1]

MV +1K(8,6;, H)v' + > 1, K(D,D;, H) W/ (v sgn(w' (v/)) +
Ki>1
+1C(e, K, Yy, Un, Voo, HT) Vv + Z xkCle,k, In, H,T) WK(V) =F(an,bn, 0, H,7) ,
K>1

(1)

where v means generally the m-dimensional vector of displacement of system vibra-
tion, wi(v) K-th power of vector v, which is defined by the expression w¥(v) =
= D(w(v) wE~1(v)). D(w(v)) means the diagonal matrix, whose elements at the main
diagonal are comprised by the elements of vector w(v) = v. Furthermore M is the matrix
of the mass and the inertia forces, 1K and g, K are the matrices of the linear and non-linear
damping forces, 1C and xC are the matrices of the linear and non-linear reversible forces
and F(7) is the vector of the non-potential external excitation with the components ay, by
and with the phase angle @. H is the Heaviside’s function, which allows to describe the
motions — contact bounces — due to the strongly non-analytical non-linearities, for example
due to technological tooth backlash s(7). The corresponding linear and non-linear coeffi-
cients of the damping are denoted by 3, §;, D, D;, the linear parametric stiffness functions
by the symbols Y}, Uy, V4, and the non-linear parametric functions, so-called the parametric
non-linearities, by the symbol I,,. € and k are the coefficients of the mesh duration and the
amplitude modulation of the stiffness function ;C(7). Derivative by the non-dimensional
time 7 are denoted by dashes, 7 = w. t, w. is the mesh frequency, ¢ is the time.

If we introduce in the general system (1) all above mentioned assumptions and the
parameters of the solved example as well as the new dependent variables in the forms
of the relative motions Y, (¢) and y 1 (p) in all gear meshes of kinematic pairs as the
measure of the dynamical load of gearing [1], [3], we obtain after the longer arrangements and
the omission of all weak non-linearities the system of strong non-linear time heteronymous
— parametric differential equations of second order for the relative motions in the particular
branches in the form j(=1)

V. (1) Vi) +2D_ Mg [y (1) + H(=y_(7) = 53a(0)] v (7) +

+ 2D Vg5 K1 [Hlyg, () + H(=yg(r) = 52(7)| y (7) +
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+2Dg a5 Ki [ Hlyg (1) + H(~yg(7) = Ssa(r)| /5 () -

_ 2D5’2 L2000 Koy Zgzg_l {H(y (1) + H(=y (1) — 535(7))] y’, (1) +
35 35

)

+ 1263 K1 [H s, () + H(—y5 (7) = 552(7)| yz

+ 1263, K [H(y (7) + H(=y = (7) = 552(7)] = (7) -

+ 12, (14 Kin Hly_ (7)) + H(~y_(7) ~ 52(r)] y_(7) +

32 32

(Y22, Kut + a5 Ku o)) [H(a (7)) + H(—y_(r) Eg5<r>>} y_(7)

2 [Hug(n) + H~yg(r) ~ Ssa(r))] [Hlug (1) + H( =z () ~ Foalr)] -
— 5 [Hg ) + By () = S| [H-yg () + Hlyg () + Faaln)] -
— 5 [y ) + B () + 50)] [Hg () + H(-yz () - Ssa()] } +
+ V25 [Hy, () + H(=y_ (1) = 552(7))] (2a)

YL () + Viea(r) + 2D M2y Ki [H(y_ (7)) + H(=y_(7) = s52(r) |y (1) +

+2D 2 M2y, [Hyo (7)) + H(—ys(7) = 552(7)] L (1) +

+2 D Mgy, K1 [Hlyg (r) + H(=yg(r) = Saa() | 4 (7)

~ 2D, a, Kn 23 237 [H(yg (7)) + H(y (7) = 535(r)] o= (7) +
w123, (Ro+ s 2L ity o))+ -y (o) = )] () +
+ 1263, [Hly, () + H(=y5,(7) = 552(7)] 5, (1) +

+ 123 K1 [H(yz () + H(=yz (7) = 5a2(r) | yg (7) -

— (422 K + €2 Ku o) [H(y (1) + H(=y_(7) = 535(r)] v (1) =
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" ! 2D 20 K [H . H(—y_
(7) + V() +2D_ V2, K1 [H(y_ (7)) + H(~y

32
+2D5 g, K [Hlyg (7)) + H(=yg () = 5aa(r)
+2 ng 124y, [H(yg,:z(T)) + H(—yg;z(T) - 532(7))} y; (
_ 2D552 1,2q52 Ky Zg Z3_1 {H(y%@-)) + ]—[(_yE (7-) _ ?35(7))} y/E (7_) 4
+ 245 (KI - 75;2(7)> EL

+ 128 Ki [H{yg, (7)) + H(=y5(7) = 532(7))] 5, (7) +

32 32
1,2 2 H(y= H(—
+ 1208, [Hlyg () + H(~y
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V@) 2D_ g |y () + oy (1) = S| o (1) +
35 35 35 35

+2D - gz Kve [Hlyz (1) + H(=y (1) = 555(7) | v (1) +

+2D= g3, Kvi {H(yA (1)) + H(=y=(1) = z35(7))] y=(7) -
35 35 35 35

—2D_ Mg Kyn Zs 25 [H{y_ () + H(=y_(7) = s52(7)] () +
+ (% + g5t { [ (0) + (7)) () +

+ K [Hly (1) + H(=y (7) = 535(r) | v (7) +

+ Ko [ (1) + H(-y2 (1) = T | = () | -
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1,2 2
— g3 Kix

= Kx M [H(y= (7)) +

[H(y3(7) + H(=y(7)

H(og (1) = 5] {1 -

=2 o+ Hu 0 - S| [ o)+ H Y0 = S
L 35 35 35 35
~ 5 [HO= () + -y (1) = S35 | [H-y_ (7)) + Hl_ (1) + 555(7)
L 35 35
= 3 [Huz () + Bz () + 5350 | | H_ (7)) + H=y_(7) = 35(7)
L)+ 2DV Ko | Hy (7)) + H(-y_ ()= S| o (1) +
35 35 35 35 35

2D=12qs. Kyy |H(y= H(—y-=
+2D M50 Kvi [H(y (1) + H(-y

22 2, [z (7)) + H(-y2 (1) - S3o(r) | o (1) -
35 35 35

—2D~ M2y Kyt Zs Z3 ! [H(yi(T)) +

+ (1’2q§5 + 5350(%)) {K\/I [H(y

+ Kv1 [H(y;(T)) + H(=y=(7)) = s35(7) | y=(7) +

35

n [H@; (7)) + H(—y- () - Egm)} v
35 35

1,22

g8 Kix [H(y, (7)) + H(—y

= Kx M} {H(yA (7)) + H(=y=(1) - ;@5(7))} {1 -

Hlz (1) + ()] [ HOz () + By () =S| | 20)
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2 - -

= 2 |0+ Hy_ () = )| [Blg () + H= (1) = )] -
1 - -

= 5 [H_ )+ H=y_(7) = )| [F= (1) + HO (1) + ()]

1 - =

- [ o+ O 04 5] [ o) + 0 - S)] | e

W)+ 2oy Y (r) = 2Dy |0y () + H(-a (1)~ )] o, () +
_ _ (2g)

2 baa(r) = s [l (1) + Hoy (7)) |y (1) =0, (5= ===

This equations system describes the motion about the equilibrium position in all meshes

of the kinematics pairs and the motion of the sun gear 2, where ZjlgerS(T) is the resulting
motion of the sun gear centre in the direction of the mesh line of the related branch of the
satellite j. In the equations (2a)—(2i) are being the coefficients

K1 = fi(J32reds J3) K11 = fii(J32red, J3, J3, Ru3, Ry3)
Kt = finn(maared, Ros, Z2, Z3, 132, J5 , J3, J3) Krv = fiv(Rps, J5,we) ,

Kv = fv(msored, Rb3, 22,132, J5) | Kvi = fvi(J3500a, J5)
Kvir = fvii(J350eq> I3, J5, Ros, Rys) Ky = fvi(mag,eqs Ros, Z3, J3, J3)
Kix = fix(Magpeq, Rb3s J3, J3) Kx = fx(Ru3, J5, Z3, Z3,we) ,

f = ff(C7"<‘:7mred>WC>Z37 Zf),) 5

further the tuning coefficients for the torsional motion or translational motion
q= fq(Q>wC7 Z3> Zf’,) 5

where Ry3, R,3 and Z3, Z3 are the radii of generating circles and the numbers of gear
cogs 3 and 3, i3y is the transmission gear ratio between component part 3 and 2, J are the
moments of inertia, myeq and Jyeq are the reduced masses and moments of inertia, €2 is the
related torsional or translational eigenfrequency. With the asterisk marked parameters are
the parameters that are transformed on certain part of the system, in our example on part 3.
The linear relative damping (here marked with D) is the functions

D= fD(kaWC7mrcd7Z3aZ3) )

where k is the damping coefficient in the relative motion in gear mesh, or in the translational
motion in the bearing. The function ¢(7) is the unitary resulting stiffness function in the
gear mesh 35 and the non-dimensional time is 7 = Z5 Z5 Lwet.

For the frontal angle of the gear mesh >2axy and for the three-satellite transmission
system are described the resulting motions of the sun gear 2 in the particular branches by
the terms

— — = 13
Yotres(T) = Y21 (1) + {ym(T) cos <Tﬂ- — 32axy) +

= 17 3
+ ?/21(7') cos (Tﬂ- — 320&){y>] cos <7ﬂ- — 320[){y> +
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= 13
+ |:y21(7') sin (Tﬂ- — 32()[xy) +
_ 17n (3a)
+ Ya1(7) sin (T - 3204XY>} sin (— - SQO[XY) ,
= = - 3 4
Yo1res(T) = Y21(7) + |Y21(7) cos 5 —oxy +
= 17 13
+ Ya1(7) cos (% — 32 Xy>:| cos (Tﬁ - 32 XY) +
- 3T g ap
+ [Y21(7) sin 5 axy | + (3b)
= 17 13
+ Yo1(7) sin (Tﬁ - 32aXY>] sin (_ﬂ- _ SQOZXY) ’
7 m b 3T 3
Yorres(T) = Yo21(7) + |Y21(7) cos o~ axy +
= 13 17
+ y21(7—) COS (Tﬂ— — 32 XY):| COS (% — 32 XY) —|—
(3¢)

= 13 17
+ ygl(T) sin <Tﬂ- — 32axy):| sin <Tﬂ- — 32axy) .

The resulting trajectory of the motion of the sung gear 2 towards the frame 1 we obtain
by the vector sum of the motions (3a), (3b) and (3c).

During the mesh of all j(=1I) satellites we suppose the equalized running of the torsion
moments M* in the particular satellite branches.

When the contact bounces of the meshing tooth profiles of some kinematic pairs occur,
the remaining in the gear mesh finding satellites transmit the whole torsion moment — the
loading of these gears increases. These effects are expressed mathematically by the combi-
nations of the products of Heaviside’s functions with the related arguments of the relative
motions y(7) and the tooth backlash s(7) in the equations (2a)—(2i).

3. Numerical analysis

The research of the parameters influence on the qualitative and quantitative properties of
the motions in the internal dynamics of the system continues in this study the mathematical-
physical model of the non-linear parametric pseudoplanetary system by the numerical ana-
lysis, i.e. by the simulation methodology in the MATLAB/Simulink. The Fig.2 pictures
the global simulation scheme of the model of solved pseudoplanetary system. This scheme
contains 27 basic subsystems that are in the figure represented by the grey rectangles, in them
the geometric, physical and dynamical quantities of the non-linear parametric system are
solved. For the illustration of the problems complexity are given in the Fig. 3 the simulation
of the unitary resulting stiffness function ¢(7) in the gear mesh 35 which is modelled by
the Fourier’s series with the optional number of the terms n [2] and in the Fig.4(A) is
given the illustration of the subsystem structure for the simulation of Heaviside’s functions
in one branch of the power flow. These Heaviside’s functions allow in the compact form
the modelling of the motions in the normal and inverse gear mesh including the impact
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effects of the meshing tooth profiles — contact bounces — due to the strongly non-analytical
non-linearities, for example due to the technological tooth backlash s(7). In the Fig. 4(B) is
given the illustration of the simulation subsystem for the resulting motion Yoires (1) of the
sun gear 2 in one branch, here j = —, of the power flow.

foa]-+{nc]
forf-ofoe}

Fig.2: Scheme of the simulation model of the pseudoplanetary system from the Fig. 1
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Fig.3: Subsystem for the computation of the unitary resulting
stiffness function ¢(7) in the gear mesh

The studies of the tuning of the numerical methodologies in MATLAB/Simulink as well
as own analysis of the influence of the system parameters on the qualitative and qualitative
motions properties in the internal dynamics of given pseudoplanetary system will ensue on
this stage of the solution.
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Fig.4: Subsystem for the computation of Heaviside’s functions (A) and the subsystem
for computation of the resulting motion of the sun gear 2 in the direction y of
the co-ordinate system in the branch (j = —) of the power flow (B)
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4. Conclusion

Even thought in the Fig. 1 presented substitutive dynamical model of the pseudoplanetary
transmission gear system constitutes only one of the possible in the practice incident vari-
ation of the constructional arrangement of the planetary transmission systems, this model
allows to study, in light of the dynamics, the important and still theoretically live question
of the constructional arrangement of the mounting of the sun gear 2 in the stiff or elastic
support, or by the number of the satellites j(=I) > 3 in the absolutely free — floating sup-
port. The problem is important also in the term of the operation, reliability as well as the
economy of the design and production.

The complexity and the variety of possible transmission system obtained by the series-
parallel ordering so-called basic system or its special cases as well as the demandingness
on the dynamical analysis of such complicated mathematical-physical non-linear parametric
systems with many degrees of freedom requires in the complex both analytical and nu-
merical analysis the automation, i.e. the application of the methodologies of the symbolic
computations — manipulations in the project and computational works.

This work contains whole number of an original results and knowledge of the basic
research in the area of non-linear time heteronymous transmissive systems with many degrees
of freedom, that have the significance both for the science discipline and for the area of so-
called scientific design of the class of highly powerful high-speed planetary transmission
systems with minimal dimensions and limit exploitation of the constructional materials.

Perspective exploitation of these studies heads for areas of transmission systems applica-
tions for example in aeronautics, automotive and defence industry by the heavy belt trucks
with limited constructive space for power units.
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