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Abstract

The origin of the excitation effects of gear train is brieflv discussed and an adequate tooth
spring svstem model is presented. which enables to take into consideration the important
exiting effects, due from the mesh. The model is especially adapted for computer simula-
tion studies. Making use of this tooth mesh substituting model. the basic tooth vibration
features are discussed, based on simulation results. Influence of the mesh irregularities,
being always present, even in the case of ideal toothing. is presented. Further on, the
effect of the manufacturing errors on gear dynamic behaviour is analvzed by the Furier
development of the tooth stiffness funciions on one hand. and the vibration characteristics
are studied under quasi stationary rolling down conditions. based on computer simulation
results, on the other hand.

"

S

Keywords: gear dynamic. computer simulation, non-linear vibration, parametric excita-
tion, tooth errors.

1. Introduction

The gear transmissions are one of the mostly applied power transmission
elements In mechanical drive systems. In the case of their application in
vehicle transmissions, they are generally subjected to random load condi-
tions. varying in a wide range of load levels and excitation frequencies. The
schematic model of a drive system is represented on Fig. I. The gear box
on the input is connected to the prime mover. providing a variable T7(¢)
input torque and on the outpur it is coupled to the final drive, presenting
a variable T5(t) load as well, where ¢ is the time. Both are varying in the
load and in the frequency range. too.

The gear trains as active vibration exciting elements can have impor-
rant effect on the dyvnamic behaviour of the whole transmission system.
They influence the load histories on the connected parts on one side and
their own load conditions on the other side. On Fig. I s(y1) refers to the
vibration exciting effect, as a function of the input ¢ angular displacement.
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Fig. 1. Schematic representation of a vehicle drive system

Because of the complexity of the problem. numerical simulation tech-
nics can be applied for svstem and for element characteristic analysis and
optimisation [1. 2].

In this contribution. some basic aspects of the non-linear vibrations
of gear trains are studied and some simulation resulis are presented for
gears with ideal normal and modified involute profiles and for gears with

, manufacturing errors, as hase circle and pitch error.

-

he Origin of the Vibration Exciting Effects of Gears

v

The main vibration exciting effects of gears can be originated by two main

groups [3.4}:

- The effects caused by the stiffiness variation of the teeth, on two levels.

variation as the function of the contact point

I

location of the mating single tooth pairs and the alternating number
of teeth being actually 1n mesh. They are called generally as dynamic
effects.

— The effects introduced by contact irregularities at the beginning and ar
the end of the pressure line, even in the case of ideal geometry, and the
exciting effects introduced by manufacturing errors and intended pro-
file modifications. the latter for improving gear characteristics. They
are called generally as cinematic excitation effects.

Other parameters as the friction influence are generally less important.

In the case of ideal tooth meshing. assuming that the teeth under load
do not deform, the stiffness variation can be described in the function of the
drive gear angular displacement, 1, as a simple periodic function. s(g)
where the period is determined by the angular displacement corresponding
to a single tooth contact length. Q. = ~j;. At that model. the abrupt
stiffness change is accepted at the end points o4, and £fg, of the pressure
line, see Fig. 2¢. The load influence on the meshing characteristics is fully

neglected, so the resulting vibration is linear: no load influence is present.
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Fig. 2. Schematic tooth contact stiffness and reduced stiffness functions

However, even in the case of ideal tooth geometry, assuming elastic tooth
deformations under load, the tooth contact length varies in the function
of the load. so the sriffness function must be replaced by a two variable
function, §(¢1: Fa/b) | where Fi /b is the specific tooth normal load, Fy
stands for the tooth normal force. and b is the tooth length. The § reduced
stiffness function [4] contains already the load influence, so the resulting
vibration will not be linear. On the Fig. 2b, the load dependent stiffness
variation is schematically represented for ideal geometry and reclistic tooth
meshing, l.e. the tooth deformations are taken into consideration. Ac
refers to the specific load as parameter. If real tooth with fabrication error
is considered, the period of the i(yp;: Fy/b) function is determined by the
angular displacement of the drive gear. corresponding to the all possible
combinations of contact of the drive and of the driven gear tooth profiles.

The tooth fabrication errors. as pitch. profile. etc. errors, result in
the non-uniform rotation transmission, see for ex. Fig. 3 for the profile
error, resulting non-linear effects. too. The influence of the intended profile
modification is load dependent as well.

Further non-linear feature is introduced by the non-linear single tooth
pair force-deflection characteristic at any fixed contact point, resulting vari-
able stiffness in the function of the load. see for ex. [3]. On the Fig. 4.
single tooth pair force-deflection curve is schematically represented, where
w stands for the tooth deflection. The theoretical. linear force:deflection
curve is indicated as a thin line.

The linear vibration model, discussed in detail by many authors. is conve-
nient for qualitative studies. or in the case of constant load drives. if the
specific load is in the middle or high load range. In vehicle drive systems.
however, characterised by important load variations, the load dependent
effects must be taken into consideration, so the non-linear gear vibration
properties are of prime importance.
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As it is known, this vibration exciting type belongs to the group of the
rheo-non-linear vibrations [6]. Because of the composed parametric excita-
tion function, Fgq. (2), analytic solutions are not possible. The convenient
way for the study of the dvnamic behaviour is the computer simulation.

Further on, the basic vibration properties of a simplified system will
be presented.

3.2. Bastc Dynamic Behaviour.

The basic vibration properties of a simple one mass system with harmonic
excitation can be studied by the stability chart, see ex. [6].

Intreducing into the Fg. (2) an @ = 27 periodic excitation function
with & = 1,v; = 0 and assuming a load independent case. we get a simple
cosine type excitation, see Fig. 6, where 7 = wy -1 is a dimensionless param-

eter. w] being the input angular speed. Reducing the svstem of Eq. {2) into
a one mass system [7]. the resulting homogeneous differential equation is a
rheo-linear, Matthieu type one.

s(T) ,

7,{ > icﬁ

0 2T T 4T

Fqg. 6. Simple cosine type excitation function

The w; system eigenfrequency in this case is wy = /Co/m, where Cp = ¢y
is the gear engagement spring stiffness [8]. and m is the reduced mass of the
one mass system. The tooth angular frequency w: = wy - z1 = 27 f.. where

f: is the tooth frequency. It can be concluded from the stability chart. that
at wj input speeds of:

W= v =1,2,...x (3]

resonance points develop. In the gearing technics, the resonance point cor-
responding to v =2 is called as main resonance. Introducing the N dimen-
sionless number by:

wy -z 2
=222 (4)
ws v
the resonance points are at N = 2,1,(2/3).1/2,(2/5)...., and the main res-

onance corresponds to the value of N = 1. The N values in parenthesis,
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corresponding to the odd values of v, are generally not important, and do
not develop in the presence of damping.

The ezcitation intensity can be characterised by the C';», = Cr/Cy ez-
citation miensity factor. Greater intensities give broader resonance regions,
characterised by more intensive vibrations, even in the case of the presence
of damping and inversely.

For the simulation study of gear vibration, one can generate by com-
puter simulation quasi stationary resonance curves. by simulating an accel-
eration process at a given nominal static specific tooth normal load. from n;
zero speed over the main resonance point. The diagram ordinate on the res-
onance curves is the dimensionless Tt value, the contact force magnification
factor, defined by the following equation:

37—15 Frjler)
Lt b
. . - =1 =
1T = max .oy, iz} 0 Voo = —p— (5)
b
where Fy /b is the total constant specific load on the teeth, and Fy;/b is
the real dynamic specific tooth load on the individual tooth in mesh, n is
the number of teeth actually in mesh. v is the rotation angle on the drive
gear, corresponding to one tooth mesh.
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Fig. 7. Stiffness functions for an ideal gear train. with real meshing

For real gear vibration excitation functions, Fgq. (2). generally the k # 1.
nevertheless the hasic characteristics of the parametric vibrations can be
fairly well represented with an ideal gear train model.
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Fig. 8. Vibration exciting intensity components for ideal gear with real meshing

To demonstrate the basic behaviour of a rheo-linear system as a reference
one, an ideal gear train model behaviour is simulated. with a quasi stationary

~

t

A linear single tooth pair force-deflection character-
ed. Evidently. the

stiffness values vary from point to poinr. Further on, rthe code WBIlin refers

to this tvpe of stiffness characteristic. The rooth deformations, so the load

dependent pressure line length is taken inro the calculation, see Fig. 2b.

Consequently, the system is not exactly linear, but at a constant specific

load, it can be accepted as a good approximation.

acceleration process

istic, so constant stifiness at each contacr point is appliec

Fig. 7 represents the & (¢1; Fy/b) reduced stiffness function, which

1s the excitation one. and the s (¢ Fy /b funcrion. which represents the
stiffness variation. The latter determines the system eigenirequency. The
nominal (at zero load) contact ratio for this train is £, = 1,7, so at high

specific load values the z, >2. The §; contact fzm(nm? for the i11dl\~‘1dual
teeth enable to follow the mesh conditions of the gears [4]. Fig. 8 shows the
reduced Fourier components of the excitation function. the ') excitation
intensity factors. The code WBlin refers to a linear sin gle tooth stiffness
characteristic.

Fig. 9a represents the resonance curve for this gear variant. For the
simulation, the h = 0 backlash value was chosen. for avoiding the non-
linearities involved in the case of tooth flank separations. A fairly low.
D. = 0.007 Lehr damping ratio was chosen. to assure the development of
the resonance points,

The gear and other parameters are given on the Figure. The marked
N values show the resonance locations. At lower speeds. even in the case
of a small damping, the resonances cannot develop. The relatively small
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4. Non-linear Vibrations in the Case of Ideal Gear Geometry

For the study of the effects of some basic gear parameters and meshing prop-
erties infroducing non-linearity, the previously applied real gear train with
ideal geometry was chosen. Real tooth engagement was applied in all cases.

The real tooth engagement means that the pressure line length is load
dependent. so the reduced stiffness function. =o the excitation properties
vary in the function of the load. Further on. the variable contact length
influe

4

1ces the average damping as well. So, the influence of the nominal
load. the realistic backlash and the non-linear single tooth characteristic
was studied. For all cases. quasi stationary acceleration or deceleration
s were simulated and the ratio of the contact force magnification
factor was calculated. see Eq. (5).

Fig. b represent the basic effect of the backlash. involving important
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5. Dynamic Behaviour in the Case of Gears with Profile Error

For the study of the profile error influence. the same gear train was applied.
The profile i

was taken onro the drive gear. as a base circle error on

each rooth. of fh, = =20 pm. which corresponds to a DINT (ISO 1 quality
class (91, This driver was rolled rogether with the driven gear. having ideal

On F?(/ 15 the reduced stifiness and the stiffness functio
ponents, and the contact functions are shown. for liucar sir

characteristic i{WBlini. The 3§ excitation function cha

lated to the ideal geometry. especially at lower \1)0(‘1ﬁ<
excitation intensity factors increase similarly. especially at low specific load
levels.

On Fig. 14{a an h=0 backlash value was applied. for the sake of com-
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6. The Infiuence of the Pitch Error

For the study of pitch error influence. fp, = £0.02 mm err
on all drive gear teeth. For creating this type of error. it is enough
each second tooth profile: it results automuatically an oppos

bth
error with the following tooth flank. For the simulation. this ge

into meshing with a driven wheel of ideal roorh geometryv. and WBlin vpe

single tooth pair force- 1 ection characieristic was apphcd. The resulting
reduced stiffness and the stiffness functions and the §; contact functions
are presented on Fig. 15. The C;\ intensity components are represented
on Fig. 16.

The basic period angle of the excitation and the stifiness function is
This corresponds to the fact thar each second

now the double as previous
tooth is displaced with the given pitch error. giving so a double period. Thar

. . R - .
is why new C) components appear, see Fig. 16. The k' values on Fig. 16
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Fig. 17. Resonuance curves for gear rain

geometry. see Fig. f9a. This characteristic remains even at higher dampi
ratios. see Fig. 17bed. Above the inpur speed about ny=200/min., the vi-
bration peaks remain practically at the level of the resonance points. The
maximum values at the main resonance point remain practically on the same
level. So. intensive vibration is found on the whole specd region. An inter-
esting result for that case that the resonances at N =2/3 appear. which was
not the case for normal gears.

The N values on Fig. 17 are similar to the previously defined N values.
but they are calculated with the actual average stiffness. belonging to the

given specific load.
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7. Conclusions, Future Work

The simulation results of gear train dynamic analysis presented in this paper
have shown .that even in the case of ideal tooth geometry. important non-
linear effects develop. if the real tooth meshing conditions are taken into
consideration. Similarly, the tooth errors involve important load dependent
features. For enabling the treatment of these phenomena, a complex dy-
namic model is needed and careful tooth meshing analysis is to carry out.
On the other side. the single tooth pair force-deflection curve type influences
considerably the dynamic behaviour of the gear train. too.

Future work is needed for the study of the dynamic behaviour in the
case of realistic gears with randomly distributed fabrication errors. and un-

der continuously variable
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