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ABSTRACT

Errors in gear & gear- cutter alignment and manufacture may lead to transmission error that is the main
source of vibrations. The purpose of this paper is to present developments in gear cutter geometry &
technology directed at improving contact & reducing transmission errors. Also a parabolic transmission
error function that can handle misalignment during operation , is proposed. After applying
modifications, corrected gears are assembled on gear box for NVH test ,that is one of the important
factors in determining the quality of cars and necessary for noise control . Some sensors including
accelerometers and microphones are installed in predetermined sensitive positions such as gearbox cover,
gear change knob and mountings. In the end, the amplitude of vibration (m/s?) and intensity of noise (db) are
compared before and after gear corrections. It is shown that according to graph results of NVH test, the mean
amplitude of noise is reduced by 35%.
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1- INTRODUCTION

The purpose of this paper is presenting last modifications on gear-cutter geometry for decreasing
transmission error. In this paper transmission error means the deviation between the theoretical angular
position of gear-cutter and its actual position, when driving the input at a constant steady rotation.

In fact in this paper has been focused on gear cutter accuracies, tolerances, deviations from the
theoretical profile and lead and pitch deviations of gear cutter.

The quality of gear cutter is the major influencing factor. The variation of the gear-cutter meshing
stiffness during operation induces a deviation in the rotation-angle of the output gear from nominal
transmission ratio and it will cause vibrations and noise.

In addition, some parameters may cause fluctuating in static transmission error that will cause in
meshing gear pairs. Some solutions for it such as even contact between gear-cutter and gear is tested.

The evolution from linear to parabolic is discussed in terms of peak to peak transmission error.

All of these changing are consequences of tooth deflection, local contact deformation and body
deformation which are the origin of transmission error.

2- The Even Contacts Method

The designing of shaving cutter is nowadays developed with the aid of computers using sophisticated
soft wares based on even contact methods. In this method gear cutter and gear always have even numbers of
contact. It is important to balance the forces involved. That is clear from fig 1(a) that force F pushes the cutter
against the gear can be divided in 2 main components; on pushing on RH flanks and other pushing on LH
ones. Each of two components is divided in 2 forces that operates always along the same line of action and
that have an equal intensity. But in fig 1(b) on point 2' it is acting F2' the only one pushing against the tooth
flank, thus contributing to bend it.

The effect of variation of the unbalanced forces is experientially proven, and it is tested according to fig
14-16.

If the even contacts condition is lost, in the majority of cases the gear profile obtaining is more or less
as shown in fig (2).
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The even contacts situation is so desirable because it will balance the forces involved. According to fig.
2(a) force F that pushes the cutter against the gear can be divided in 2 main components : One pushing on
RH flanks and the other pushing on LH ones .Each of two components is divided in 2 forces that operates
always a long the same line of action and that have an equal intensity . Forces F;, F,, F3, F4 acts then on
point 1,2, 3,4 inthesame way and the cutting action in theses points will always be the same . But if in
a determined moment of the rotation the number of points in contact is odd, like in fig. 1(b), then the situation
can be schematized as fig. 2(b), It is seen that the module of vector F3' is equal to the sum of vectors F, + Fy’
and in the point 3' the cutting action will be different with reference to the situation of point 3 . In other
words, the cutter pushes against point 3" with a force double than the one exerted on points 3 & 4.

It is evident that in point 3 the metal removal will be higher and therefore we will have a profile
irregularity in that point . The main reason , anyway , because we have to avoid the odd contacts situation it
that we run the risk of a gear tooth distortion , due to the unbalanced forces that would tend to bend the tooth
.The forces involved are quite high and that the expected variations of tooth aspect are too considered of
Some microns In fig. 2(b) can be seen , first of all , that on point 2’ itis acting F, , the only one pushing
against the tooth flank , thus contributing to bend it. But of point 3" the force F3' is considerably bigger than
F1, and also in this case forces are unbalanced with the risk of bending. The effect of variation of the
unbalanced forces is experientially proven, if the even contacts condition is lost, in the majority of cases the
gear profile is more or less as shown in fig No 3. In the central area, metal removal is bigger than required.
3. Transition From Surface Line Contact to Point Contact

Instantaneous line contact of gear tooth surfaces may exist only in ideal gear drives without
misalignment and manufacturing errors. Such errors cause the gear tooth surfaces to contact each other at a
point at every instant instead of on a line. The set of contact points on the gear tooth surface forms the contact
path. A current point of the contact path indicates the location of the center of the instantaneous contact
ellipse (Recall that because of the elastic deformation of the teeth, the contact is spread over an elliptical
area.). The set of contact ellipses represents the bearing contact, which covers only a certain part of the tooth
surface instead of the entire working tooth surface (in the case of the line contact of an ideal gear drive). Our
goals are to determine the following: (1) the contact path for a misaligned gear drive and (2) the transmission
errors caused by misalignment. Such problems are important for those gear drives whose gear tooth surfaces
are designed as mutually enveloping. Typical examples are a worm — gear drive with a cylindrical worm and
involute helical gears with parallel axes.

Figure 4(a) shows two neighboring contact lines L1 (¢) and L2 (¢ + dd) on surface Y ; of an ideal gear
drive without misalignment. Surface Y; is in instantaneous line contact with Y, ; parameter ¢ is the
generalized parameter of motion , and point M is a current point of contact line L;(¢). The displacement
from M to any point on L2 (¢ + dd) can be performed in any direction if it differs from the tangent to line
Li(d) at M . However in the case of a misaligned gear drive with a point contact of surfaces > ;and >, , we
have to determine the transition point P on the contact line L,(¢b) (fig4(b)) (the transfer from line contact
of the surfaces to point contact will occur in the neighborhood of P ) and (2) the current point P* of the
real contact path. The direct determination of P”is impossible because the Jacobean As of the system of
surface tangency is equal to zero. Therefore, it becomes necessary to determine an intermediate point K in
the neighborhood of P (fig 4(b)). The determination of point K is based on the fact that vector PK is
collinear to the wvector that passes through two neighborhood transition points . The Jacobean As at
point K differs from zero, and we can start the procedure of simulating the meshing of two surfaces
in point contact . Fig 5 shows the shift in the bearing contact in a misaligned worm — gear drive.
Transmission errors due to misalignment will occur and may cause noise and vibration .

4. Design and Generation of Gear Drives with Compensated Transmission Errors (Influence of
Transmission Errors on Condition for Transfer of Meshing)

Experimental tests show that the level of noise and vibration depends on the level and shape of
transmission errors caused by gear misalignment . Henceforth , we will assume that the gear tooth
surfaces are mismatched and that they contact each other at every instant at a point. This precondition
is important when designing low noise gear drives , but it must be complemented with the
requirement that one apply the predesigned parabolic function of transmission errors , which is
represented as:

Adpo(py) = - achy? @

It will be now shown that the application of such a function allows one to absorb transmission errors
caused by gear misalignment, to avoid edge contact, and to improve the conditions for the transfer
of meshing . Edge contact means curve-to-surface contact that may occur instead of surface-to-surface
contact . Insuch a case, the curve is the edge of the gear tooth surface of one of the mating gears
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that is in mesh with the tooth surface of the mating gear . The transfer of meshing means that the
continuous transformation of motions by a gear drive requires that a pair of teeth in mesh be
changed for another pair. Fig 6(a) shows that the transmission function ¢,(¢,) for an ideal gear drive
is linear and is represented as:

Do(®1) = (NI/N2) ¢y )

Where N; and N2 are the gear tooth numbers. The contact ratio (the number of teeth being in mesh
simultaneously ) may be larger than 1 in an ideal gear dive. In reality, ideal gear drives do not exist
because alignment errors cause transmission errors that substantially worsen the conditions for the
transfer of motion.

Fig 6(b) shows the transmission function ¢.(c,) for a misaligned gear drive that is a piecewise
nonlinear function for each cycle of meshing with worsened conditions for the transfer of meshing.
The cycle of meshing is determined with the angles of rotation of the driving and driven gear
represented as ¢, = (2a/N;) and ¢, = (2n/N,). They found that the function of transmission errors
Ado(dby) for misaligned gear drives usually has the shape shown in Fig 7(a) .

The linear part of Ady(d;) is caused by gear misalignment ; the nonlinear dashed part of
Ado(d;) corresponds to the portion of the meshing cycle when the edge contact occurs. The second
derivative of Ada(d1), and therefore the acceleration of the driven gear , makes a big jump at the
transfer point A of the meshing cycle.

The approach is directed at improving the conditions for the transfer of meshing and is based on the
application of a predesigned parabolic function of transmission errors. Such a function is provided by
the proper modification of gear tooth surfaces or by the stipulation of specific relations between the
motions of the tool and the generating gear in the generation process. It will be shown , that the
simultaneous action of both transmission error functions , the predesigned one and that caused by
misalignment (in fig 7(a)) , causes a resulting function of transmission errors that is again a parabolic
function having the same slope as the initially predesigned parabolic function. The magnitude Adzmax OFf the
resulting maximal transmission errors (caused by the interaction of both functions shown in fig 7(b) can be
substantially reduced. The level of the driven gear accelerations is reduced as well, and an edge contact, as a
rule, can be avoided.

The transmission function for the gear drive, when the predesigned parabolic Function of
transmission errors is provided, is shown in fig 8(a) . The predesigned parabolic function is shown in fig
8(b). It is important to recognize that the contact ratio for a misaligned gear drive with rigid teeth is
equal to 1. However, the real contact ratio is larger than 1 because of the elastic deformation of the
teeth. While investigating the correlation between the predesigned function of transmission errors and
the elastic deformation of teeth, we have to consider the variation in the elastic deformation of the teeth
during the meshing process, but not the whole value of the elastic deformation. Itis assumed that the
variation in elastic deformation is comparable to the level of compensated transmission errors.

5. Interaction of Parabolic and Linear Functions of Transmission Errors

Fig 9(a) shows the interaction of two functions: (1) the linear function Ad,™ =bg, caused by gear
misalignment and (2) the predesigned parabolic function Ad,® = -a,* provided by the modification of the
contacting gear tooth surfaces. Our goal is to prove that the linear function Ad, ®(¢;) will be absorbed
because of the existence of the parabolic function Ad,® = -ad? . To prove it, we consider the resulting
function of transmission errors to be:

Adz (1) = Ap2™ (b1) + Ade® (1) = bibs ~ ahy” ©)
The proof is based on the consideration that equation (3) represents in a new coordinate system with axes
(AY,, ¥,) (fig4 (a)) the parabolic function

AY,=-a¥;’ (4)
The axes of coordinate systems (AY,, ¥;) and (Ad,, ¢,) are parallel but their origins are different. The
coordinate transformation between the coordinate system above is represented by
AY, = Ad, — b’/da, W, =d,—bl2a (5)

Equations (3) and (5) , considered simultaneously , yield equation (4) . Thus, the linear function Ad,™
(1) is indeed absorbed because of its interaction with the predesigned parabolic function Ad,® (d). This
statement is in agreement with the transformation of equations of second-order curves discussed in the
mathematics literature.

The difference between the predesigned parabolic function A,® () and the resulting parabolic
function AW,(¥,) is the location of points (A* , B*) in comparison with (A ,B). Fig 9(a) shows that the
symmetrical location of (A, B) is turned into the asymmetrical location of (A*, B*). However, the interaction
of several functions AY, (¥,), determined for several neighboring tooth surfaces, provides a symmetrical
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parabolic function of transmission errors AW, (¥;) as shown in Fig 9(b). (The neighboring tooth surfaces
enter into mesh in sequence.) The symmetrical shape of function A¥, (¥;) determined for several cycles of
meshing can be achieved if the parabolic function AG2® (¢,) is predesigned in the area (fig 9(a)).
01(B)—h2(A)>2n/N1+b/a (6)
The requirement (6), if observed, provides a continuous symmetrical function A¥, (¥;) for the range of the
meshing cycle ¢; = 2n/N;.

6. RESULT AND DISCUSSION

After applying modifications, corrected gears are assembled on the gearbox and sensors including
accelerometer and microphones are installed in predetermined sensitive positions such as gearbox cover, gear
change knob, and mountings as shown in figures 10,11,12,13. The amplitude of vibrations (m/s %) and the
intensity of noise (db) are measured by sensors. The results are compared before and after gear corrections.
The test is done on the XU7 motor & BE-5N 17x77 gearbox in R&D center of Nirou Moharrekeh.

Fig 14 shows the increasing of motor speed in gear 5 during test.

As is shown in fig 15 before modification, there are 2 waves of noise, one of them (red color, order
22.93) is for pinion - crown wheel in differential and another one (green color, order 47) is for gear 5, both of
them are at the same time .The sensors are installed on the gearbox mounting and are registered the amplitude
in 2 directions. After modification the test is done again and it is shown fig 16 the amplitude of vibration is
decreased, both, for pinion - crown wheel & gear 5.

The intensity of noise is decreased as shown in fig 18. As is shown in fig 19, 20 the sensor is installed
on the gearbox covering & the test is repeated. According the above tests the amplitude of vibration and the
intensity of noise are decreased after gear modifications.
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Fig. 1. Indication of the number of point of contact Fig. 3. Typical profile error generated by the non
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Fig.14. Increasing of motor speed in gear 5 during test.
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Fig.15. Amplitude of noise in gear 5 (gear 5 + pinion
crownwheel) before gear modification in direction z
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7. Conclusion

NVH tests have been done for inspection of gearbox noise. It is done for gearbox in gear 5 and in real
condition in road and sensors including accelerometer and microphone are installed in sensitive positions and
amplitude of vibration and intensity of noise are compared before and after modification of gear profiles.
Experimental results showed that by modifying the design of gears. The mean amplitude of noise is reduced
by about 35%
Acknowledgment

The financial support of this work from R & D center of Nirou Moharrekeh is gratefully acknowledged.

REFERENCES
UIf Sellgren, Mats Akerblom. (2004). A Model-Based Design Study of Gearbox Induced Noise. Royal
Institude of Technology (KTH). http://papers.designsociety.org/a_model-

based_design_study_of gearbox_induced_noise.paper.19920.htm

Romax technology Ltd,2002,"Designing Automotive Transmissions for Optimum Noise”, Nottingham
shire,NG24 1HD,England

Romax technology Ltd. 2002,"The Effect of Housing Flexibility on Gear Mesh Misalignment", Nottingham
shire,NG24 1HD,England

International Organization for Standardization, Technical Committee ISO/TC 60, Gears. Calculation of load
capacity of spur and helical gears, Calculation of service life under variable load, .1997.
http://www.iso.org/iso/iso_catalogue/catalogue_ics/catalogue_detail_ics.htm?csnumber=38788&ICS1=
21&ICS2=200

Emmanuel Rigaud, Denis Barday. Modelling and Analysis of Static Transmission Error. Effect of wheel
Body Deformation and Interactions between adjacent Loaded Teeth ,4™ World Congress on Gearing and
Power Transmission,Paris, 3,1961-1972. http://hal.archives-ouvertes.fr/hal-00121847/en/

S.Le Moyne, JL.Tebec. (2002). Riibs effects in acoustic Radiation of a Gearbox Their Modeling in a
Boundary Element Method. Applied Acoustics. 63, 223-233.
http://www.sciencedirect.com/science/article/pii/S0003682X01000263

Tuma,Moravec,"Methods Employed to Assess the Level of Noise Emitted by Transmission Units in
Relationship with Gear Accuracy”, Clloquium Dynamics of Machines 2000.

R.G.Longoria, “Vehicle power Transmission (Concept,Component and Modeling) ”,Vehicle System
Dynamics and Control, The University of Texas at Austin.

A. Palermo. et al. (2010). Gear noise evaluation through multibody TE-based simulations. Journal or book
publisher http://polaris.unical.it/user/report/dettagliopubblicazione.php3?IDProd=341566341

ZHANG, G. X. et al. (2007) Indirect ldentification of Dynamic Forces Transmitted to Housing Through
Bearing. 4 th World Congress on Gearing and Power Transmission. Paris. 3, 2065-2078.
http://arxiv.org/abs/physics/0701065

G. Vladimir. et al. (2008). Comparison of 1ISO and max method in determining tip factor of involute gears.
International journal - ADVANCED ENGINEERING. 1, 29-36 https://bib.irb.hr/prikazi-
rad?&lang=EN%20Croatian%20Scientific%20..&rad=377290

R. Le Riche. et al. (2009). Gears design with shape uncertainties using Monte Carlo simulations and kriging.
50th AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference.
http://www.citeulike.org/user/vbaudoui/article/10544626

C. P. Reagor. (2010). An optimal gear design method for minimization of transmission error and vibration
excitation. http://gradworks.umi.com/34/20/3420265.html

P. Wagaj, A. Kahraman. (2002). Impact of tooth profile modifications on the transmission error excitation of
helical gear pairs. Proceedings of ESDA2002: 6th Biennial Conference on Engineering Systems Design
and Analysis.

Y. Driss. et al. (2005). Dynamic behavior of helical two-stage gear system affected by defects. Address

G. W. Blankenship, R. Singh. (1995). Dynamic force transmissibility in helical gear pairs. Journal of
Mechanism and Machine Theory. http://www.sciencedirect.com/science/article/pii/0094114X9400048P

R. C. Glover, D. G. Rauen. (2003). Gear Transmission Error Metric for Use with Gear Inspection Machine. SAE
2003 Noise & Vibration Conference and Exhibition Technical Papers. http://papers.sae.org/2003-01-1663/

Gerard, 2004,”LMS Engineering Experience Gearbox NVH “, LMS Engineering Services. Address and
original

J. Harianto. "Information about Load Distributtion Program. Gear Dynamics and Gear Noise Research
Laboratory. The Ohio State University.
http://www.orbitamerica.com/pdf_print_total_profile_gear_profile.html

9723



