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WP1 -  Gear design, simulation and 
testing 



7. 3D LTCA for an helical pair with misalignment

In the present section, an example of application to a fully 3D problem is described. Data for a helical gear pair (case 4) are given in
Table 3. The problem under investigation is very tough from a numerical point of view, because the absence of crowning makes the
contact extended over all the whole face width; nonetheless, the accurate representation of the surface by means of NURBS surfaces
allows to get a proper solution. Fig. 14 shows the three-dimensional model of the gear pair: NURBS surfaces are visible on five teeth of
pinion and gear, assuming amaximumoffive tooth pairs involved in the contact during ameshperiod. Note that the referencemesh is
shown; in this 3D simulation refinement parameter are set as follows: lc = 5, lf = 1. In order to assess the reliability of the proposed
method, a comparisonwith an equivalent three-dimensional Calyxmodel is provided. In the Calyxmodel, a grid of contact elements is
to be defined: in order to get a comparable accuracy with respect to the proposedmethod, in the present paper, the grid is composed
of 31 elements along the profile and 101 along the face width. Moreover, the number of elements in the internal part of the gear is
comparable, and the element interpolation order far from the contact is set to cubic, accordingly to the order used in MSC Marc for
elements out of the contact region.

Results in terms of contact pressure and contact pattern are shown in Fig. 15. Fig. 15(a) represents the contact pressure at the pitch
point (position 0 of the analysis): it can be seen that the contact pressure is not constant along the facewidth, as expected fromHertz
theory for a line contact. The edge effect due to the finite length of the gear is such that the pressure is higher than expected close to
theboundaries, and thus it is lower in the neighborhood to compensate. This effect can be explained remembering that the boundaries
are free surfaces, and thus the plane stress assumption holds, while in the central part of the face width the plane strain condition
holds, since the load is applied to a very small portion of the boundary. The same condition can be observed in the contact pattern
(Fig. 15(b)): the most loaded regions are the central part of the face width and the boundaries. Note that the edge effect is so visible

Table 3
Case 4: External helical gear pair: 3D model (cases 4, 5, 6).

Pinion Gear

Number of teeth 23 34
Normal module (mm) 3 3
Normal pressure angle (Deg) 20 20
Helix angle at the pitch circle (Deg) 18 −18
Normal thickness at the pitch circle (mm) 4.4577 3.5943
Addendum modification (mm) −0.3498 −1.5358
Face width (mm) 20 20
Hob tip radius (mm) 1.1400 1.1400
Outer diameter (mm) 77.5010 109.4480
Root diameter (mm) 64.3510 96.6770
Inner diameter (mm) 40.0000 70.0000
Young's modulus (MPa) 206,000 206,000
Poisson's ratio 0.3 0.3
Center distance (mm) 87.9390
Normal backlash (mm) 0.0561
Transverse contact ratio 1.5901
Overlap contact ratio 0.6558
Torque at pinion (N mm) 210,000

Fig. 14. 3D finite element model prior to refinement, note the NURBS surfaces defined for five candidate tooth pairs in contact.
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MAIN TASKS:

1.Developing a software for 
analysis and optimization of 
gearboxes starting from design 
parameters and material 
properties

2.Developing a test rig for 
experimental validation of 
models, and for assessment of 
optimal gear design solutions

8. Internal gear pair

Internal gear pairs can be studied using the present approach, the contact area will be larger than external gears because
the contact is conformal. The geometry of the ring gear is described as an involute with circular fillet of given radius. Tangen-
cy condition is imposed between the fillet and the involute profile, and between the fillet and the root circle; the fillet radius
is 0.3mm; Table 6 summarizes the parameter of the internal gear pair. Pure involute profiles are assumed for the analysis.

Fig. 19 shows the contact pressure, and Fig. 20 shows the Von Mises stress contour plot with and without the mesh. In these
pictures a high level of refinement is chosen (lc = 7 and lf = 4), in order to prove that the refinement procedure is suitable to
represent the high stress gradients typical of the Hertzian solution.

The STE of internal gear pair (Fig. 21(a)) has again a squarewave shape, like in the external 2Dpair, but theminimum is close to the
pitch point: this is because of the internal meshing, in which two tooth pairs are in contact at the pitch point. The contact pattern
(Fig. 21(b)) is similar to the pattern of the external spur gear pair: pressure is non zero everywhere form ϕsc up to the tip circle.

Fig. 19. Contact normal stress for case 7 with lc = 7 and lf = 4.

Table 6
Case 7: Internal spur gear pair—2D model.

Pinion Gear

Number of teeth 13 40
Normal module (mm) 3 3
Normal pressure angle (Deg) 20 20
Helix angle at the pitch circle (Deg) 0 0
Normal thickness at the pitch circle (mm) 5.9866 3.3430
Addendum modification (mm) 1.7229 −1.7229
Face width (mm) 20 20
Hob tip radius (mm) 1.1400 //
Gear fillet radius (circular) (mm) // 0.3000
Outer diameter (mm) 48.4460 117.9460
Root diameter (mm) 34.9460 130.6460
Inner diameter (mm) 15.0000 145.0000
Young's modulus (MPa) 206,000 206,000
Poisson's ratio 0.3 0.3
Center distance (mm) 40.4000
Normal backlash (mm) 0.0678
Transverse contact ratio 1.3672
Overlap contact ratio 0.0000
Torque at pinion (N mm) 150,000
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Task 1: Modelling/optimizing planetary gears 

❖ Static analyses can be carried 
out using Finite Element 
models

❖ Dynamic behavior of planetary 
gear can be modeled using 
lumped parameter model

	



Optimizing planetary gears 
❖ The goal is to optimize profile 

reliefs in order to reduce 
overall planetary gear 
vibrations

❖ Static FE and lumped 
parameter models are 
combined in order to get a fast 
and reliable optimum

❖ A static model of the whole 
system is used to validate the 
proposed approach



Dynamic model of a planetary gear with modifications

❖ The first step is modeling both meshes by FEM, using our software HPGA

❖ Later on, rigid rotations due to profile modifications are taken into account

FE model of sun-planet 
and planet-ring meshes

Time-varying stiffness

Lumped parameters 
model

Errors

Profile modifications



Computing mesh stiffness with HPGA

❖ HPGA - High Performance Gear Analyzer is a software for static modeling of helical pairs

❖ HPGA has been ported on a HPC server (Cineca Galileo)



Validation by STE computation

❖ The static transmission error is correctly evaluated by the proposed approach (with respect to Calyx)
❖ The model is capable to represent the effect of profile reliefs and misalignments



Contact pressure and fillet stress



Modelling profile modifications in planetary

❖ Profile modification are introduced in the model

❖ The model is validated by comparison with a full model (Calyx Planetary2D)



Optimization of profile reliefs

❖ Optimization parameters:
❖ Sun profile reliefs (tip and 

root)
❖ Planet profile reliefs (tip and 

root)
❖ Objective function:

❖ Peak to peak of the STE of 
the planetary gear

❖ No modifications on ring



Optimal modifications

❖ Peak to peak of global STE is reduced from 154 !rad to 21 !rad (-86%)



Dynamic effect of optimization

❖ Profile modifications are optimized by means of a genetic algorithm
❖ The dynamic scenario shows a significant vibration reduction with optimal reliefs



Dynamic effect of optimization

❖ The bifurcation diagrams show that instability regions are smaller for optimized gears
❖ Instability disappears for the resonance at 6900 Hz



Task 2: A test rig for coatings/treatments on gears

❖ A test rig for gear pairs (developed thanks to CNH) is presents in Modena
❖ The test rig has been adapted for testing coatings and treatments



Measured physical quantities

❖ Tangential vibration (by means of four 
accelerometers + slip rings) or strain

❖ Torque at pinion/gear, and therefore efficiency

❖ Fatigue testing (with limited load)



DTE measurement

❖ The dynamic response of the system can be measured at varying speed

❖ This approach will be used to test less noisy gears (profile modifications or coatings)

RPM

g



Test sequence

❖ In our test rig efficiency and durability will be investigated
❖ In the real application, optimal treatments will be applied to the sun or both to sun and planets

Coatings and treatments are tested on a 
tribometer

Coatings and treatments are tested on 1:1 
spur gears at our lab.

Best treatments will be tested by Bonfiglioli 
on a complete planetary gear



Gear design for testing
❖ The test rig has limited torque

❖ In order to perform pitting tests, 1:1 
gears have been designed using HPGA 
for simulations

❖ A large crowning is applied



Conclusions

❖ Within MetAGEAR project, gear design methods 
previously developed by our lab. have been extensively 
used for simulation, optimization, as well as for 
designing experiments

❖ A new method for including profile modifications in 
planetary gear models is proposed and validated

❖ A new gear pair have been designed for performing 
tests on new treatments (OR 3)
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