INTRODUCTION

Gear mesh modifications aim to extend gear load capacity. For a given torque, longitudinal modifications such as helix and crowning are very adapted to enhance the load capacity while profile modifications are more adapted to decrease Peak-to-Peak Transmission Error (𝑃𝑃𝑇𝐸). This paper presents the fourth phase of a research program focusing on microgeometric modifications of gear tooth flank in order to optimize gear load capacity and reduce noise excitation. At first, developments made by D. Ghribi and al. (1) have shown the capability of tip relief modification to reduce drastically peak-to-peak transmission error. The two following phases (2) (3) aimed to compare three computation codes optimization capability: Gear (INSA Lyon), ROMAX Designer (commercial software) and KISSsys/KISSsoft (commercial software) on industrial reducers. Gear and ROMAX Designer appeared adapted solutions for modification optimization using genetic algorithm. KISSsys/KISSsoft software appeared unappropriated for multi-modification optimization since the optimization algorithm ( "Brutal force" type ( 5) ) involves very long computation time (order of 𝑁 𝑘 where N is the discretization number and k is the number of optimization variables). Because KISSsys is a gearbox oriented software and quite popular in Europe, the development of an optimization program using KISSsys became a real motivation. The Third phase (4) was split into two items: first test the possibility to launch KISSsys computations from an external program, and second develop the analytical computation of the optimal tip relief modification (tip relief length and root neighboring point) taken from the developments described here after ( 6) -( 12). A scalar function of contact pressure distribution and Peak-to-Peak Transmission Error is used to compute multi-objective optimization (13). For now, helix angle modification, symmetric crowning and tip relief modification can be optimized (maximum 4 variables) and adding more correction types does not present any major difficulties. Hence, it is now easy to optimize gear tooth modifications of a multi-stage gearbox, taking into account shaft deflection, bearing stiffness and external forces.

The paper is organized as follows. First, the methodology is explained. Second, main results are presented. Third, a conclusion sum up major results and open further works.

METHODOLOGY

The computation process is presented below (see Figure 1): 1. Create the gearbox model in KISSsys including bearings (or at least bearing stiffness), shaft geometry and material, Gear mesh parameters. 2. Use the analytical method (6) to estimate optimal tip relief modification. This optimal correction is extended in order to get bounds of the genetic optimization algorithm. Bounds are thus tight enough to find the optimal solution and small enough to reduce optimization time. 3. Define the optimization settings. 4. Launch calculations. An optimization routine manages dialogs between the optimization algorithm and the KISSsys in/out data. 5. Analyze results.
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Result analysis FIGURE 1 : GLOBAL METHODOLOGY TO SOLVE THE OPTIMIZATION PROBLEM

The present problem can be classified as a nonlinear multi-objective global optimization with constrains. Objectives and constrain management are described below.

Objectives 4.1.1 Tooth contact pattern

Optimizing the tooth contact pattern is a good objective since it results in a good general performance of the gear, including optimal load capacity for a given torque. It will mainly affect flank line modifications along the face width.

At first, the face load factor (𝐾 𝐻𝛽 ) was used as an indicator of the tooth contact pattern but this factor was shown limited during the present work. Indeed, the face load factor is defined as the ratio between the maximal and the mean tooth normal force at the pitch cylinders. Hence it does neither take into account tip and relief contact pressure peaks, nor contact nonlinearities, and nor edge effects. We propose a new factor inspired from the face load factor: the contact pressure distribution factor noted 𝐾 𝐻𝜎 𝐻 . This factor is defined as the ratio between the maximal contact pressure and the mean contact pressure on the full contact area during gear mesh [1].

𝐾 𝐻𝜎 𝐻 = 𝑃 𝑚𝑎𝑥 𝑃 𝑚𝑖𝑛 ) 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑖𝑛𝑠𝑡𝑒𝑎𝑑 𝑜𝑓 𝐾 𝐻𝛽 = 𝐹 𝑚𝑎𝑥 𝐹 𝑚𝑖𝑛 ) 𝑝𝑖𝑡𝑐ℎ 𝑐𝑖𝑟𝑐𝑙𝑒 [1]
As a proof of concept, the Table 1 present normal load distribution and contact pressure distribution on the pinion tooth flank for three cases: no modification case, 𝐾 𝐻𝛽 based modifications and 𝐾 𝐻𝜎 𝐻 based modifications:  With no modification, maximal contact pressure are high (2750MPa) and localized at the left tooth root.  With 𝐾 𝐻𝛽 -based modifications, the maximal contact pressure decreased to 1693MPa (-38% compared to the unmodified gear) but high pressure gradients are still presents. At the pitch circle, normal force gradients are almost zero on the longitudinal direction as expected with KH  optimization.  𝐾 𝐻𝜎 𝐻 -based modifications, the maximal contact pressure is the lowest (1518MPa, -45% compared to the unmodified gear) and the contact pressure pattern is well distributed along the face width. A few face gradients in term of contact pressure and normal force are observed. More details about this test case in the section 5. 
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Transmission error

The transmission error is generating a mechanical excitation that could, under certain condition, result in inconvenient noise. Thus, the peak-to-peak transmission error is a second objective. This objective will mainly affect profile modifications.

Multi-objective scalar

The multi-objective optimization is provided by a linear scalarization method [2] with an objective function '𝐶𝑅𝐼𝑇' and a normalized weight 𝛼 ∈ [0; 1]:

𝐶𝑅𝐼𝑇 = 𝛼 𝑃𝑃𝑇𝐸 + (1 -𝛼)(𝐾 𝐻 -1)
[2] Where 𝐾 𝐻 represent either 𝐾 𝐻 𝛽 or 𝐾 𝐻𝜎 𝐻 .

The normalized weight '𝛼' is defined by the user. If 𝛼 = 0, the user will only optimize the 𝐾 𝐻𝛽 and if 𝛼 = 1, the user will only optimize the PPTE. A Pareto front can be computed by performing series of computation where 𝛼 sweep from 0 to 1.

4.2

Constrains Three constrain must be respected in gear modification optimization problems and can be written as conditions [3]:

𝑆 𝐹 > 𝑆 𝐹𝑚𝑖𝑛 (= 1,4 ) ; 𝑆 𝐻 > 𝑆 𝐻𝑚𝑖𝑛 (= 1,0 ) ; 𝜀 𝛼 > 𝜀 𝛼,𝑚𝑖𝑛 (= 1,3)

[3] The penalty method is used to distinguish a solution that does not verify every constrain (13). The penalty function is the following [4]:

𝐶𝑅𝐼𝑇 = 100(10 + 𝐶𝑅𝐼𝑇), if [3] is not verified [4]

Genetic optimization

The Genetic Optimization Algorithm (GOA) from python.scipy library has been connected to the KISSsys/KISSsoft model. At each iteration, the GOA thread tooth modifications to the KISSsoft model and launch a contact analysis computation. Then the KISSsys model provide results from the contact analysis (𝐾 𝐻𝛽 , 𝐾 𝐻𝜎 𝐻 , 𝑃𝑃𝑇𝐸, …) to the python routine. Following, the objective function is computed (equations [2,3,4]) and used for the genetic selection process. A tolerance 1e-4 to the objective function was required for the algorithm convergence. The initialization is latin-hypercube type [9].

Hypothesis

In order to reduce the number of optimization variables, the hypothesis of identical tooth modification on the pinion and the wheel is applied. The resulting modification is thus valid for small gear ratio. The total number of variable is by now 4 (2 for linear tip relief, 1 for helix and 1 for symmetrical crowing).

RESULTS

Model

The optimization program is verified using a 2 stages gearbox (see Figure 2, see ISO TC60/SC2/WG6). The aim is to optimize the high speed gear mesh (HS). The software Romax Designer and the code GEAR are used for comparison. Main data are given in the Figure 2. 

Initialization

The master curve method is used for tip relief modification estimation (see Figure 3) (12) 1 . From the optimal tip relief design (peak location in the Figure 3), bounds a selected (red rectangle in the Figure 3). The quasi-steady tooth bending deformation value was computed 𝛿 𝑚,𝑟𝑒𝑓 = 29,5 𝜇𝑚. Face modification parameters are bounded through trial and error. 3. From this table, one can observe:

 The contact analysis values with no modification present a bad face load factor and a high max contact pressure. This indicators result in a pitting safety lower than the minimum acceptable pitting security (0.854<1.000).  The 𝑲 𝑯𝜷 -based optimization present the best security margin in term of tooth root bending (+56%) and pitting (+29%). Compared to the reference case, the 𝐾 𝐻𝛽 decreased of -40%, the PPTE decreased of -99% and the max contact pressure decreased of -38%. The contact ratio presents a -11% decrease.  The 𝑲 𝑯𝝈 𝑯 -based optimization present the very good security margin in term of tooth root bending and pitting (almost as good as the 𝐾 𝐻𝛽 -based optimization: +54% for 𝑆 𝐹 and +28% for 𝑆 𝐻 ). Compared to the reference case (no modification), the 𝐾 𝐻𝛽 decreased of -39%, the PPTE decreased of -90% and the max contact pressure decreased of -45%. The contact ratio presents a -7% decrease.

𝐾 𝐻𝛽 -based and 𝐾 𝐻𝜎 𝐻 -based optimization present very good improvement of the gear specification. Despite the tip relief modification implies a conduct length decrease, the peak-to-peak transmission decrease by 90% and more. The 𝐾 𝐻𝜎 𝐻 -based optimization present more crowing, less tip profile relief and more tip profile modification length than the 𝐾 𝐻𝛽 -based optimization. Gear mesh modifications provide and a sufficient safety margin (load capacity is verified [3]).

Contact pressure patterns shown Figure 4 and Table 1 highlight that the 𝐾 𝐻𝜎 𝐻 -based solution is more suitable than the 𝐾 𝐻𝛽 -based solution despite its safety margin are lightly smaller. 

Comparison with other optimization codes

The comparison of optimized values obtained with GEAR and ROMAX Designer is presented in the Table 4. Data are taken from the reference (1). The KISSsys model was adapted in order to exactly match ROMAX bearing stiffness. This table shows that the present code finds twice longer and smaller profile modifications. The optimal crowning computed by GEAR and ROMAX Designer is bigger than the one found in the present study which is normal as helix modification was not applied in the reference (1). The maximal pressure and the PPTE are close.

The Figure 8 presents contact patterns. The contact patterns calculated by GEAR and ROMAX are similar. The present work solution shows more centered pressure center thanks to the helix modification.

CONCLUSION

To conclude, a methodology has been developed in order to realize multi-objective optimization of gear geometrical modification under constrains of a complex reducer with commercial software KISSsys. An analytical approach has been used to finely design profile optimization bounds to reduce the computation time. 

FIGURE

  FIGURE 3 : PPTE AS FUNCTION OF NORMALIZED TIP RELIEF LENGTH AND SIZETABLE 2 : INITIALISATION OF THE GAO WITH THE ANALITICAL METHOD 1 (12)

  FIGURE 4 : CONTACT PARTTERN OF SOLUTIONS WITH THE SAME COLOR SCALEThe Fourier decomposition of the transmission error highlights the mesh excitation amplitude decreasing at almost every harmonics (see Figure5). The Figure 7 present four charts used for the 𝐾 𝐻𝜎 𝐻 -based optimization analysis. Figures a, b and c show convergence after 100 iterations. The figure 7.a presents good convergence of geometric modifications. The figures 7.b presents good constrain management, especially during the 100 th first iterations where the pitting condition was not verified. The figure 7.c presents good minimization of the two objectives. At last, the figure 7.d presents tested values in a Pareto diagram. For the same optimization calculation, the PPTE is plotted as function of either the 𝐾 𝐻𝛽 or the 𝐾 𝐻𝜎 𝐻 . This chart shows a good multiobjective optimization and also shows de difference between 𝐾 𝐻𝛽 and 𝐾 𝐻𝜎 𝐻 values. These two indicator are not correlated as shows the correlation factor value R²=0.7 in the Figure 6.
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 67 FIGURE 6 : 𝑲 𝑯𝝈 𝑯 AS FUNCTION OF 𝑲 𝑯𝜷 COMPUTED WHILTE THE OPTIMISATION y = 1,2819x + 0,0841 R² = 0,7114

  𝐾 𝐻𝛽 -based optimization showed not so good contact pattern, so another indicator has been proposed, based on the contact pressure on the whole flank area in contact during the gear mesh. The 𝐾 𝐻𝜎 𝐻 -based solution present a very good contact pattern with a drastic load capacity increasing and transmission error amplitude decreasing. The comparison with other optimization codes showed different solutions. The present optimization code feature long profile correction unlike GEAR and Romax Designer solutions. Maximal pressure and peak-to-peak transmission error are close. Contact patterns are similar and the helix modification applied in the present work let the center of contact pressure more centered in the face width direction. Present optimal profile corrections are very close to those predicted by the master curve method (6)-(12).Further works consist in continuing testing the optimization program and adding torque robustness optimization as required in load spectrum fatigue design of machinery.

TABLE 1 : COMPARISON OF CONTACT PATTERN INDICATOR OBJECTIVES ON THE OPTIMIZED SOLUTION Objective based Contact Pressure Normal force No modif.

 1 

TABLE 3 : SUMMARY OF RESULTS Symbol Unit

 3 

			Value	Value	Value
			No modification	𝑲 𝑯𝜷 -based objective function	𝑲 𝑯𝝈 𝑯 -based objective function
				Objectives	
	𝑲 𝑯𝜷	-	1.692	1.017	1.032
	𝑲 𝑯𝝈 𝑯	-	2.542	1.605	1.390
	𝑷𝑷𝑻𝑬	𝝁𝒎	5.71	7.48e-2	5.83e-1
	𝑷 𝒎𝒂𝒙	𝑴𝑷 𝒂	2750	1693	1518
				Constrain	
	𝑺 𝑭	-	1.428	2.227	2.200
	𝑺 𝑯	-	0.854	1.105	1.097
	𝜺 𝜶	-	1.632	1.453	1.516
				Modification	
	𝑪 𝜷	𝝁𝒎	0.00	5.49	7.01
	𝑪 𝑯𝜷	𝝁𝒎	0.00	-24.85	-24.10
	𝑬	𝝁𝒎	0.00	43.78 | 38 2	34.67 | 38 2
	𝑳 𝒄𝒂 *	-	0.00	1.20 | 1.33 2	1.78 | 1.33 2

TABLE 4 : COMPARISON WITH OTHER CODES

 4 

	Symbol	No modification	Gear ROMAX	Present work 𝑲 𝑯𝝈 𝑯 -based
	𝒄 𝜶 𝑳 𝒄𝜶 *	0 0	70 0,8	80 0,666	34 1.270
	𝒄 𝜷	0	10	10	7
	𝒄 𝑯𝜷	0	0	0	-25.5
	𝑷𝑷𝑻𝑬	5.52		0.5	0.5
	𝑷 𝒎𝒂𝒙	2725	1515	1561	1518
	𝑲 𝑯𝝈 𝑯	2,507			1.403
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Value from the master curve method(12)