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Mesh Stiffness Prediction Models for Aircraft Power Train Systems
Using Machine Learning Ensemble
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Abstract

This paper aimed to develop mesh stiffness prediction models using spur gear design parameters as input
variables through a machine learning ensemble method. A dataset was generated by calculating individual
stiffness using a calculation method presented in previous studies and deriving the minimum and maximum
values of total mesh stiffness. Using multivariate linear regression, support vector regression, and decision tree
regression, models were created to predict the minimum and maximum values of mesh stiffness. The stacking
ensemble method was used to create meta models. Prediction models of three algorithms were used as base
models. These Ensemble meta models were verified with specifications of gears used in actual aircraft engine
starters, showing very high prediction performances. Thus, feasibility of applying Ensemble meta models to an
actual gear system and their effectiveness were confirmed.
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Fig. 2 Gear Tooth Cantilever Model for Calculation
of Mesh Stiffness
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Table 2 Values of Design Parameters

Parameter List of Values

Module [mm] 0.1, 0.5, 1.0, 1.5, 2.0

No. of Tooth, Gear 1 12, 16, 20, 32, 50

No. of Tooth, Gear 2 12, 16, 20, 32, 50

Pressure Angle [deg] 14.5, 17.5, 20, 25

Gear Width [mm] 5, 10, 18, 20, 25

Shift Coeff., Gear 1 |-0.6, -0.3, 0, 0.3, 0.6

Shift Coeff., Gear 2 |-0.6, -0.3, 0, 0.3, 0.6

Internal Ratio, Gear 1 1.4, 2.0, 4.0, 7.0

Internal Ratio, Gear 2 1.4, 2.0, 4.0, 7.0
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Start ensemble predictive
models’ development procedure
Pre-process the dataset configured of
the min and max. mesh stiffness
calculated by potential energy method
Generate base predictive models
¥ i’ ¥
Multivariate Linear Support Vector Decision Tree
Regression Repression Regression
| | |
L 2

Generate meta ensemble models
to predict the min. and max. mesh stiffness

!

| Validate the predictive models |

!

End ensemble predictive
models’ development procedure

Fig. 3 Procedure of Ensemble Machine Learning
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Table 3 Weights of MLR Model

y; Model 15 Model
wy -18,637.3 -25,663.1
w, 867.80 641.46
Wy 835.86 1,010.8
W3 833.13 1,020.4
wy 132,154 292,966
Ws 9,920.3 18,863.5
W 28,872.2 58,438.2
wy 28,230.8 58,634.5
wg -11,812.5 -21,421.6

Mesh Stiffness, Multivariate Linear Regression
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105 4

In-‘ 4

Predicted Value of Min. Mesh Stiffness [N/mm]

10*

10°
actual Value of Min, Mesh Stiffness [N/mm]

Fig. 4 Comparison of Predictive - Actual Value of
the Minimum Mesh Stiffness, MLR

Mesh Stiffness, Multivariate Linear Regression

108 1

1c5 <
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Predicted Value of Max. Mesh Stiffness [N/mm]
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Actual Value of Max. Mesh Stiffness [Nfmm]

Fig. 5 Comparison of Predictive - Actual Value of
the Maximum Mesh Stiffness, MLR



Table 4 Evaluation Metrics of MLR Model
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Table 5 Grid Search Parameters of SVR Model

Kernel C vy Degree e

100 0.1

Linear 2 0.1
1,000 0.2
Poly- | 10,000 0.3

_ 3 0.5
nomial | 50,000 0.5
100,000 0.8

RBF 4 1.0
200,000 1.0

Table 6 Hyperparameters of SVR Model

y; Model Yo Model
Kernel RBF
C 100,000
y 0.8
) 0.1

Table 7 Evaluation Metrics of SVR Model

y; Model Yo Model
R?, Train 0.990 0.994
CVroon 0.965 0.978
R*, Test 0.971 0.982

Mesh Stiffness, Support Vector Regression

Predicted Value of Min. Mesh Stiffriess [N/mm]
=1
o

10%
Actual Value of Min. Mesh Stiffness [N/mm]

Fig. 6 Comparison of Predictive - Actual Value of
the Minimum Mesh Stiffness, SVR

Mesh Stiffness, Support Vector Regression

-
=

r-
L

Predicted Value of Max. Mesh Stiffness [N/mm]
g

Actual Value of Max. Mesh Stiffness [Nfmm]

Fig. 7 Comparison of Predictive - Actual Value of
the Maximum Mesh Stiffness, SVR
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Table 8 Grid Search Parameters of DTR Model

Min. No. of
Criterion Max. Depth
Leaf Sample
6 1
Squared 7 2
Error 8 3
9 4
10 5
Absolute 12 6
Error 15 7
20 8

Table 9 Hyperparameters of DTR Model

y; Model Y Model
Criterion Squared Error
Max. Depth 10
Min. No. of

Leaf Sample

Table 10 Evaluation Metrics of DTR Model

y1 Model Y5 Model
R?, Train 0.947 0.966
CVroan 0.919 0.950
R?, Test 0.929 0.951

Mesh Stiffness, Decision Tree Regression

10° 1

Predicted Value of Min. Mesh Stiffress [N/mm]

10%
Actual Value of Min, Mesh Stiffness [N/mm]

Fig. 8 Comparison of Predictive - Actual Value of
the Minimum Mesh Stiffness, DTR

Mesh Stiffness, Decision Tree Regression

108 1

Predicted Value of Max. Mesh Stiffness [N/mm]
=
]
L

Actual value of Max. Mesh Stiffness [Nfmm]

Fig. 9 Comparison of Predictive - Actual Value of
the Maximum Mesh Stiffness, DTR
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Table 10 Evaluation Metrics of Ensemble Model

y; Model Yy, Model
R?, Train 0.992 0.995
CVoun 0.992 0.995
R?, Test 0.988 0.994

Mesh Stiffness, Ensemble Meta Model
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Fig. 10 Comparison of Predictive - Actual Value of
the Minimum Mesh Stiffness, DTR

Mesh Stiffness, Emsemble Meta Model
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Fig. 11 Comparison of Predictive - Actual Value of
the Maximum Mesh Stiffness, DTR
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Fig. 12 Sun-Planet Gear as Spur Gear Pair

Table 13 Gear Specifiaction

Parameter Gear 1 | Gear 2 Unit
Gear Module 1.25 [mm]
Number of Teeth 22 41 -
Pressure Angle 25 [rad]
Gear Width 11 [mm]
Shift Coefficient 0.0 0.0 -
Internal Ratio 1.385 1.104 [mm]

Table 14 Comparison of y, Predictive Models

Value Error
[N/mm]

Theoretical 187,566.56 -
MLR 172,291.16 8.144%
SVR 179,157.80 4.483%
DTR 122,507.12 34.69%

Ensemble 183,684.78 2.070%

Table 15 Comparison of y, Predictive Models

Value Error
[N/mm]

Theoretical 311,816.65 -
MLR 320,897.16 4.841%
SVR 310,082.75 0.556%
DTR 307,198.67 1.481%

Ensemble 311,137.42 0.218%
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