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Abstract : This study proposed a machine learning-based methodology for predicting flow characteristics and detecting

anomalies in pressure relief valves applied in automotive engine timing chain systems. Analysis was conducted using

Random Forest, XGBoost, and LightGBM algorithms on comprehensive inspection data from 1.36 million products

produced in 2023. The Random Forest test demonstrated superior performance in low and high-pressure regions, with

particularly stable predictions in low-pressure conditions. Oil pressure and production timing were identified as key

influencing factors. The anomaly detection algorithm effectively classified defect types across different specifications,

specifically in detecting low-pressure flow anomalies caused by vent cap defects. This methodology is expected to

significantly contribute to ensuring quality control efficiency and reducing defect rate in production processes.

Key words : Machine learning(T412]d), Flow characteristic(--45"%]), Detecting anomaly(°]47A]), Pressure relief
valves(YEA| o] B), Engine timing chain systems(2lZ Efo]™] Q1 A| A=)
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Fig. 2 PRV flow measurement by oil pressure”
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Table 1 Flow equations for low- and high-pressure conditions®

P,<P, P,>P,

_ mXd'}XAP
Q= 128 X X L
AP: pressure difference

p : fluid viscosity Q=C,x 4% [2X AP

L :channel length p

d :hydraulic diameter Cq : discharge coefficient

A :effective flow area

d= 4XwXh p :fluid density

~ (2w+2h)

w : channel width

h : channel depth
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Table 2 PRV design specification and data characteristics

PRVA | PRVB | PRV.C | PRVD
224 MPa | 4.0+2.4 | 1.0£0.5 | 2.6x1.6 | 2.6£1.6

Flow rate
[ce/s] | 3.5MPa

Min. 15 | Min. 40 | Min. 40 | Min. 40

Supplier of vent cap | C J C C
Filter Not applied| Applied |Not applied| Applied
Sample | Raw data | 34,755 |513,722| 607,912 |205,586
size RMD 33,100 |489,259 | 562,881 | 188,611

[pes] ROH 33,049 | 484,489 | 560,789 | 188,125
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Table 3 Selected feature for flow rate prediction by machine

learning

Feature Unit

Production date | Month/Week/Date/Hour/Weekend -

PRV type Product specification category -

Jig No. Test Jig identification

Oil pressure - MPa

Oil temperature - °C
Flow rate Output variable cc/s
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Table 4 Optimized hyperparameters of flow rate prediction
model and key parameters of anomaly detection
model for PRV

Optimized hyperparameters of prediction
Number of estimators
Random forest M?X' depth )
Min. samples for split
Min, samples for leaf
Learning rate
Max. depth
XGBoost Number of estimators
Min. child weight
Subsample
Number of leaves
Learning rate
LightGBM Max. depth
Number of estimators
Min. data in leaf
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Table 5 Prediction performance and cross validation analysis
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Fig. 3 Analysis of key factors influencing flow rate prediction
at low pressure range

Table 6 Prediction performance and cross validation analysis
at high pressure range

@ High pressure PRV.A | PRVB | PRV.C | PRV.D
at low pressure range
Prediction RMSE | 0.4051 | 0.4891 | 0.3312 | 0.3764
@ Low pressure PRVA | PRVB | PRV.C | PRVD performance R? 0.4553 | 0.4366 | 0.5209 | 0.5150
Prediction RMSE 0.3321 0.2562 0.3650 0.3121 evaluation MAE 0.2843 0.3435 02414 0.2690
performance R? 0.5473 | 0.3655 | 0.6607 | 0.6084 Mean
luati . 0.4451 | 0.5815 | 0.4471 | 0.61537
evaluation MAE 0.2521 | 0.1817 | 0.2693 | 0.2285 Cross-valida | RMSE
tion analysis | Standard
Mean 0.3701 | 0.4053 | 0.6739 | 0.4013 Y an ar 0.4530 | 0.8903 | 0.4803 | 0.3423
Cross-valida | RMSE deviation
tion analysis | Standard
Y d an t?rn 0.0308 | 0.0845 | 0.4861 | 0.2114
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Fig. 4 Analysis of key factors influencing flow rate prediction
at high pressure range
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Table 7 Comparison of PRV flow rate prediction performance
evaluation results by algorithm

@ Low pressure PRV.A | PRVB | PRV.C | PRV.D
Random forest | 0.3321 | 0.2562 | 0.3650 | 0.3121
RMSE XGBoost 0.3589 | 0.2518 | 0.3698 | 0.3278
LightGBM | 0.3580 | 0.2527 | 0.3685 | 0.3273
Random forest | 0.5473 | 0.3655 | 0.6607 | 0.6084
R? XGBoost 0.2491 | 0.1662 | 0.2665 | 0.2236
LightGBM | 0.2494 | 0.1660 | 0.2667 | 0.2235
Random forest | 0.2521 | 0.1817 | 0.2693 | 0.2285
MAE XGBoost 0.3279 | 0.2381 036 | 0.3043
LightGBM | 0.3282 | 0.2379 | 0.3607 | 0.3045
(@ High pressure PRV.A | PRVB | PRV.C | PRV.D
Random forest | 0.4051 | 0.4891 | 0.3312 | 0.3764
RMSE XGBoost 0.4533 | 0.4722 | 0.5477 | 0.5947
LightGBM | 0.443 | 0.4848 | 0.5426 | 0.5888
Random forest | 0.4553 | 0.4366 | 0.5209 | 0.5150
R? XGBoost 0.2840 | 0.3421 | 0.2377 | 0.2551
LightGBM | 0.2859 | 0.3396 | 0.2383 | 0.2557
Random forest | 0.2843 | 0.3435 | 0.2414 | 0.2690
MAE XGBoost 0.3950 | 0.4832 | 0.3264 | 0.3433
LightGBM | 0.3987 | 0.4774 | 0.3282 | 0.3458
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Fig. 5 Comparison of flow rate prediction performance
evaluation results by PRV type
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