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Explainable Fault Diagnosis of a Pneumatic Cylinder in a Heat
Exchanger Baffle Insertion Process using a
Stroke—-Phase—-Aligned Multi-Scale Convolutional Neural Network
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Abstract

This paper proposes a Stroke-Phase-Aligned Multi-scale Convolutional Neural Network (SPA-MCNN) for
explainable fault diagnosis of a pneumatic cylinder in a heat exchanger baffle insertion process. For four conditions—
normal, air leakage, seal wear, and mechanical looseness—120 independent vibration signals were generated by
physics-based simulation, aligned at the maximum point of the Hilbert envelope, and learned through parallel 1-D
convolutional branches at multiple time scales. In the clean condition most methods reached saturated accuracy owing
to high state separability; however, under additive white Gaussian noise the proposed method maintained 94.17%
accuracy at an SNR of -5 dB, whereas statistical-feature-based methods dropped to 64 - 68%, demonstrating strong
noise robustness. Input-gradient analysis further showed about 4.0 times higher importance in the impact-decay interval
than in random intervals, confirming the physical validity of the decision basis, which was also supported by
comparison with signals measured from an actual pneumatic cylinder.
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Fig. 1. Pneumatic—cylinder pressing system used in the
heat exchanger baffle insertion process: (a) Overall
equipment, (b) Baffle insertion jig and vacuum system,
(c) Cylinder pressing unit
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Table 1. Measurement hardware used for validation

[tem Specification
Pneumatic cylinder SMC CDQ2A40-125DCZ
Bore / Stroke 40 mm / 125 mm

Operating pressure 050 MPa (5.0 bar)

Accelerometer PCB 352C33 (uniaxial ICP)
Sensitivity 100 mV/g
Measurement range 50 g pk
Frequency range 0.5-10,000 Hz

Sensor position Cylinder head
Measurement axis Stroke direction (2)
DAQ NI cDAQ (24-bit, 4-ch)
Sampling / Length 25600 Hz / 180 s
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Table 2. Simulation and validation conditions

[tem Specification
Normal, air leak, seal wear,
Classes looseness

Independent runs 30 runs per class
Total records 120
Sampling rate 2,000 Hz
Record length 2 s/ 4000 samples

Evaluation 6-fold, run-independent
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Table 3. Simulation parameters by condition

Condiion | Seting | Al@ /¢ | f,(H2) | Z-RMS(g)
50 bar, 8
Normal 1.77/0.16 470 0.211
N'm
Arleak | "4.2 bar | 1.030.12 | 470 0.151
Sed wear | worn seal | 265014 | 470 0.220
Loosness 2 N'm 4.63/0.01 860 0.355
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Fig. 2. Vibration signals of four conditions in a
representative run
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ay(n) =a((n+7—n)modN) (7

2E23 4 AEY Y Hes AT
V) Y8, 2 s3] gl FA B A
3 7% 99X n 25E Hojd 7
BT 43 1207 Azl thE
ol 9zt 32} 7+ FERHUAE T 49
Bo] A 0.76 ms ©]3FE, AMZ 7HA(0.5
Lo HEAS Byt JAE Y A
Sl ol 2 HojHo] A
Holl FAHo] HF o —9.95 m5«] xﬂ
o] &Aoo, 3ak 7+ EEHAE

i
>

o,
O{N'év mil oo A 2 o

e

}

i

)

3

—_

X

ms
A

o
L 0>_
—

U

— ri
[N
o

to
[&l
>é

,d
b

> rff o HN 2 ok fo ol o



68 2E=A ) AE 7N AL dAE AT o183

048 msZ A FAIEH A E} o= x&

°F 11.6 ms)g YHHA HAGTS YehdTh
T4 FEH T X0 AIUE 2RHEZTHAY

Table 4. Residual time-axis error after stroke-phase
alignment(Standard deviation)

Condition | Run—to-run SD (ms) | Systematic offset (ms)
Normal 0.46 002
Air leak 043 025
Seal wear 0.76 +0.17
echanca 048 9%
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Table 5. SPA-MCNN architecture and training configuration

ltem Configuration
3 parallel 1D-Conv
Conv branches (kemel 3, 9, 21)
Filters per branch 32
Activation RelLU
Aggregation Global average pooling — concat
Classifier FC(64) — Softmax(4)
Optimizer Adam (r 1.5e-3, L2 1e-4)
Dropout / Batch / 02/ %/ 200
Epoch

a8 5= 307 =Y AA 33 Aud HE A
.]

H2HEHUE(PSD, Power Spectral Density)©| .
I8 50 37] S AN AdEY A 2E
ANAAZF WA debgta, 2 v 7144 FHS
T 1F% gy oquA ST #EEHAH. ol
3t Ak 2| FAo| 93 =49 7L/\ A wh g
of o A& mpEd, AAF FH o 7= T4
ok eld WAUES 27t tjgE) s

Ho), o}E B4l

A A $) 3l 7
Ave] w2 2AT 92 FAT

4>
%0
o

Normal

- == -Air leak
1073 L[ Seal wear
—————— Mechanical looseness e

PSD (g%/Hz)

. . | | 1 | 1 . 1
0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

a8 5 3070 =7 MM s|xte| Mefd " PSD
Fig. 5. Mean PSD curves over 30 independent simulated runs



70 2ERA 3 AE 7 BEAAL A AT o183

ok olgd He oluix Jlw BeE
270 B35, 2ol Skl w57 5
Belet 343 AsEe FAe 448014 4
Aoz tEth

ofi 1o f

42 28 ds H|

* 62 F7F AWGN "]FY Z7(Clean condition)
NA 6fold TAAZOE A=3 ndd BF A%
< Hlagk Zolth. T Ad ID-CNN2 95.83%, 9
4 AEE 4834 &2 tE2AY CNN(MCNN)
S 9833%9] Hlom,  Agksh=
SPA-MCNN< 100.00%E 74 &9ttt B4 7w
SVM#} dE ZH2E QA 100%E 7]=39=T,
ol T A e 1 FE 2 gy ofuix|
BX7} Ay BE7t 7bed £ELE Tl Y]
o Yeht= A% L3 (ceiling effect)o|™, 54 7]
W SVWMAY ZHXAEZF A 100%E 7] E3t
© Z0E JRAY. weby TR 209 Ay
g W 22 HAeA o, A

= A SNR F= ZH(E 8)
22 elgdA@3")0lA Eeled,

A=

oH L=

6 ZEY ZF ds vl

Table 6. Comparison of classification performance

Model Accuracy (%) Macro F1 (%)
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SWM 100.00+0.00 100.00+0.00
Random forest 100.00+0.00 100.00£0.00
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Sim. Sim.
Feature Measured )
(before) | (calibrated)
Dominant freq. (H2) 550 461 547
Kurtosis 24 78.7 26.0
Crest factor 72 12.2 8.7
(a) Measured (normal) (b) Calibrated simulation
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Fig. 12. Waveform comparison of measured normal signal
and calibrated simulation
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