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Fault diagnosis of control valves based on microwave vibration measurement
and time-frequency domain feature fusion
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Abstract: Control valves serve as critical actuators in industrial process control systems, and their operational status directly impacts
production safety and product quality. Addressing the limitations of existing control valve fault diagnosis methods—such as delayed
pressure and flow signal responses, susceptibility of vibration signals to interference, and inadequate extraction of characteristic
information—this study proposes a fault diagnosis method for pneumatic control valves based on microwave vibration measurement and
time-frequency domain feature fusion. First, microwave vibration measurement technology is employed to achieve non-contact, high-
precision acquisition of control valve stem vibration signals, overcoming the application limitations of traditional contact-based sensors.
Stem vibration can more directly reflect the status of critical components such as the valve core, spring, and seals. Second, a network
structure with multi-scale time-frequency domain dual-channel feature fusion is constructed. In the time-domain branch, multi-scale one-
dimensional convolutions combined with bidirectional gated recurrent units are designed to fully extract the temporal dynamic features of
the signal. In the frequency-domain branch, short-time Fourier transforms are used to convert one-dimensional signals into two-
dimensional time-frequency spectrograms, and multi-scale two-dimensional convolutional networks are employed to extract spectral
texture features. A channel attention mechanism is introduced to adaptively learn feature importance weights, and a cross-attention

mechanism is employed to achieve deep fusion of time-frequency domain features, fully leveraging complementary information across
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different modalities. Experiments were conducted on a pneumatic control valve fault simulation test bench equipped with a microwave

vibration measurement system. The experimental results show that the proposed method achieves a classification accuracy of 96. 25% for

six operating states on the fault simulation test bench, demonstrating superior diagnostic performance compared to common deep learning

models. In the validation of 11 fault modes on the DAMADICS platform, the method achieved an average classification accuracy of

99.24% , demonstrating the model’s excellent generalization capability and providing a new technical approach for control valve fault

diagnosis.

Keywords : pneumatic control valve; microwave vibration measurement; fault diagnosis; multi-scale feature extraction; attention

mechanism
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Fig. 1  Structure of microwave vibration measurement
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Fig.2 Pneumatic control valve structure
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Fig. 11 Test set confusion matrix
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Table 1 Evaluation indicators for classification

performance of the test set (%)

TARRS Y i PAImE F1-57%
EH DO 97. 44 95. 00 96. 20
1 A i D1 90. 48 95. 00 92.68
ol s I 3 D2 92. 31 90. 00 91. 14
TS e D3 97. 50 97.50 97.50
JRE 422 i e D4 100. 00 100. 00 100. 00
R D5 100. 00 100. 00 100. 00
-y 96.29 96.25 96. 25
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Fig. 12 Classification feature visualisation
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Table 2 Diagnostic model performance comparison

and ablation experiment results (%)

Jik R i1 BEE  F1-9%
CNN 75. 00 75.20 75. 01 75.05
LSTM 81.25 81.42 81.25 81.30
CNN-LSTM 86. 67 87.02 86. 66 86. 75
SE-ResNet-BiLSTM ~ 92. 08 92.33 92.08 92.09
CNN-BiTCN-CA 92.92 93.20 92.90 92.93
et S i 89. 58 89. 64 89.58 89. 59
RS B 82.92 83.38 82.91 83.01
AT 96. 25 96. 29 96. 25 96.25

LSTM 41 4 #5550 i B R AR T+ & 86. 67% , (HATHE T 90%
CNN-BiTCN-CA F1 SE-ResNet-BiLSTM A5 5 i 543 1] Ky
92. 08% 1 92. 92% , FrfZAERIEAS 96. 25% [ HERG R , A1
Ft CNN, LSTM. CNN-LSTM, CNN-BiTCN-CA #1 SE-
ResNet-BiLSTM 43 Jll #& F T 21.25% , 15% . 9.58% .
4.17% F13.33% . HHF 2 BYSCER 45 LX) L] 1, i
FRE LRI AL AP dR b, 8 i SR IR AR RS B,
SEPT R R R 2 A R T2 T

A0 3 Y A S 0 A X b S B P BB T D B 3 S i
BRI A B 38 (89, 58% ) R T AR S % (82.92% )
X B AR S5 5 P B P s SRR AL T 2 1K
BERIBIME R 1okt 2 R RHE S 58 iR
ML SRR A J5 |, 1 0 25 A Eb R Ssl R AT 32 1 43 i)
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Table 3 Comparison of operational efficiency

among different methods

BIWA HER /% ZH0E/10° IR/ s
CNN 75.00 0.85 112
LSTM 81.25 1.02 145
CNN-LSTM 86. 67 1.78 247
SE-ResNet-BiLSTM 92.08 3.58 412
CNN-BiTCN-CA 92.92 2.12 328
ARITr 96. 25 2.78 368

M2 3 A%, 7EBUE 96. 25% 2 Wi HE T R U RTIE T,
T R TR S 80 o 2. 78 10°, i TR FH T 8LE
TERRAE Al A 420 S BORBRH 3 T 5L A NN LSTM
S CNN-LSTM BEHY A fr 38 i, HAH# T CNN-BiTCN-CA
(2.12x10°) A — & 3 i, {2 b SE-ResNet-BiLSTM
(3.58x10%) WERIRRAR T 22.35% . Frde i ik BT B il
FHE BRI B BT A A A0 58 0 T 2 A 1R RS kG
FEMRZ O SERY . AR RLYIN SRR T T8, I 2 07 vk 1 25
MBS 368 s, HHHE T SE-ResNet-BiLSTM J& 38 H 540 i
WBPERE . £ B R | TR RIE A B 6 A7 14 [ N, 1 i
PETL 0 R T A TR A 2% B S 1S W B ) 4 Al
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DAMADICS ( development and application of methods
for actuator diagnosis in industrial control systems ) F T il
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Table 4 Dataset failure descriptions
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Fig. 13 Test set confusion matrix
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Table 5 Evaluation indicators for classification

performance of the test set (%)
e Lic75:2 FEIEES F1-53%1
Co 100. 00 97.22 98. 59
cl 100. 00 97.22 98. 59
2 100. 00 100. 00 100. 00
C3 94.74 100. 00 97.30
C4 100. 00 100. 00 100. 00
cs5 100. 00 100. 00 100. 00
C6 97.30 100. 00 98.63
c7 100. 00 100. 00 100. 00
c8 100. 00 97.22 98. 59
C9 100. 00 100. 00 100. 00
C10 100. 00 100. 00 100. 00
S| 99.28 99. 24 99. 25
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Fig. 14 Multi-level t-SNE feature visualization
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