Wl 2026 47 4526 % 4526 1 By A 5 T & ISSN 1671-1815 3
2026, 26(26) : 11501 -13 Science Technology and Engineering CN 11-4688/T X4

DOI.: 10. 12404/j. issn. 1671-1815. 2505697

SIAMEC BRshde, SRS, A, . B TAF A4 Y ResTCN-BiGRU-Attention A5 78 1) 2.0 IR B A 5 A B0 [ 7] RR=H0R 5 TR, 2026,
26(26) : 11501-11513.
Chen Linying, Zhang Yanqin, Shi Hui, et al. Remaining useful life prediction of hollow cathodes based on digital twin and ResTCN-BiGRU-

Attention model[ J]. Science Technology and Engineering, 2026, 26(26) : 11501-11513.

HF# =245 ResTCN-BiGRU-Attention
12 B B == o0 BA AR Tl < 7 A Tl

MRakst' | sk#2 EA° REwE?, 45
(1. it)ﬁﬂ&jc%ﬂjﬁﬁﬁﬁ“%% KR 0300245 2. KIFRHE K28 F5 B TR 25, KR 030024
BN AR Y A AT BT, 2201 730000)

W B B ABRTRABRALCOE KM ABEEAB TN BEXFLEE B OER L ht e R4
PR MAE, MmN RENBRARK, AAXRZETHAZANTERAERKRAAGEAZIRNE  BRE—FATFTHF
o AR Bh K £ -8 I #iii.%jy(ResTCN-BiGRU-Anemion)a@a‘%*ﬂ 3 MALHR (LaB, ) &5 WA S AT R & A, &
B, oM E B TENE A RAKFEARRAMEG AREAARBREMLIE G, 5IANTFHaERIH @R 4{4{;;
AME AT M EHILEF FINK LY E, &G, KA ResTCN-BiGRU-Attention £ % FH M & s B AL 69 # & & &, 5%
REAN TRBAAEY FRE HFTRBELE FHLNTREPE L RH4RIAF LS AL F 0.055.0.234 7.0.151 4 #o
0.987 38, R AT HA RIFO MM E AN, AREST PR ZHRET R FIRE,

Yl LaB, RS ML HFEA, HAEMS,; FHAN

Pk S V46T, kbR A

Remaining Useful Life Prediction of Hollow Cathodes Based on
Digital Twin and ResTCN-BiGRU-Attention Model

CHEN Lin-ying' , ZHANG Yan-qin®“, SHI Hui’, SONG Ren-wang’, LI Jing’
(1. College of Applied Science, Taiyuan University of Science and Technology, Taiyuan 030024 , China; 2. College of Electronic Information
Engineering, Taiyuan University of Science and Technology, Taiyuan 030024 , China; 3. Lanzhou Institute of Physics, Lanzhou 730000, China)

[ Abstract] The hollow cathode, as the core component of an ion thruster system, plays a critical role in ignition and sustaining
discharge for the thruster. However, its functional structural components gradually degrade during prolonged operation, ultimately
leading to system failure. In order to effectively enhance the reliability of ion propulsion systems and mitigate operational risks, a digital
twin-assisted residual temporal convolutional network-bidirectional gated recurrent unit-attention ( ResTCN-BiGRU-Attention) model
was proposed for predicting RUL ( remaining useful life) of lanthanum hexaboride ( LaB,) hollow cathodes. First, the working
mechanism of hollow cathodes was analyzed, and a dynamic simulation model was constructed using digital twin technology to obtain
simulated data. Then, a subdomain adaptation mechanism was introduced to achieve residual correction by minimizing the discrepancy
of fine-grained features between the simulated and real domains. Finally, the ResTCN-BiGRU-Attention model was applied for the RUL
prediction of hollow cathodes. The results demonstrate that the proposed model achieves superior performance in four evaluation metrics,
with the mean squared error, root mean squared error, mean absolute error, and coefficient of determination reaching 0. 055, 0.234 7,
0. 151 4, and 0.987 38, respectively. It is concluded that the model exhibits excellent prediction accuracy and generalizability,
providing a valuable reference for the design of long-life hollow cathodes.

[ Keywords] LaB hollow cathode; digital twin; residual network; remaining useful life prediction
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Fig. 1  Physical entity model of the internal hollow cathode
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A B il 5 38 38 1 2 T HLE Y ResTCN 9 2% 4 HURE A
Jri R P R AE 5 B S, 51 A 22 3k 1 0 L AR
I 25 52 IR 22 A% SR B il G 5 B K RA TS B R AE
i A B 454 B S HLH BIGRU M4 v ik 17 4 Ry 4%
TEPRHL, 5 Ak SRR AIE 19 22 34 B

(3)FR 222 IE . K 0 EC I L 52 Bl 4t BB i) A AR
g AN AFE(21) A E B B 25 L Y AR 25 PR pR AR
BB /ME I 2 WA RS T 00 45 2R AT A B IR,
BEEH TR SR ORI R 22 2] 1, AR AR
PRI Rt 2% dc /N I A5 AU Sy Fe 24 1) e AR AL

(4) BRI PE AL ) R 34 77 1% 22 ( mean squared
error, MSE ) . ¥ J5 fR 1% 22 ( root mean squared error,
RMSE) 34 44 X%} % 2 ( mean absolute error, MAE)
P REC(R) PEA AT M B 1 5 1 At 700 0] A5 75
XF LA ATT 30 UE T 4 A5 70 7 25 0 B AR 3 i 3500 o Y
A RS LB

4 KLWWIERERDH

it FH 0 L S 56 B F 56 I BT B A R A AT Rtk
FERATE, AR E W TAES 5, 5 22 M as Al AR
Yy PR 5T BT A LaB, 25 0 BA A T4 75 fr A B, 36
TR [ ] A7 P TG R
4.1 HIEEHIR

250 B 2 S5 A 1 /0 B 5 iy AR B 2 3 o A% Uk
AR AEAF B BOE 4 T AR AR B A B R
RS RIA B D) bR AL @ | R 0N 5 1R Y iR
AR & o, R IAIMMRE T & 1kSME R A1
1 r A0 T S A i, R AR s SCER [ 3] DA K
K(1) ~N(4) #FATHENE GRG0 AR
PR AL R 2 000 DA K . 758U S50 R
A e B 3 o g 7 B AR A AR R AR B 5 000
U5 FAREAR B , b o DR A AR 43 A 10 T S M TR
LA A B30 3 B S AR S DU O AT R U B S
S B YA X 1R 25 <5% |, AR A I As 0 9T B G
P8, SEORME IR WML 1 Piw, ke T
VESBA S KRBT 5 A M EN 0.1 mg/s,
KWREKE R 9 mm, Hofy F & 5 ARE B 5O
DU FE R, 5 SCHR [3 ] & 565 4 il 1) L B U0 4 &5
T A5 B T R R X O IR RE A A LA, X & B IR
Tk B 43 A AT 0 R 1 R K R G R e BE T Ui 0 s R
BXlsrh 4 %[35?’(0 ~1 mm.l ~2 mm.2 ~3 mm e
AEBAY) 45 HB 4 T o 5 R v A I B 2% 1B 43 0 i
930.15.10.5 K, H & # o il w85 F
R, 22 AR Wi Th s 22 B3 BRI 60 K, 5
JE R X B S AR U il R AT oAb B 45 A H
T BE AR U 3o s, X R 2 S R I ) B R AG, F AS

o BT B AL 4 2 B e O AT BT, A e kAT
X — AP EATER

HRAE SCHK [ 4], % 5250 rf 23 o0 B A ) d5c K 77 i
fHE M 52 kh, 7EECHE T B 72 op SR W o
X5 {E 08 D X T s 5 0 0E A7 A M ik B AR S R
max-min [IH—4 R [0,1], 7E4 3 782 A F &
55 i 7 HE 22 ResTCN-BiGRU-Attention Ffi 45 ¥ 4% 15
R S RO 117 A B @l 38 G T HL Y
ResTCN [ 4% $& BURE AR Ja 36 15 75 F8 10F ; 51 A £ 3%
T T 7 BIL RN R N 4% S B £ AR OB Al A Ak
Jo KA IS B RRAE i A B 45 A B I HLH BiGRU
W2 Hp i AT 4 e 4 AE B B, SR S R A A O 4
W, H2E2 RN 0,001, kKR 64, I ZhieEh
500, 14k %% A Adam Kf 7 000 I ZrkEAHZ IE 7: 3
1) L A5 30 5 R I 5 B R UE 4

®1 FoEBEPEASH

Table 1 Input parameters of the life expectancy model

LN 38 HUE fH AN S
@/eV 2. 66 +0.01
¢./eV 0.05 +0.002 5

T/K 1923 +20
R/mm 4.5 +0.1
r/mm 1.5 +0.1

4.2 FEMIER

T BRI R AR A M RE R LT 4 AN HF
BEf gt it 2% b ) 4% {77 4 (remaining useful
life, RUL) T5030 i 9F- 4 48 5

(1) ¥R 2% (MSE) /2 FA 5 B 92 E 2 8] 22
{707 /) F 3458

MSE = 3 (5 -5 (22)
K (22) .y, WEABREIE KA RUL BUAE;y, R
RUL H3EMH .,

(2) ¥ 75 iR 2 (RMSE) J& MSE [J°FE 5 R .

RMSE :J;Z(m—&)z (23)
(3) F 4 Xti% 22 (MAE ) S Wi{E 5 FL 2 =2
(i) 266 X6k 35 2 1 SF- 24

l - .
MAE = Ez ‘yi _yi‘ (24)
il

(4) RIE R B (R®) R BEALGS H AR A8 5 22 5 1Y
fir BERE ST (EIN[0,1]

z (5/1 _yi)z
iz

Z (5’1 _yi)z
#(25) . y, 9 RUL B2 A0 41,

R =1 (25)
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4.3 REWERSH
4.3.1 RUL FRM 2 R B 5

EEPE A RO T, /S AT 68 H S A%
SEas T RUL B0 b R | 2 5 30 K 3 4R &5 R 3 43 o
52 DPEINJE A, I B0 A 25 5 04 7 Y (A R %
WKy RUL{A, R FIR R 220 15 kh B, 2500
BB b TR RO A, R T 36 E T B R 5 4 24 3k B
CNN .ResNet ,LSTM . BiLSTM . GRU . BiGRU , ResTCN-
LSTM-Attention , ResTCN-BiLSTM-Attention , ResTCN-
GRU-Attention fE >4 X} [k #5044 485 A0 H (K 2 % n
2 Fimw,

&6 fit 7R Ay AN [ 450 764 7 [7] — %85 48 /Y RUL
T 25 L XF H 4 B 2% B CNN | LSTM |, BiLSTM |
GRU ,BiGRU #& Y [X] R Fl 4% 4t 1 45 BRI 485 784 X 22
JCRHIEAHE N 2 A B8 ) A BR , 5 BO7E A6 26 4
s 5 RS2 5 ek A 7E R K IR 2%, ResTCN-
LSTM-Attention , ResTCN-BiLSTM-Attention , ResTCN-
GRU-Attention P15t K, B8 BEASFRE , 52 M K )
MR AR Ak SR T AR O ik A e < Ry AR I - B
B -4 R A 1) Ay SRR, R R I T B 4 B AR b
YT, XA R K B R OC R Al T
AL AT 38 5 0 S AR Ak SRR AE 1 A R 4 T, 3G A
NSRRI N R U 1 S o =R L I S )
52 kh,0 ~ 15 kh M fEERE By B, N 15 kh FF 45 3R 1k, 5
2y 52 kh KA FF G e K FF A iR g (8, B iiE T i B Al
A s

e 3 &7 ME 8 FrR, A U R & T HoAlh
BRI S PE T ik MSE \RMSE \MAE, & R*IIRCH . 4
HranF . i $& ResTCN-BiGRU-Attention % 7 () MSE
A R W A A% B ResTCN-BiLSTM-Attention 1 1/6,
RMSE (&K% 51. 6% ,MAE [&AK 2 77% ,iE B 5] A
BiGRU #1 Attention #1532 & T+ 7 A8 58 X+ 1< #A 4K

ORISR fL B BERY I L BE J1 ,R® = 0. 987 38, ik
1, 16 BV B DT ML 38 i 2 28 3R AR AR A G B i B (4
AW RUL PRET FEIX ] ), 42 7 7 AR &2 %
IR AR Y 0 Pk
4.3.2 HEREHRER RS

%53 4 B ResTCN-BiGRU-Attention 1 £5 ¥
AR ResTCN 55 8 A5 1 I 47 5% 25 B (0] 5 B &
8 AL R A T A AR BOECHE SR S R )T
FRAE, M J5 22 BiGRU 1Y 4 Jm ¢ fiF 4 45 25 5 JL Atk 51
AR JTHLEIN 0 BE A 35 N 2R AR IE AL A OCHEREE , A
1T S B v A 2 R 4y 5 A U, A E ResTCN |\ BiG-
RU & I ALGIAZ O AR ) 52 0, 7E LaB 25 0 B )
Bl A kAT 7R ACE I 500 U TE Rl EE

M 4 FIE 9 7] L ResTCN A&k 3 3 Hi 4 5K [
A PRI % 22 3 L 45 00 6 T 1 R B 1) )3 3] v iy 2
FUBE Ry A ¢ &R o AXUAd FH ResTCN A5 28Y 5 U A1),
H MSE & 0.127 4, #H % F 3 4 B & ResNetl8
(MSE =1.108 3) 68 i F #E F+ 24 84 % , ix — 45 5L IF
I AE 250 B AR 75 1 P00 4 55 1, ResTCN BE A &%

3 AEEBTN RS

Table 3 Comparison of prediction performance among

different models

A MSE RMSE MAE R?
CNN 1.6692 1.6238 1.0916 0.786 4
ResNet 0.5633 0.7505 0.6435 0.9241
LSTM 1.1447 1.1596 0.9149 0.7952
BiLSTM 0.9839 0.9919 0.8559 0.8867
GRU 1.0331 1.0164 0.8297 0.8576
BiGRU 0.646 6 0.8041 0.6500 0.8898
ResTCN-LSTM-Attention 0.8419 0.9176 0.7512 0.9147
ResTCN-BiLSTM-Attention 0.3356 0.4793 0.4190 0.937 2
ResTCN-GRU-Attention  0.4658 0.6825 0.5872 0.9256

A SCAE A 0.055 09 0.234 71

(=]

.151 41 0.987 38

®2 BEISHRE

Table 2 Configuration of model parameters

A 2
3 )2 TON B2 BERFUE RN K =3, KRS d, =1, d, =2, d, =4, %} GELU 3F A5G R IE R G 31D
AR AR BR(K=3) + ZK AERT CRBC2RALEIE :16) + FEN (FEUHJZ 64 ; GELU #(i% ) ; BiGRU + I &
IR (Hi A2 16 B)E . 16) , I TR GEIER 16 FE4ERE4)
CNN 2 REBMY K =3
ResNet 3AHERER 2t BN R EPCE A W)E 64 ALV JZE B0 R ReLU
LSTM 1 JZ LSTM R 4% | B JZ 50
BiLSTM 1 J2 BiLSTM M4 ( FRUECZ .50 ) , XU 44 3% (i 1 4k 100)
BiGRU 1 )2 BiGRU W %% ( P25 )2 .64 ; 1% M %L . GELU)

ResTCN-LSTM-Attention

ResTCN-BiLSTM-Attention

ResTCN-GRU-Attention

TCON FR 2B (K =3, R L + M E N GEER 16 4R 4) ) SR IER S RE . Z3L AR N (L
B2 B ALY 16) ; LSTM + EE N (AR 16, BKZ . 16)

1B BB 7 S MR AE B & 455 8 [5] ResTCN-LSTM-Attention; BILSTM  + V1 7 JJ#E R (fig A2 . 16; BUJZ . 16)
1) £ % (i B 4 B 32) 3 TR R ) GEGE SR 32 MR 4E RS 4)

2 SRSy 3 FVERAE il & B 8 7] ResTCN-LSTM-Attention; GRU + {2 i, (MiAJ2.16;RHZ.16) i@
TR GEIE R 16 B R 4)
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Fig. 6 The visualization of the remaining life of the LaB, emitter by various models
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BiGRU #8% 8 % 1 F K i 18] /7 4] 1) 4 Jmy gl 455,
SCE B , ResNet18-BiGRU #5551 ) MSE (0. 879 8)
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Fig. 7 Comparison of MSE,RMSE and MAE among different models
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Fig. 8 Comparison of R* among different models
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Table 4 Ablation experiment results on the hollow cathode

emitter dataset

AL MSE RMSE MAE R?
ResNet18 1.1083 1.0528 0.9396 0.8932
ResNet18-BiGRU 0.8798 0.9380 0.8451 0.9267
ResNetl8-Attention 0.9581 0.9788 0.7337 0.9392
ResNet18-BiGRU-Attention 0.3856 0.3590 0.3765 0.954 3
ResTCN 0.1274 0.3569 0.2762 0.968 7
ResTCN-BiGRU 0.1206 0.3250 0.2736 0.969 4
ResTCN-Attention 0.2111 0.4594 0.3431 0.957 8
AR SO AL 0.1167 0.2458 0.2663 0.984 8
1.2 1.0
0.%69 0.985
0.893.
MSE 109
RMSE
0.8} MAE
R 408
@ I
ﬁ y
407
0.4}
406
0 1 1 1 1 1 1 1 1 05
SP AL
& <b\ *@ Q@ Qg{‘o <b\ \@ é,
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Fig. 9  Comparison of evaluation metrics among different models
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