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Review of digital twin technology and its application in aerospace

Song Hailong Pan Jianli Jiang Zhen Zhu Yuping Liu Yan Xi Chao Luo Zhen Wang Peng

(Beijing Orient Institute of Measurement & Test, Beijing 100086, China)

Abstract . With the rapid development of intelligent sensing and new generation information technology, digital twin technology is leading
the transformation of obstetrics. This article provides an overview of the development history, concepts, characteristics and related
technologies of digital twin. At present, there is no universal understanding of the concept of digital twin among various institutions and
scholars, and extensive discussions and research are needed in the future. It summarizes the application of digital twins in aerospace in
the United States, and elaborates on the current application status of digital twin technology in the design, production, and operation
stages of domestic aerospace. The current main problem is that there is still no effective connection between virtual and real entities, and
so the direct guidance and optimization of physical entities by virtual models have not been truly achieved. It also summarizes the
technical problems that still need to be continuously solved in the application of digital twins in aerospace, including sensing and data
processing, high fidelity models, software platform construction, integration with new generation technologies such as artificial
intelligence, etc. The current application of digital twin technology in aerospace is still in its early stages, and in the future, it is
necessary to actively expand its application scope and scenarios in order to maximize the value and role of digital twin technology.

Keywords : digital twin; simulation model ; data driven; sensing; spacecraft

ABBEALAY Tl 4. 07 IR, HAZ OV s 2 TR B8 1O A

AEAL IR RBIE A1 S0 1 A5 T 24 B S B B A 5 A

REAUTHE S B Rl o T DU S o 5 4
AR, BT —UR BHAR A, R IEAEHEATY) U R P HoR S SR R Br R Rl

IR o AR IR o0 S5 RE A A I, SR 22 (0 BE A S i it TERRZS TR T ) 3 45 4% 40, Bt i R 14 102

TR, AT I S RE I RS T, A Ot AR BRI & e, A A5 uh | Tl HLas

0 5

il

Wk B . 2024-06-11 Received Date: 2024-06-11



-2 - LSRR R e o

539 &

NFE AR5 HO | IS8 5 2 45 T R SR P
AR R, )T PR T S A s R AL A BRI A
PR AT ML RA 78T LPRT R A 5 A AR &
JEEEA_E | JC IR REAL I S B R He A = 35
AR H A B 2 JE RSE T, B0 28 L BRI ARk B
PRIEA B, IEAE T OURZ 7 AL, A [R] B SRR A T
Ber AR ORI R R T s S ORI R
IE R AR S 3l G (i DA R X O T 1 Y
Pl R IR TR LA B
J7 s BT AR L, FERE AR
AR IS BT, 2 0 SCHRET 0 BN AR
sl DB T RN T R IF 8, B/ S X6 5 A A ek i)
KEBARIATER B RIA

R A TSR T AR A R SRS B 58 F0LE T Ul )
7 FHBRAR B AR e Ji | AR 58 RGeS G B 7 2P R HOR Y
K it B E LRGSR AR S EOR I TR 4 1 3
B0 2R AR A S8 R A0 ) 17 FH BRI R S
PR K ETT 1w,

1 HFFERAR

I BRI (SRR X 4 A0 HR e A R ST AR
) B SR (AR AR AR AR ) | 3 = ) A A i
PR E/ I AR RS ) A A B Y
A FRGEHE TR S AR B e UK Bl g 4 S SR
AR AR B i 4 R W B SR Z e Jm 1, 25 )
PSR () SEBRAT R FURZS IF 43 B O R A S a5, I
SRR B SLR B 0 L MR  PARAE S5 S PR IR 55
AE, ISR B 5 B SR R BT AR AR BORYE
H—FPET R, AR IR I [y 20 4R 2424y H 2
LR 7T ARRE T F iz 0, it R EAFER
BRI 5T 510 7% #1247 Gartner 23 w7 2017 ~2019 4
L 3 AR R AR ST RS R R R, ARk
EAGTE B 2028 4, 4 BRECT 284 T 3 9 W AR R i
1100 12357, M\ 2023 ~ 2028 4 [ 52 A 47 3 K 5 ofg 1
i 60%
1.1 HFEERRNER

T )3 T (< 2 A A A, T L ) ) 32
E % Al 25 #1 K /& ( national aeronautics and space
administration, NASA ) [ B 1 &7 111, 24 NASA il 1 5¢
o= 1 0 ST L = s (T ol IO 7 9 e o
I (twin ), F T 28 A= PACTE b TS 56 105 00 KA 55 KA AR
() 8 Bl A Lok sz it 0 00 552 B AT TR AR
A& IR 2 R R R R B e RS B B (5 B

B 2R R AN i N 2 TE 2003 4F i 56 [ 2 AR
FRR S B FR A« 55 Wy 3= 5 SR B MU e 3

R IEARZ TR T YR AR AR B
)] E P e s R S o | AP SRR S (EP YR 78 =N
B TR IARH B R, O B 72
HIARTE o 2010 4F  NASA 7ECEERE f5 5 5 B R AR Fb 2
BRI R rh g R A R B E AR IR U T
KA B2 A AT AE) 2012 4F  NASA F1 26 [ 23
T LI S BCA R T AR AT A A B AR A R
X W B R A ST RIS 2 Z B EAR, AN TR
MU T R OGS R WFSY , 022 A4 i 1 FH o DR AT 4R
BT R B BT SR A I AR 2
S R EE R AT v IR 55 08 A AR R A R
HAB B

1.2 BFEAEMNEX

g ae A AR B T2 AR B Tl A 0 3z
5T, 5 R i TG0 457 (1 g — 2 S, Ho &4k
KIEEHEAE, Grieves % 7 AT 2R A J&— 41 K 41
HEAER AT L RO IR - 2 53 2] 72 L ART 2 1) 4 Thi
TRV T 1 B S PR AR R I 7 . TEBRARS LR B0
A A D AR 5E A I ST PR AR AR B T AR B
2012 4F  NASA FIISE [ 28 B A XK s dr2s ™
JEFEAY I P PSR A5 R T B O # g Sl i sk
BB TR ARG ME N YR 2 R
RMEAT L, DA B 7 7R AT R A 1 4 i RLRR A
WG R Z T 2R A e X, B BT 2R e AR R
R4k i, ANEIF SR AL A AR R T H
OB ZR A 5 E R B, IE R X AR B e X,
FRIE T RGNS SR FHE

AR AR AT LT R A S A B SR I A% 2
B SR SR ) LS s AR B SR 4 A A S A
eI S AL RIS A SRR BT AL 2 5 AN fE X 4 P
SEARIEF TR A, 107 L AE 3 TR R 6 ) B S R R AT A Ak
EAEERE, BRI E M2 XA ARIEF
PlRYE BR A AN, SR, 7 B SRR 7 SR 2 1A Y
B BUKF- B X B A BTN i 1 R,

1) B0 B BT S e X B SR B T 0k, )
SRR SR Z A AE [ sh B e e, B ik
AL X B ST P 4 T 0 0 i A A AR | 30 B A A5
A REALHT BT 72 i A B AR | s R e 5t 1) TR A
IR B — ™ B S A F AT ] JH b A 76 (R 5k S S AR R
FEAEARMIE Y H S sc e, B0 P 3 S AR 1 307 0
Pt mT I 4 B S A (BT A B8 se # BB J2: LA -3
Ty a7, PSR RS AR A B SR A B
Wi, 22 IRK . 1B 1 (a) ECET A,

2) KAt HE— U, A B B SR R S
TR Z 18] R SR S 3, DK HAR 7 am i 7R
Pl A rp DB SR RS AR IL , 25 B S 8807 S2 R Y



5 4 3

BT AR EHOR BOHAE FRUSUE (19 B 2538 -3

RBAA, AR, B 1(b) AR 24

(> et R
| | -_——
I I FEIBARI
| | 5
l S ] 3

stk L ERE N A

(a) FFE (b) Hrdek

(a) Digital simulation (b) Digital twin

BT e By 22
Fig. 1 Digital simulation and digital twin

TERUCF2 A R G AT AU B0 SE A B SR 1Y
FEALEIAS I e HE R R A o] DS S 3 SR A AR 4L
BERRALTERE, AT as R il BT A | BE VR
RS LA T2 MW TER (B2 iR
P n s,

DE TR N i S S e Y e N B S M
BB AN AT 4 SR (4 A7 S, DA 5 B R Ak 4 B S iz
FrPERE ; A BT 28 AR AR AT S E™ S M RE 1Y 47 R, 58
B SR BEHA

2) PR BRI AR 3 2 4R 0 4 B S AR 1Y
PERERUE IR, 807 28 A R 0T LB S 1E 38 47 4 47
T A i i ), /D S HLIST ) | ARG i i AS FOAR 5
A PR IR TR A

3) Tt A BRARRES . R AR 2R A A 3 ek 52
B i s T LA o o i 18 3 A 28 4 3 e AR BRI 3 2
V1) s A5 P A 1 6 3 e B b 8 26, KR AR T 52 B
IBATIF B AR A i e At

FEIPR LA T3 F Sk & T 2300 T2 #E
) TR AR A EOR A N AP R R, 2016 4F, 3¢ i
FHELA 2 74 4% Tl 450 sk A 507 28 A e T
ELPredix” 0F, & R LS B S5 14 45 A9 fait R DR A5 Wl
TP aE g, EE ] F A A F 2017 4
i “ MindSphere” (K17 & , & 3 T 956 W ORI $C+
LA BB L , S B B 25 () 7= it 8 T 3 a5 A T
el BEFH, EERSHERAFAMERT
“ThingWorx” PIHK V- & | B T 8254 1T Loy % 44t
R B I R S5 5 32 RE . S5 ANSYS AWl T 2018
AR A Twin Builder” | B REAE P 8RS 22 FIER 2 1
P AR AR A BRI A B A A R PIR S , S
E BRI HLESA T IR T “ Watson YJEBERE-57 , T 16
FEMUFEBTEEERSE, EEBARAGE AR
3D EXPERIENCE {555 , 0] LLSC SR B i 5 5028
& S I NI At i S N EE I R TR O &
BARRIF T KW, BN R 2017 TR 02890 5L
FAR SRR WSS AR ST & E R R 4=

R 2R R B A R S HORHEA 3] 2023 4FE 4
2P TR PR R RIS B A 24
POl BN R AT T 2 A ECF AR AR D7 T Y A 9
SECF AR R KA, 24 $7 2R A2 5 18]
AIIE A3 T EZ AR PR | A ARk 4
B R TR0 T S P B, P AR e AR B
WA RN 5 S T 0 3 R AT THE 2017 4F4
TR AR A B ) RO B Y R AR A R AL
T TR AR A M R B, R TR 2, 2021
AERITN T BREES JE I T Digital Twin” .

ARk B B R ME 4k 241 21 (international organization
for standardization, 1SO ) | [ fr B T. 2 51 £ (international
electrotechnical commission,IEC) F132 [E 1, < Hl H, 1 T %
Jfithh 25 (institute of electrical and electronics engineers,
IEEE ) 5 [ bR A X Sl o 20 2R 70 U A i Rl 5= 22 A A
WEAL AR Lo An e i it ok 2 o B TR B 28 A BOR 1 R 51
bR 150 23247 C&RAT  EA Y T HAR AR
BT Bt LA S 22 98 Al s A, HRAE RN T R B 28 74
T AR AR OG5 AT Ml A R A o B9 37 250 % i o] T
VEFNE BRm o (4 R br 5% AL TAE . GB/T 43441 {5 B4 A
B as e ZIARMER S 1 304 E R B4 IE
A RATIFAE 2024 4F 6 A IS0 , HAR X &7 2R A4 1Y
SN AR | D RE BRI A SR A AT T M
SE , G BRIE Y H AR EAE AR SR A W S )
2P E P O IR G S B R SO BB RT)
AR Rl 2825 42 () R 90 TR AR e ) 1 =Xk A S8
IS AL B AR B S R RE AL TR R BR HE AL St B A
HEEL,

1.3 HFEERFIBSERFE TR

Grieves' ™' 4 OB T 258 RGIEA M A AU AN ] 2
B L 3 A ARy Wy E S [A] B BSR4 S
V) 18 50 S A M 00 I A R ) B S AR B R AE — A 1 8K
FEAE B R, BUF AR AR R AR B2 7E 42 2k 4 JA
N, RERE SCET WA S ey 3 SR RS FF 2 A B Y
AL, FLRESS IR 50 A B SR AT, R, ) 4
FAAMRHTFELLT 3 AR i el W B sk
B AL % 8B R G SR AR IR S BOR A E Tk
A HRUAR M ST I TRy o I 0 38 S AR 28 5 LU B SEAAC
ERE AR AR IR | BEAE S SR PR S A A T R
AT LI A A5 A TR B2 AR AN o M RS 1Y) 52 e, 4 T A5
TR REAG 2 AT BE 7 5 o e K A5 A 0 B S A 1) 52
B S A R A 43 AT RN I A 4y B ST A £
SR AT, X WA S BT L AARAR X ]

SCHRL 11 ] 45 Hh A B 28 A R o B AL R 5 5 Al
ZRINIE 3 iR B TR AK S A AR A B Al A B Ak
I PR SR 2 [1] 52 30 3 253 AR, B S A o 0 S Ak 5



-4 B IR SRR R

39 &

My A
K2 Grieves HAZ4 B 2RLE RGUIEAME SR

Fig.2 Concept model of digital twin system by professor grieves

1 S AE A PR 25 N, FLrh AR A A AR S R
SN SR AN 5 K00 UK B0 A0 5 B R AR AT DA R T
B PSRRI T, FEAEE AR P B35 kB S 2
SR B S ARV - S AR 2 R 2ok B X A R T B S R
XL WL | 3h 2558 15 S0 B SR aT AL D B 4
BT AR P 5 5 R 55 18 5 sh S AR B S ik
SR PSR A B DA S8 g AR P Ak, B S R s
22 CHR T S AR 18 2057 DA 5 1Al B R

AR R G e M 2 REAMMNE R FR 5,
BT AR A ST BRI REAL A I 1R
WEEAR ST TR AR RIS R S i 2
BFHAR MRS B, )2 T X S50 H AR 19 Pk &
BT AR A I BN Y, R
AR R GRS R R I AE 2R, B9 K DL LS
R BELEHA, EEAFEY SR (5 B9 30
FEPIRALIZFE ] SRS LA B 2R AR R G
LR B A IR | DAL R G SR B A M B
JEAR %, SRR A B L B 5 5 WO B B A T A
SSJEREE T TS ) R A0 A T IRk 2615 8 BK B K L
TR F) 38 2 TR 37 5 Ay S ER ) B S R M R A ek 3, 16 T
LA ] i AR BRI SRR, 2) 2R A R
FEER AR B o O A B 2R i S AR B 2R
A% | S SRS K B fr Ll , A 700 Ay 8 B T L DA
ShFY R G RN ) Al S 2 4k BRG] LU AL
2 AR RS 2R, 80T DUR TG AHL S RS
ARG L IZ R, [ i T 2 2% 1 s 1) 4k B 1Y) 22 A5 70 2 4%
S 0 AR R, N 4 | 24T £ )2 vkl
AT AR TR il A S PR AR 2 ) BT G5 i aed R A1 4 T B S 2 i
ik, FESEPRR A, AT DR R S B 4 1 0L N SE PR
SRR 34 B sl A AR, 3 ) HAcdl A BN R 3R B
FoR, BUREHEART LM G MY 2/ Z 2R
BNy B A L A e Rt 2 R e
P/ 2ol 55 B (0 S F5 76 4 A A J 300 S BRI A7 6 Ak
B R A RN AR I PTRAEAE S 4) W EEE BN = UL

(a) MESHITY
(a) Concept model

—_——_——
|

Hﬁ (0 | [ | 208 ] (9] |
5 85 [EE][(RL][KR] |

e

B lan CORE] [0k (2] |

e [ B | (k] [veE] |

e e s

e __ T______ d____

! |
%7 :

(% [ mows | EEE |

| I - !
L —m

| PE CwEsEE ][ resew ] ||

| |

| Li > !

|22 amka [ wmrE | ||

e |

(b) BHHELE

(b) Reference frame
B3 SCHRL 1148 By 22 A4 RS IS A AL
Fig.3 Concept model and reference frame of digital

twin system by reference[ 11 ]

B, AR SRR A R G4 22 18] AT A A
15 AR P A5 40 5 2 L R R i I 4
GHR DS PEREARE R G ARy Z A B SE I 22 B il
fFH 0 MR AR (5B Z 2B AR R EH RN
P, LA ML PIBC 56 (5 H AR N F 2
A F AR B4 7 BRI 1 4y P SEOKE o ok S5 R0 S e e 4 7
HIfiE ),

25 PR BT AR A R AR A B — TR R
TN A . (U B RS [ 2 5] LR A& Z0F
B AR A RS A S [ AR B AR AU, BT B H A SO
RN T 07 FHREE SR 2 35 7 4% 1 U 75 5K, IR AR 8 4l
Mo AR WERBIT ZWihs sy, LAY i
FHTT AT 2 S, A BEAE A S AN R FH A PRk 2 J
I P A DG 2R 91 T 114 SEC it 4 o ) iy o A 2 2 2 DR
ES T LD VRIER 1 W a DIV < B0 Bl 5 SV B 5 vl | Rl 6
e N A T N A N QP 1L/ 7 Rl S0 R
S v IR T TR VE , T B I A IR R AR B R
X4



55 4 3] BT AR EHOR BOHAE FRUSUE (19 B 2538 ©5 .

2 HBFEFEFAREFMBAILA

FEFRUATIR LK CA T8 R G0 HA 7= b A &
MERE R A it i /N SRR A TR T OB Y B 2R R
g5, A AN 3ot o2 2 ELIRME, RETRCF 2R e HoR
PSR 10 2 SR S o B A i 22 IR AR B, A
BATHE, AT LS X R AT 28 A T AR S AT AL IF 45 1
YRR I, (1 AT R AR T RS R AL A
SURE AR v B B S IR R AR RV B AR A A T L 46
ST 2R R 3R TR B AR
2.1 FEARAREEEFMIUGHHEH

A2 LS JE: NASA F13E El 28 B RE T4 4
AR SEIR I, AT A K ST 4, i gE TAE R 2
ETE AT B E R W A e b ik kAT AR pg M RE AN
ATEEE DA KCAILAL N B O 22 4 58 AT 45 55 5 1T, 2010
4 NASA & A 1Y K 28 $ R B4R R s R g i R e
2028 4ESZFL NASA B 2s b ik iy H g, Rl 45 Ry 2
AEFARN 4 ISR RS AT S L, B 45
FIAT 55 2 0N i B KA 2R 0 DR AT 55 58 B, B 22 45 Fl S
B 2 M R 55 T A B OREBG  SEBR AT AR Y CATHR AR, 3 T 52
FREmr R RSB0 SChR AT AR AT TR, A S
B QAT AR PR RS KR B N & S Lk B 25 2 50 i 5 B
TRATER A M RRR O 5 %2 A W ¢ XM I I S A 407 B 1 B
oW, MOcbr CAT A% b AR A LAl BER S R
{5 BB BT 2R A AR, AT LIS W5 AT 28 5 3 19 I
AT 55 ZEE BOTAL - & | BERURIA T R AT R AR
PEG R FPARBUAE L, VRS ©A TR 1T A s
N & B AT 55 S R K HlE . NASA Fil i3] 2035
AF N B AR B AR T DK RAT AR AR AR A 50%
ARAEF i MR A 10 £51 L SB[ b 28 w1 Ri R AR
FARREHOR S TR B 5 Wl p 2, Bt oo™ A
SRR 3 ARG A A LR T T T AR Bl AL R 4
SEPRAY KB AR A A 4 Rt xR E
T UCK BT AR A F ARG BIIR 23 D0 A5, i 0 AR
A FE AR BOKE PT LA SIS R A5 b 1T S A BB i
5 ZE LT B RS BT SO R E AN S AT 55

TR R RGeS th oK i TR % R R
g, W A TE A LR M A RS , AN T ST as AT
FIH IR R G AR SR e Ji ) — T ] T L B FH
], 38 E R A BRR AR W N FH A 20 A A it 2L 4%
B, B R R TTHR HIE 42 000 IR A0E (5 T A
SR PR TE AT IR 55, AT 3 T S 0 1 B T R AR R
eI A A 7 e R Rk 5 AR 22 4 < R - 2%
FRITRE , KIRRRARII A R & 7= B, 5K, 55 00 2 4
TEFEMACLMET 50 71 KT, FHRER LUK E 4K 3

Kl 4 %A AR AR AN

Fig. 4 Digital twin workshop in Lockheed Martin Aeronautics

2020 4F 12 A, 3¢ FEL 2 AL % 2 2 1 56 R0 2 o K
TV Pp IR AT QBT AR A SCS MM E) i %
et ok 1 SEE Tall B SRR S DL R BURFRR 1) 45 22 0 KL
FARE LG, N BT RU 28 A P RO AR R SEE
FIIR 55 BT 2R R A5 3 DI 45 TR Bl AL 3% 5
WAk s TR BB T E L BT AR A SR SR A
LR BRI 2R A B R N T B — 28 S Bt DR A1 R, - 23
T XESRAE, HAT T EE RSB,

2.2 HFETFEREAREERNFRIUHHHIER

7E [ A FATOUER , 2808 AR I R 0 KRR I
I UG T 35 0, K7 2R O M S Je FL AR
SCHRL 19 42 Hh 7 T 1] 7 i 4 A= i S 300 ) 07 2R AR 1R R
20K A R S S i 8 A X R BT AR AR AR A
EH IR PEREI AT T34 SO BOR SRR b, MRT™ b
S R RO A B, W] DU B A RE 4R S 2 A
UePEIF AU AR R HOR R ST S, A 42
T TR AR A BOR AR A AR G0 TR B AR B A1)
JFHRESR AT LASE B R 25 B 4 4 A= i o 300 Rt S5 0 i) 2l 25
et a2 H LR S PR, B LR S AS [ R A R A
7 ANYERE I B A i 0 R A 2 D AL T O =
TERIEAT3E 5 S H AL BOBRURI N HIHESE 4 5 B
TERE ARSI 1, A5 B K Pyik A T4 e A% S ik
TR Hy 2 Ay B 25 (8] T 0 B4 i )2 de S B Z 3L 6
JE BV AR R G

SCHRL 21 ] 31 H A B 28 A T A 23 [ 3 £ o 2%
RO RE B, T R BT RN I RGP AFA
CVEE AR & o A | %+ & e e SR LK e S S o e g
-6 TS BLRRTTE Y TR e R A 45 R e



-6 - LSRR R e o

539 &

| witilf TR

— —f

iR AR

—

—

EpEFEE |

[P T B S B [y T2 B et 5 D
4 A

¢ ¢ HEA A
FERE | | AR
SR | | BAGRE
e

D el B e LT T e N e TR T
A A

ol ; A
R ERE R TEERRUERA RB/MR g% RS

REMAMR | | RK5ANR
BT | | BEFR

0
B ,Eﬁfﬁ B

xR

B/ &R BEIR. | EA
. W [“xe

K5 g bl A R RO AR & R G TR AT 2P A A BT 2N

Fig.5 Digital twin overall model framework for spacecraft system engineering across product lifecycle

TG I 3R G W 28 A 1 R AL 5. X AR 451 L) T2
IR i S TR AR TR 6
N, IS PSR 2 2 TR TR S R AR RO K
BEGEG o I IV 2 FEE 47 3t T B B 4 S/ R A BT A
T G847 B B 18 B A ZH ) 02 4 ; A s () 4k
b AR R UE £ G SR 4 ] | TR S A s (]
2 0 S5 SR T G Ry 55 5 R B 28 A ORI B 5
A AR A A ARSI R R 55 3 A2, S Bx B
SRR ELSEST BT AR E TR R R E R R ST
T, 1A A 28 1 T 2 2 2 () A TR o R HL A i 4
RO TR 28 AR K FCOT A 1A 22 0 A2 55 Dy T T e
T RIS A S AR ok T TR A T 7™ b K i
AT T # OB F T SRR

FEMUR L KB Se et BrBL A=l i B B SR
Wied5 3 ARG BEE T T 805 2R LR HOR (9 B AT 5T A1
LEARR NGO

1) B AR RORAE BT B B9 H]

FOLIR ABURAT A2 28 98 BT A2 2% T S S SR e A1 A
IR AR, LEBTT B B RO 2R AR ORI AT, 22
BRI R AZE ] ZR GE R o riL A g B (LT R 45 O B VR
T3 ZRGE KT 5L R 1) 3R 48 DL BOkS "2 2 55 0T i
A B T BORCR A e R AR TR

2019 AEXUGHFHAE > 1 Y, B TR ARSI Sy 1 i KAz
RGBHH 7 ik = 5 S PRy BEER S 52 1, BRSE
T BT Bl At FR ) TR ) 1 AT R T
TRCF AR BOR SV RE AL TT BT LR IE AR B
IIHTHIBORHESS 45t i B R G0y T g
£ PRSI Z AR 3 A2 %, R T AR A AR RT L
LR Z M (B N g SR O L, SCHR[ 24 J 4R 1 T
FT RO AR HOR AR s e AR AL B Tk,
TR A A phy AL B T A e R 0 1 K S A B S O 2
I, REAS B30 LS Ml S A B, T LB v 5 Y [l 2 4K
MERERR BT TAREROR . XA B TR 7 224 4
A BRI TR AR T A R GBS BT

e T RE T R 3R 2l i R Bl A5 48 1 T ik AR I R R
GUIRZS WAL 07 EL TR S PO HE BRI IE , 1623 6] K
Fras BLTC L 2R 48 B A 25 Pak 90 A0 JC 2RI b R A7 00 3
I K8 S 7 7 A 9 o IO 5 LA 5 8 — B
A T FRKIRE/NT 5%, FHRE/NT 2%, BE T
PERRGE SR IE A PR AR E A UER T R AR A
p/ESIDRIE Y

H AR R OB R TR AR A HR Y TR A
FRREBCTT 2L, M AT DR T2 2 2 3 RUST R A S
PEAT X RIALN L AN R D RS 2 B r) a0 4 12
SRR BRARE BT N A Sl 805 D RER O 4 &
JZE A TR A A TR e S o Bl o A A AT
AT MU e 2 A= i JEL S A EA T S IE, A&l 7 BT
XA EAL TR BT U5 ik, T DR T LR & it
BRI — BTN 2, I b i 4k B BB IE TR 26 75 52
PRBA

FEK BT, WA N T e TR AR A
KAAH BT S 5 S UE R AR | (L6 5 TR AR BOR
PSRBT i O B ey S P 3 AT, S
ABCTACEARA L, 39 e i o 72 1) R DL S AR TR 4K 5
AR BRAE 3 B E0, AR B R B £ KR 25 A T
il e A AR O AR T KA A R BT AR 4
TARE A, o I A R B AR X T AT R AL, SC
HR[ 28 J 42 th Tz 2K i 42 1l AR GE I B0 2 AR R, e
3B K 4 ) 2R 8 K 2 A A 4 A A 2R R A
o RGP T I TRF R E R TR CE 42
RGE, 24k I SN EUE 5 = LA AR AL Rl A i
B2 A i R sh 205 R B A H K TR 28 R
TSI R S AR G IR X B R G A A AR ]
DAPRE TP 0 DB 27 D R 22 A A R v K Y
R AT EENE

2) BT AR EORAE A i 1 B B B R

FERT R A = 3 2R 1 Jis T S8 ) g R o i A
AR SSRGS 3 BOR 2 2% BUIRZS 22781 R 4 13l



54 BT AR EHOR BOHAE FRUSUE (19 B 2538

LETRXBXNR/ G5

w ey .

BRI RS LM%

N
N \\<\‘
N /
N .
\\
S~ H

-~

Ko KvaedTRESNR

Fig. 6 Concept connotation of digital twin satellite

I FEA4

BT

7 TR I TR A A BT S e

Fig. 7 Example flow of satellite equipment design based on digital twins



-8 - B IR SRR R

539 %

(] 1 22 | DR AR A o 4 o R A 45 32 22 1R, il
AR ARSI SR RO R A R EOR
P, — LR GE i 4 18] 2 58 B B AL RS S AL T
G0 AT TCTER Tt BT 345 X A 7= A R A Bk 0
X R BT BCBUIR, L AT 1A 4 ) B R ]
B 2R SRS RV A S B IR R, BAR R4 T2
DA R T A i A A R i A S S A
IR E IO R TR AR E R A R
(] B R B 4 TR 5, O T — RS R, SOk
[30] T 1T 807 25 L2 KBl FR A % 7™ il 1 3 4 9 42 2
FABIEFE , BeTt 1 ph HE /92 27 ) A28 A S8l e 7 () 4 4 R 4
S5 4 T A LR 5 0 B S A £ B L R B AR A ]
RGN SR o 2 A X WA LR 5 05 ] A 8k
PETH A ] A 7 A8 KT R A B IR e B e T, b BT BT
AUV T HUINBCT AR A A ) R GERE AL AN 8 JT R i
T AR IR W AR AL REF B S AL RERE R, A

RBRALE I L2 BRI S 5%

FHZE AR SR Bl 58 T AR A BT, 5 T S ol #E A7
TRHHE 5 3h A B [7) 45 1 52 400 52 BN T 5t 4 1 1
ISP, SCHR [ 32 ] AR AR R 45 0 &, 8eit 1
A TN - ) e U R Y 2R A AR K Bl ) 2
R, SR IO A 2 A AR R T Ji 2 A 2 B e T
BRI SIS AR RIS i Y 5B R 5, ik 1 2
TRCFARARIIUR 7 i & R T 1%, SCHR[ 33 ] 7E
XA A A B A TR R AL L, BT A S 2
D STAA R K By 2R AE RE R A T 20y 285 7 M 0 i3 A 7R
A XS BE A AR BE 0 VEAG A4 ) E R AT B AL
IR B i ) IR RIF AR T s
IR A B R E R SR B R R A
ZYET AL Bl R A (5 B R AT RO 5 R
RAIESE D RE , (R85 ™ S i A = il R v A7 R T A
FETRI B T A R SR B A A R

l%i%iﬁ%%%%lz%&\MIﬁﬁ%

S
A s

PR
fn Tt
TR

BERE . TERERI. RELBHTSHES
B8 B R R AL ] 4 PR G BHE 22

Fig. 8 Integration framework of digital twin machining workshop

U T ERIE A BRA R TR TR AR ROR
{1 2 1] T AR A M 42 5 Y T T AL B B | ] AL
5 A5 SR DAL TR S SR RE I BT, EoF
I ) A2 ) Az A ™ RS A 1 7 i 55 2 AN =
UK, BRI ) 52 I SRR i, S5 S L ) R g 40 4 ) =2
(8] )17 8 Bh ARG | T2 i A S M i AR R 7R 4
A5 8 22 )2 U S R 4 | e B S 90 45 | 0 T 5
PO 4 ] 4 2K R A R SE i sh A rT AL 4 . ]

IR B IIAEE 5 92 BR A 7 I 1R A — B TE 95% LA
b AR R U R IR E 90% LA L B R
25 2 ] Y S T M P SR, SR 35 ] 42t T A
AT S W PR AR A A R TR
AR A R B S K 40 4 ) A, R T & e D R R 4
BT A S A A

3) By AR R BORAE SRR 55 B B b B4 2]

TESCHE AR S5 B B 1ty 7 28 A 15 R o O T, 2246



5 4 3

BT 2R A FOR BOHAE TS i N 255 -9 -

LR T EBGAEPNTR 5 20 RGPS IEAS I
MR S5 Ao 7 1)tk 32 W R B B R A 55 7
T2 A5 )RS M4 | TL R R AR RV R R S Y i
S UG T —E MR AR

FULR 2 B HRL TR 2R 8 B H S WAL R A £ 7, {ELAE
LR f ABUE HAE i i i IR A RS PR Al A7 A
X it DR 2 0 A0 e 2 i o S4B PR M S D, R
A SR B AR A R N A 25 [R] L PR, T
R AL R AR B B IR R SRR S BB R
T4 R N AR 45 SN 2 HE S, il ar 24k 22 N 9 hR i
P AT HEAL AT EA 4 s 8] L R AR AR R S5 AT
BREROA , AT HL AR 7 > J5 12 5 s 1] HL A4 i IR ZS
T AR W A B DR 50 75 i B | DA T 5 B
REAL NI W2 1] FL Y5 2R 9 1) AR 25 0 20 A IR A3 A
FEu] LLSE s 1) e U 32 98 B A AT SR s LA, o
AR B ity AT EE PR B T AN EOR K B AR A DS A
S TVER SR % — U L R 4 2R A BT AR A PR
Y SR AR BT R A5 2 I 2 M A A o R 2% A R i 41
BERUA R, LU S £ A 6 LY H IR 3R 48 8
B, 77 A 1 R FULBAC R ] AR B SRR AR 128, 3 0 B A
T [R) A B A IS R By S I RE 5, Ay 22 R R S Y Y
T R PSR AR , A7 AR T R AR G A I e 55 o
. SCHRL 38 ] R T A2 2% T R GE i e a2 W 0 it e 1
IR 2R R RE SR R TR RADURC | 3 ST 28 0 4 A
il Sl AL, M) PRS0 0K 0 R 3 A TR 1 R0 ST B
TERUTLAR A S g S A4 A N B B, e 28 7 2 T
MWorks {7 5V 5 A 8 9 TR IR R G807 224 A I
- R RO T2 L R AR G B0 S AR S HEA T AT A 0 A
03, I AT TR B S0 ) 53 ok S B e R 12 W L 4 4
PR

T KT 8 D0 TR A S 3 R i A2 W A B AR B 7
T, SRR BIAE AR T TR A AR HR I
RS AR AT B R L7 &R, i S s UK L S
KB B T AR AR AR SEI R M B AR L AR R
AR BRI A 12 380K A HEAE BRI R 5 1 05 K
i AN AR A AR RO 52 L, AT A Ak S B K I 1 R
Yo AT AT RE R RIS IR e e A B DR SR S RS SR I RE
AT KA TR RO R IR . Oy SEBL T ] R L
{1 SIS W A SR, s SCI A 4R Y T
AR ) K T R GRS Wi T i BT R G
ZRIF I3 S HRH A B SE M A, FE 8 A 42 T 28 9 1)
TR RAE T 6 0F SAS TAR AR, X R S 7 B R BE
B B A B SR 3

TERB A TR e B 58 B RAEATE 55 I PR UEHAE
Buzaiaty, SCHR[41] B2 TR BT 2R R R
PTG AR 5 SR S5 07 T A A R E AR AR A i

A i By HARRAE S 2%, ) FH LB 28 A A AT DO T R #5458
YEN G AT R, AR 22 A P R4 55 i 2R 41 T i 404k
FHRAVEXT G2, A K B e vl AR FH LT R sy, R« B0
PETRT RS T LLAE P B AT R A1 Ab 000 47 B A/ s K B
HIBPRES LA R I B R B EFE T TIRES
FEFWURARIAFIZ AT IRBE (0 B 22 A A J5 4G 55 f5
AR T ATE b iR L R 400 B 58 2R 4 7 90 00 AT A
BT PO IIE G B R G A R R TR A
MFB, ST TR v LUGIE R A EAE5
FURIFEE P THOR I B R S R H B, i oo
LR A B2 A AR MG OB T USRI K 2 AS [
R B AR T B W PR A R i i s A B U
—FhEIAR R DL T B, TR B A R A AT R
AR RGAE R S s TAE Pl TR, 58 L
T AVE RS R A AT ALK B
FE Fifi b T 3R s 1) A% RN AR STt AR A
SRS AR B AT A S E R TR T
£, SCHR[43] 5T Akt m DR FEA L RS,
J T AR D ERRAS A AR5 O Bk S A
5T TAE, o R AT 55 MR b s kst A4 T B
YERL, T PR AR s () IR  J BER S W 0 7 4
Yook, SCHR [ 44 R TR TR RS A A A1 5 A 1 ol
RGRA BT AR A B JF LA IR A B 2 G 45 ket
PIAEBEETT TR SE BT N BE, o fG R TR HsE
T2 A TPR AR PR g o7 LA RUBS TR AL T S5 R T L
2021 4F 4 HJE, RO AR SCE MR & S i K
fEF5 B 32 8K & S AHL, PO T o E 23 [ b A A
S PR, 2023 4F 5 AR, oS R R ST F 4S5 H
J b F IR AR 3% 7] 2R R il 377 , b 5 45 3R [ 25 [ s
s B B R o6 B, TS 25 8] 3l 07 FH 45 % i A9 8T B Bt
SR 4 A i B AR S T K A ZE I8 1 75 R] 3l R R
FRAT AR, S5 B0 0T - b S e A5 B 5 P 3R, SCRk [ 13 7%
2020 AP T Y AT 75 il | b i R R i 2 R ) 4R
FASEMAERARG, PSS A AR B R Modelica i
F ST BT AR A 28 )k RGN E 9 PR, RS
CL 7R 25 [ 3 7E B2 1T By BB R e M s e L s T
YEo BUFas Il A P B I A RS 9 Mo &R
G 2 PHCF DI RERELEEAY , JE 1 200 4 & RHER 7%, T
] SRR ORI R 5% AR TG 8l 45 200G B AT 55 4 it 4
AT A7 L SCHRE A7 RS A5 TIUAT: 55 R L2y, B30 45 1)
Ul SRR X RBIR R GENY 24 /N SERS A TR B, SEBI S
()2 BE R R G AR A W 507 2 (W)l 1) g s ARz
A IHETET 25 ()3 R 58 SRR WD 256 1 BB IERE T,
7S [k 5 S22 EAT 55 A IR e 0 SCilR[ 47 ]
B XEHTHAT 25 A BE i 50 19 7E IR 55 8T 5 ok, el ar 3
TECF A EFR I BRI R R ALY, I AE R IR



- 10 - LSRR R e o

39 &

RS AT TR RAIE Bl S A vl s A B
BELARILAF 2k 7 (1) A BH B L 3 F 5T ) 46 3 KA R T
T BT I ik 8 R 490 v 8 S A e 2 77 A T A ) )
RSO, AT R TIE e (L A 7 ) T R S R X e ) ek R AR
ATERIA IR, o g 2« 25 ) 3 1 AR AT Ok B
— 75 T i B A AL S AR SRR SRR O 7E L IR
IR, — 7 THI -t e B30 4 g A 14 0 R 8 A | 552 T
SASHAL I LR AR A AR APRUEZR A AR RS 2 R 2l 25
R XL T AR AR E NS L B R TR
=GRS 0

Wi ey |

P A

\ LB ¢

s FEB B BB 0
it

hﬂ
ZRH A

B9 s )l R G0 UE K
Fig.9 The block diagram of digital space

station system composition

SCHRL 17 VB TR B2 38 3R e LA i R EL RO 224 |
BTSSR IRME R R TR AR EOR e DR R R

G A N FHREZR A0 0 A, h ot ph SR R )= L 5
FEZ AN 2 ) 2 R R SR 2R R T 65, A
el i HETT J5e TR 38 3% 498 22 U B i 1A, S ok
KT AR A FORAE TR B R R 4 v i R A N 21
Sk,

BRI R K 807 A BRI 75 5K, SCHR [ 51 ]
P TR AR A RSO B A T AU R )
WHESE T RS EC T AR R BOR R S B0t T
SHEBOTRI BF R ARG BT R ST A KL
FAIBLAE R G T — P 8 R R BT AR A AR, I FE N ]
BT T VRN DL, 33X 26 1R R T 1t R A4 37 i 3
TR S5 08T A I B R s 42 TARR L T S %

gi LR, i T AT i R Rk, NASA 2 407
AR I E DR B R R, TEREN, TR R E
BLEGE AL K KM 3 A A TR R A s [
SFY R RR N HESL R R TT B, JF B 2T
FTAE, 21 NFEFCSIRA AR R FHF O, Bk
Ui, BT 2R A R TSN i AL TR R W B, S
SERUCT AR B GE RN F BRI S LB | 38 75 B
e G 4ESE 2 YRR N IRHLEN S I R G452 HE A
PESCBEARR TAE . AR [R5 2 1A  BA A
SEARAT UK AR, H AT R AR 35 4 B A S e 5 5 5
PR — BB AU Y | 30 BEAT L IE 52 By JE DU T 4 %
Yy SR E T8 S ANLAL , BT ALt 0 12 & # AR A
R

®1 BFFEEFMIBEABER

Table 1 Applications of digital twin in aerospace

Fem Sk AEy A/ ML N A A
[13] 2010 NASA SRBL
[14] 2016 NASA KRGS
[15] 2020 eS| BT 7= il 1
KR 6] 2017 A SRR
[17] 2021 PNEE/ N /N e
[18] 2018 & H EMLZ MRS ML EATE MR Tk s N FHEZRR
[19] 2022 b ntF M R G TR JERESI ]
- [20] 2019 At 5tz (B RAT RS BRI SAREL
: [21] 2019 AL A B R K2 SRR (2R TR A 2 [R5 A 4 1N )
[22] 2020 TS iR K2 SR (BeE 2R R TR
[23] 2019 Je sl TR T WEREER RGBT UE
[24] 2022 JUE BT K2 MR A HEFE R AT
[25] 2020 e mt s (B RATAS BRI MR AR R
I P 3 - B B [26] 2020 Jeo LA KIS HRRA R PERFE R
[27] 2021 L EM R G TR KA BT
[28] 2021 AestfioR B shiE i wrsT B BRI R G
[29] 2019 LT R o LR i KR LR RGBT




5541 B AR A HOR S AR T T ZRA <11 -
243k 1
Continuation tablel
Fm Sk G/ B/ P N A A
[30] 2020 A B WU SR i il 2 ) AR A T vk
[31] 2021 R RAE B WL SR i KL 4[]
LA A [32] 2021 AN B ML 5 i T T 2R Ry vk
- [33] 2022 RS B LI SR B il 1 2 )4 B8 T VT 5 sh A
[34] 2023 R A 1B HCK AR A A R
[34] 2023 Je KIS A RAF A P2 ] A AR T B
[35] 2019 JeE BT K2 2R = ZE T AR S MR
[36] 2021 [ ¥ 23 (] L IR I T BT 23 [ FEL 35174 2R ) o 4 o0
[37] 2022 M IR E Toll K2 WK 25— IR IR A RS
) . X T LR R G RS
[38] 2020 LEL RN AL A 5
[39] 2021 LTRSS TRV RTINS ik R e e
[40] 2022 iR TR KT T R G S
[41] 2023 Je i TR RATH SR S Pk
. [42] 2021 db sl TR 5T A I C R Ll
e e s TEBL TR AR (E% R
e * H I R P B RO AL
st e BRI B R AR
[44] 2023 ZERPLE B [ —
[45] 2022 A6 2s (B R AT A BRI A )k
[46] 2021 o s ) RA TR R AR BT E]
[47] 2021 JER BT R2F AR AR R g
[17] 2021 At T A B TR TREERG R
[51] 2019 A R TR TR 5 e Wi R K5

3 REERFTME

B AR R AR B AN (R B S
MR R ) B BT R B T A 2 S A )
Jz . ERT, B 2R AR BORTE LR 5 ) B PR R
RSN HO GBS T —a i, (2 Bt R
Gt R S 240 25 B R T ME LA S B, 7E 52 4% B 0 K 45
b BRI AE , 75 2 ERHL 7 R R RN R EAE R
G T |2 R R RGBT IF 5 777 i 4
Az i JE I S IR IR B DI ], A i Rk A VR R e, AR Sk
AT REEE e . IR B AR RAT R T iR e s 4 28
[A] T,

3.1 ERRARINEIEIRINE AL E

B R BCE AR A H R B S hl, R AL B S o A A
AR E AR A R GERE S ARAT 78 70 10 A (1) 556 =2
F 38 TR AR s A58 0 SRS B R RE AL A AL
W ARE AR R 2 BT, i AT A% 25 (Al i BREE
AN B A T R A AR A A HEAL I AR TS F A E]
ARG RAEAT ST ; IR, s 45 S At et A s P RE T T35
FATRE SRR, LS BUR 728 A 2R G 0 T A5 IR
B = T A AICAE AT S 2 Y S R B ) B e A

PRSI fl G 43 B Ak 3 R B 3 S R0 2R A R S8
A
3.2 BREEERNFEMRL

B BTSRRI Ay BLASE IR ) g ST R BT AR A A
L WUR IR 283 Z 47 10 & J& | \EAE 5 A0 8 7 B 45 JUp
AU (ER AR (AR A1 RS [R5 T AR Sl A R R
TES BB BE S 5000 3 & T 2 it — 2o, ok
KR T B SR TG 4 B A M T E A R 5
AL R G PR A AN W 2 AR ) P S
A AL ST S8 BT 20 BT RN 2R bR A W ) K B R 12
B R HIE R AR
3.3 BFTETHEFREER

N X R 2R A T B B i AR AP B, B TR
YRR 43R B A R b 4, 75 ZE R A5 3 22 j il K
PRRH AR, UL S EATEEAT R B A 7= 2 2 b 5 h
HaE I, 2 BT 2R R EE L et TS
KA EAEF AT R Mis T ERCE &, S — %
T4 1 LS B 1 DI 1R AR sl o A R A £ 1Y
THEBRUFERR, KRR E LR AR
YEH,
3.4 EAIEGREF—KRERERLESE

WK ARG B 2o H AR, A% &A% 50 £ H A



- 12 - LSRR R e o

539 &

R, SRR T e R B AbLaR = ) 4 — U
AR, Bl 58 O T R (TR RS A, R PPAG
AR HETIUICE BT I i 1) RREODR 2, S B AR S I )
FRHHT RS B AE P S5 25 DA PR AT 55 1 A1)
ST, R T T R A A AR G A I 55 ) O R R
IR 55 HER 1

4 & it

B2 Rt BARY) B SA B R SR BRI,
A LS A B S A ) R 2 42 A s I B A A A o
B 2R B Sh B AL BURN R R ) it HA A
FH o AEE BT R0 28 4 &0 B A P 1t H i 2
FANTAT, T4 Hh 04 R SORISAY K iy FHAE A 58 42 i
HOARRAEAARTL BT ZETFTIZ M THE AR AR
BT 2R A AR IR TR R Gk, (2 BACR R | AL
FARAEHORTER R AT 1) 7 T3 b 7E 2 20 B B, KA
ISR SR PG T —E vt 5 H RO R Y
YRS NT R  HE SE— BOR R R O K A A AR
AR GE AR I D 6 5 B AR e B - 2R AR HOR
AT IR AU IS I BN 37 5% | R Ok ik i B8 A A% SR L
PRAL PR AR AR T HAF BB 5T AR
— BB BEE 5 55 7 T i ZAF AR T, 1B E TR
EIEHT RSB T A, BEE KT A BOR HER 5835
LR BRI B T SR BB R B AR B 2R A L
A AR SURAT BN HE— 5T 2 0, 3R AR B &
M EAER,
B2
[1] LIUYK, ONGSK, NEE A Y C. State-of-the-art survey

on digital twin implementations [ J ]. Advances in

Manufacturing, 2022, 10(1); 1-23.
BARRICELLI B R, CASIRAGHI E, FOGLI D. A survey
on digital twin: Definitions, characteristics, applications,

IEEE Access, 2019, 7.

(2]

and design implications [ J].
167653-167671.

[ 3] MIHAI' S, YAQOOB M, HUNG D V, et al

Digital
twins; A survey on enabling technologies, challenges,
trends and future prospects[J]. IEEE Communications
Surveys & Tutorials, 2022, 24(4) . 2255-2291.
FULLER A, FAN Z, DAY C, et al
Enabling technologies, challenges and open research[ J].
IEEE Access, 2020, 8. 108952-108971.

TAO F, ZHANG H, ZHANG CH Y. Advancements and
challenges of digital twins in industry [ J].
Computational Science, 2024, 4(3) . 169-177.
XK, EL, EAGE, & BFRERARLGR SRR

[4]

Digital twin:

(5]

Nature

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

B, ALEEREHM, 2018, 39(11) ; 1-10.

LIUD T, GUO K, WANG B K, et al. Summary and
perspective survey on digital twin technology [ J ].
Chinese Journal of Scientific Instrument, 2018, 39(11) .
1-10.

P, BODORR, sk, A BT AR R A SR M.
Jemt: AR AL, 2021.

TAO F, QI Q L, ZHANG M, et al. Digital Twin and Its
Application in Shop-Floor [ M ]. Beijing; Tsinghua
University Press, 2021.

GLAESSGEN E H, STARGEL D S. The digital twin
paradigm for future NASA and U.S. air force vehicles| C].
53rd Structures, and Materials
Conference, 2012.

GRIEVES M, VICKERS ]J.

unpredictable, undesirable emergent behavior in complex

Structural Dynamics,

Digital twin: Mitigating

systems[ J]. Transdisciplinary Perspectives on Complex
Systems: New Findings and Approaches, 2017, 85-113,
DOI:10. 1007/978-3-319-38756-7_4.

SONG J S, LE GALL F. Digital Twin Standards, Open
Source, and Best Practices [ M ]. The Digital Twin.
Cham Publishing, 2023,
497-530.

2 EFER SR R 2. [F AR B e
S SR [S]. dbat: o [ bR ofE R
1, 2023.

National Committee for Standardization of Information and

Springer  International

Literature. Information Technology-Digital Twin-Part 1.
General Requirements[ S]. Beijing: Standards Press of
China, 2023.

GRIEVES M. Digital Twin: Develoing a 21st Century
Product Model [ M ]. Wilmington; Orange Frazer Press,
2020 197-210.

ARG, MREL, MR, . AR R ES AR
KABIRIHILT]. Az 441, 2020, 41(9) : 6-17.
MENG S H,YE Y M, YANG Q,et al. Digital twin and its
aerospace applications[ J]. Acta Aeronautica et Astronautica
Sinica, 2020, 41(9): 6-17.

MORRISON J H, AMBUR M Y, BAUER S X.
Comprehensive digital transformation NASA langley
research center[ C]. MIT Meeting, 2016.

ZEN, THE, MRIEAT, . AR AR
ARERHLT]. MERHEEA, 2020(6) : 63-67.
JIANG ZH, YU H, XIE X L, et al. Key technology and
application of satellite intelligent manufacturing [ J ].
Aerospace Manufacturing Technology, 2020(6) : 63-67.
FREEVL. ¥ Eh AT 2018 A0 52 e [ 15 #1421 6 K
TR [ N]. F EfTZ 4R, 2017-12-5(6).



5 4 3

BT 2R A FOR BOHAE TS i N 255 <13 -

[17]

(18]

[19]

[20]

[21]

(22]

[23]

GUO Y J. Lockheed Martin releases 6 top technology
predictions that will affect national defense and military
industry in 2018 [ N]. China Aviation News, 2017-
12-5(6).

B, FRIEE, BCUR. BT AR DR R RGP
MFARRLI]. BN F B AR, 2021, 40(2) .
121-128.

ZHAO Q, GUO X Y, ZHAO Y. Exploration of digital
twin application in satellite constellation system [ J].
Technology, 2021,

Foreign Electronic Measurement

40(2) . 121-128.

AIAA Digital Engineering Integration Committee. Digital
twin: Definition & value-an AIAA and AIA position
paper [ R/OL ]. (2021-02-09 ) [ 2024-6-10 ] https://
WWwW. ala-aerospace. org/publications/ digital-twin-
definition-value-an-aiaa-and-aia-position-paper/ .

SRR, SR, 1P, 5F. BOF AR BOREGR T
HERREE)]. FMAKEAR, 2022, 6(1): 1-6.
NIE R M, ZHOU X Y, XIAO J, et al. Analysis and
perspective on digital twin technology[J]. Astronomical
Systems Engineering Technology, 2022, 6(1) : 1-6.
FHAE K, FIESC TR AR A AR f R
GETRRER G ST ], THEHLAE U i R 4, 2019,
25(6) ; 1338-1360.

WANG J J, XIANG Y Q, HE ZH W. Models and
implementation of digital twin based spacecraft system
engineering [ J |. Computer Integrated Manufacturing
Systems, 2019, 25(6) . 1338-1360.

B, XURFSR, ok, A B AR A AEREL K TR
SN )] IR E RS, 2019, 25(1) ; 1-
18.

TAO F, LIU W R, ZHANG M, et al. Five-dimension
digital twin model and its ten application[ J].
Integrated Manufacturing Systems, 2019, 25(1) . 1-18.
XURFOR, W&, RRVLUE, 45 B AR TR S K
SRR R [J]. AL U & & 4E, 2020,
26(3) : 565-588.

LIU W R, TAO F, CHENG J F, et al. Digital twin
satellite; Concept, key technologies and applications[ J].
2020,

Computer

Computer Integrated Manufacturing
26(2): 565-588.

XIGHH, se, B, % MRERHREETHF
R RO R[] R0 R, 2019,
31(3) . 377-384.

LIU X X, TANG L, ZENG H B, et al. Smart design and
simulation of aerospace control system based on digital
twin[ J]. Journal of System Simulation, 2019, 31(3):
377-384.

Systems,

[24]

[25]

[26]

[27]

(28]

(29]

[30]

[31]

KA, B, KRB, . S TEFRERR
eI AR AL BT Tk [ T]. TEAAR, 2022, 43(4) .
518-527.

ZHANG W J, WANG G X, ZHU X M, et al. Digital
twin-based optimization design method for aerospace
electric thruster [ J]. Journal of Astronautics, 2022,
43(4) . 518-527.

XA, BT, fE. BURERHEEC R RGBT
AR HBETE [T]. LK & TR, 2020, 29 (5):
135-141.

LIU ZH G, XIA N, DU Q. Application research of
spacecraft electrical power system digital accompanying
flight technology [ J ]. Spacecraft Engineering, 2020,
29(5): 135-141.

Bk, H—K, JMFIT, F. TR FAEA N DA
BRI RG], KT %M, 2022, 43(82):
139-145.

DAI L, SHAO Y F, GUO Y Y, et al. Intelligent design
system of satellite equipment based on digital twins[J].
Acta Armamentarii, 2022, 43(S2) . 139-145.

S, A, ok, AF. B TRCF AR AR KT A5 R
TS S BAERARBISE[J]. FHEMARE A, 2021,
5(2): 7-13.

WU H, YANG F, WANG B, et al. Study of digital twin
based launch vehicle structural design manufacture and
technology [ J ].  Astronautical Systems
Engineering Technology, 2021, 5(2) . 7-13.

EoE B ROR AU T HIBTEL C].
F=t=JmhE R, 2021

WANG H X. Research on digital twin technology and its

validation

application in aerospace control system [ C]. The 33"
China Simulation Conference, 2021.

e, B, HHR, % ETRTFEAN AR
R g vt [J]. A PLAE S &R S8, 2019,
25(6) : 1337-1347.

JIN J, XIA CH, XIAO SH L, et al. Rocket launch safety
system design scheme based on digital twins [ J].
Computer Integrated Manufacturing Systems, 2019,
25(6) : 1337-1347.

FREVE, e, BhEE AF TR R A IR
i el A A DT (1], R EALAR TR, 2020,
31(7) . 808-814.

GUO J T, HONG H B, ZHONG K K, et al. Production
management and control method of aerospace manufacturing
workshops based on digital twin [ J]. China Mechanical
Engineering, 2020, 31(7) . 808-814.

BB, PN, LSOV, SF ZRAEORFERE ALK
KEAFHUIN G [E] 4 AR SR FE [T ], A as il i Bk



14 R R % 30 %
2021, 64(20): 38-46. EFREIEARTIRT]. AP E S5 H), 2021,
ZHONG K K, HONG H B, SHEN Y P, et al. Study on 29(5) : 8-14.
digital twin-based integration framework of aerospace key ZAHNG S M, YUE M Y. A rocket health management
parts machining workshop[ J]. Aeronautical Manufacturing system for vehicle testing and launching base on digital
Technology, 2021, 64(20) ; 38-46. twin [ J ]. Computer Measurement & Control, 2021,

[32] SBEWG, W, phaym, & T8 2 gk R 29(5) : 8-14.

mi R IR 7 I ST L] ALK ) B R [40] whacts, Fede, WhOCHE, 5. BT 2R R K Eh B k4%
2021(6) : 56-60,66. i RGeS Wi RF T ik ()], THRE LI & 5 5
GUO J T, DAI ZH, ZHONG K K, et al. Research on 2022, 30(10) ; 1-6.

adaptive assembly and adjustment method of aerospace HAN W T, CHENG L, HAN W ], et al. A summary of
products based on digital twin [ J ]. Aerospace the research on fault diagnosis in rocket control system
Manufacturing Technology, 2021(6) : 56-60,66. driven by digital twins [ J]. Computer Measurement &

[33] B, BRide, ZEmse, 5. TR 7 RARMR Control, 2022, 30(10) : 1-6.

il A2 1R B RE 1AL 5 h ST EE DL (1], MR (417 KIS, 52 B, 45, AURAREC IRt B R [T 1.
YEFAR, 2022, 3. 12-17. FMAFEHR, 2023, 44(1) ; 73-85.

HONG H B, CHEN J H, ZUO L L, et al. Digital twin- ZHANG P, YUAN L, CHEN B, et al. Spacecraft digital
based equipment capacity evaluation and dynamic simulation and application technology [ J]. Journal of
scheduling for spacecraft manufacturing shop [ J ]. Astronautics, 2023, 44(1) . 73-85.

Aerospace Manufacturing Technology, 2022, 3. 12-17. [42] =M, B84, & Wikes TG ESYEITRS[T].

[34] B & B 28 A Tl BRF 15 (2023 4R 25 — i) TR, 2021, 42(8) ; 982-988.

(Cl. BLEBFEFEEERRHERS ¥R YUAN L, CHENG M, WANG L. Spacecraft flight
W, 2023. control simulation and parallel systems[J]. Journal of
TAO F. Whitepaper of industrial software for digital twin Astronautics, 2021, 42(8) : 982-988.

[C]. The 7th Academic Conference on Digital Twins and [43] ZmW, &, WiZEEE, 54 W X fHFLBHEas D
Intelligent Manufac-turing Services, 2023. BT RRGE VTSN T]. SR TTRE, 2018,

[35] BAIESR, XUKGHE, RENE, 4. THI ) B 2R AR A ) Y = 27(5) : 46-49.

ARSI Wi ik [ 0], THEMLE H S R 5, MIAO Y M, CHAO CH, GU Q Y, et al. Design and
2019, 25(6) ;. 1432-1443. application for HXMT digital companion satellite system [ J].
ZHAO H R, LIU J H, XIONG H, et al. 3D visualization Spacecraft Engineering, 2018, 27(5) ; 46-49.

real-time monitoring method for digital twin workshop [ J]. [44] e DEREMIGENS BT GIRG 52 d iy
Computer Integrated Manufacturing Systems, 2019, B[ D]. jt}?’:§$ﬂ—’§é[§)’iﬁ, 2023.

25(6) ; 1432-1443. XIE Y. Research on hybrid digital twin modeling method

[36] KU, W, BEeAR, 45 =SEEEBTF 24 RS5[]]. for satellite temperature field perception and attitude
VR (FPFESC) , 2021, 38(3) : 197-206. control[ D]. Beijing: Academy of Military Science, 2023.
ZHU K, CHEN J, LYU T L, et al. Digital twin system [45] /bR, B8, B @i LML), AR
for space power-sources [ J ]. Aerospace Shanghai TR 2022, 31(6): 76-85.

(Chinese & English) , 2021, 38(3) . 197-206. SHI X L, WANG W. Digital space station and its

[37] DesH, Bkl 2R 250k AN e application[ J ]. Spacecraft Engineering, 2022, 31(6) :
2SR IR AR GER A I [ 1], 7 I 5 R A 76-85.

2022, 36(6): 91-99. (6] ¥, IMRE, T, & Bovas vl sh /)2 5 i
PANG J Y, ZAHO G Q. Digital twin-driven multi- PrE ARG KR AT ()], &5 4R i HOR 5 .
algorithms adaptive selection for fault detection of space 2021, 47(5) ; 40-47.

power system[ J]. Journal of Electronic Measurement and XING T, SUN L F, WANG W, et al. Digital space
Instrumentation, 2022, 36(6) : 91-99. station dynamic and control simulation modeling and flight

[38] SHANG G D, CHEN L, DING J. A digital twin-based control application [ J ].  Aerospace Control and
approach for the fault diagnosis and health monitoring of a Application, 2021, 47 (5 ) .40-47.
complex satellite system[ J]. Symmetry, 2020, 12(8): 1307. [47] k3CAs, EEFB, @, % TRFEELEMEE K

[39]

KEW], B L. TR IS R g

AR R AE I [ )], T HLER RS R 5, 2021,



5 4 3

BT AR EHOR BOHAE FRUSUE (19 B 2538 15 -

[48]

[49]

[50]

[51]

27(1): 16-33.

ZHANG W J, WANG G X, YAN Y, et al. Intelligent
test of spacecraft based on digital twin and multi-agent
systems [ J ]. Computer Integrated Manufacturing
Systems, 2021, 27(1) . 16-33.

PR, B s 18] K BH A R o 4004 Fr) e BT ot J [ 7]
EFRAZS, 2019(4) ; 39-44.

HOU X B. The latest progress in the field of international
space solar power stations [ J ]. Space International,
2019(4) : 39-44.

LIU M, XU S W, SU X G, et al. Research status and
prospect of space metrology[ C]. 2015 IEEE Metrology for
Aerospace (MetroAeroSpace). TEEE, 2015, 525-529.
YU H ZH, CH SH H, LIU M. Comparison of distributed
space metrology data information transmission technology
for space solar power station[ C]. 2024 4th URSI Atlantic
Radio Science Meeting ( AT-RASC). TEEE, 2024 1-4.
XNFEL, T, mEE, %5 SR KSR A
ARBIR[T]. PEAE Tl K =% 2% 4, 2019, 37(S1):

114-119.
LIU X L, WANG J, SHANG G Q, et al. The primary
exploration to digital twin technology of launching site[ J].

Journal of Northwestern Polytechnical University, 2019,
37(S1) ; 114-119.
EEE N

KRR CEGEIES ), 3 HIAE 1997 4
1999 4F 1 2003 4F-F I JR¥E Tl KA 3R A
o B R A, B AL B Ty
BURIFSE IO 5 51, 2 2ERE 58 5 1) S B0 28
A b R R IR AR
E-mail ; shl_hit@ sina. com

Song Hailong ( Corresponding author) received his B. Sc.
degree, M. Sc. degree and Ph. D. degree from Harbin Institute
of Technology in 1997, 1999, and 2003, respectively. Now he
is a professor in Beijing Orient Institute of Measurement and
Test. His main research interests include digital twin, quantum
metrology, electric-magnetic metrology and product development,

ete.



