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In-Orbit Assembly Dynamics and Control of Intelligent Spacecraft

Cluster Based on Vicsek Fractal Structure”
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(State Key Laboratory of Mechanics and Control for Aerospace Structures,

Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract Due to the limitation of the capacity of current rockets, the ultra-large space structures can’t
be built by in-orbit deployment technique. In-orbit assembly is an effective way to construct these ultra-
large space structures. In this paper, an ultra-large space structure is designed inspired by the Vicsek
fractal, and the corresponding in-orbit assembly control strategy is proposed for intelligent spacecraft
cluster. To describe the position and attitude motion of spacecraft during in-orbit assembly, the position
and attitude dynamics equations of rigid spacecraft are built. Also, the relative motion parameters of the
chaser spacecraft and target spacecraft are given. The assembly configuration of 125 spacecraflt is de-
signed based on Vicsek fractal structure which is divided into 3 stages, and each stage is further divided
into two phases: pre-assembly and assembly. In the pre-assembly phase, the chaser spacecraft is expec-
ted to approach the target spacecraft with a small distance and maintain a relatively static state. After

completing the pre-assembly, the controller drives the chaser spacecraft to slowly approach the target
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spacecraft, and the chaser spacecraft will dock with target spacecraft. For the pre-assembly phase, the

compound controller with collision and PD controller is designed, and only PD control is used for the

slow docking phase. Finally, the effectiveness of the control law for the assembly mission is verified by

numerical simulation.

Key words in-orbit assembly, PD control,

51

il

IR BHIRL | IR 7 43 i) B 7 45 R0 K 11 438 R 4k 4 K A
245 () 235 R 4 0 TR 2 A DN v A 5 SO0 000 R s 5 o 3
Ak W H b R AEEEAEM. T kT e
1 RV i B A 4 SRR L 2SR R 2 ) 5 A — i
RHER I B W & 5 A B AE BB IF 09 7 X 3
A FE AR T DUAT S Pk A ) L 7E B g 2
AN KA 2 6] 45 44 7 43 Ry — HH B L L 25 5 1
AR ASE B, B ik ST DA T R S ) PR R S R AT A
He T 5 ko e 2 A I R

/N T 5L 4 B AT R B Ak it K 2% 19 i 58 ik
P o T L 1) Ty R — 2 B /N A i 54X B B fk
FUL R A 7R 23 op 1 52 2% G BRI Kk T 24 3 TR
T ILAMT &5 b B %88, 9F BB 9E & B Viesek 3B
R GERT ARCACIRY B I S N2 I R | A 2 v
HAT TR AR L A ALY AT 50 T 4 550 A5 R i
X Fh A By () 1 il 40 B K2R B A 5 T/ AR i L
B R E B S5, Viesek 438 K2R B (19 13 A
RLPHE A ) 52 B 2 Uk B R TR S R 84 o e A
F i R 2 2 D R AT RE L 3X 40 A% [E) A SR AL 2 0
Qb BE AR, A A R S B A R S A R K T AR
BH 7 B 4 AR BRI A RO vk o A s DG T
Fi AR AT LS B AR RO B CE KOk A LA
2 [ G A RRCUN AT R 2 43 4 T AT R R
MAE T WAL CTPE-D FI3A R SCiH ), i E A4 1 T
“TRE TR ¥ R 3 A /)N Y 7 5 R A1) R SR A3
Pr AR

LA 2EE TR T 2R [ 241 SRy
e 3 B AL ZS MK R 2% FIBESE PG 9 Rhodes
S5 102 AR DY TE R AT AN 12 AN 7K i IF T AR E R
T—FRALAR R LR i 1 sl il o AL g 3 T
BERY Lee G WTHT — ML TAEPURIF 25 M ML 4%
NG BN AT H R B9 100m 5 3 4k 25 1] B2 e 55 42
P A 5 [ [ B e G S R R BT L 97 f s
li] 2 56 28 W) 3R 4 23 TR AL AR 2R G0 FE B A 2 —
AN KR LR BT B8, AR TR A A R

pose control,

Vicsek fractal configuration

GO AW AR T LA AR 1 T — R AT 55 1
AREE B BRI L v SR Tl K AR A TR
04k U P A SR T P s A e IR Ak 8T
AL A3 AT AR 45 K (0 76 U IO AT 55 5 . R R s
TE1) e A S 6 3 M JR B Tk K 2R A T A
23 [N AL i A 52 3 — i S B b 78 253 (] K BH g Fi, 3
(SSPS) 5 &1

HA H LS AE F7 i 2 % 4 B 7E ST I B 4R
U L LR S N L W SR IR S O N
DIRGIE IR S NE OB S 5% S e N S EP oy (X o)
FUT TR 28 0 I 2 11 3l 3 O F 5 R Xk A 8
R T A R A R AR 5 B A A L SR RN T
PRSI T U T R L 45 ) g 2 O K g SRR 14 R
P Morgan 2508 FH A A 2 28 150500 45 o fige ke
T AT IS AR kR 24 SRR K g B SR A A R A
A ) A AR R MROT B3¢ . #5141 5%
FUT TR 7 1) 2 4 T B S A L 3B T 8 A

AR SC LA TR B2 25 K R s ] 45 A N H b, 52
Viesek M EIIE g &% 738 A T 5 2 R K4
A B 43 A 2 25 () 22 32 5 14 4 K 7R 25 ) 45 48, LA 125
AR AL 25 o 1 BF 9 T 48 RE AL K #4544l
E3n DAk E ek N P A4 R NG A B/ 1 B v
T B BT R AR AN H AR K 28 0007 BRI AS Bh oF
JrREA. DL Viesek 438 H BLR 2548, 521t 1 125 4>
TR E AL R A, I FLUK 4 2% 5 R4y o =
BESE I, H A AR AS B BE 4 R 4126 IR N o8 A 4
TR B, AE AL R AT 5] AT SRE S Ty, B3t Tk
WEAEH S EE SHER TR T 4 PD #
il 5 i 38 2 B D IR T 4 o SR 0 A Rk

1 RIEMXFHNEEBSESR

1.1 HEXBERFRUK @SR

W LR, F, & {Ox,y.z, ) RO AR b
F.F, LA A{Cxyz}) M F, & (Tx,y,z, | 5300250
FUL AR AN B AR AR A 1 A AR AR R (ror, ) A
(r, ) 43 B FRRAE FOFIUF, A b5 25 v 4 A X 07 2 16



36 g % 5

T /I S

2024 45 22 %

ARSI P AR R AR AR R LR AR L R
R K % 2 W 5 T IE B F R ALK A O 5 O,

B AR AR LB G )

Fig. 1 Description of the coordinate frames and defined vectors

1.2 MAFANEERNUCENESEIHTE

BT R AR C BN & MAR AR R F. A
XFBHEARR F, (LS LGEE A%
TSR R

F=v—S(w)r (1)

¢ :%[(1 —6'6)I, +25(6) + 206" o

(2)

Horr r Sy DD BR v O 4 [ 38 BRI R A A7 B R i,
o N FEIRIE BRI R A% 25 B IE X 8 A i 2 4
(Modified Rodrigues Parameters, MRP); v #l @
390 R LK e B AR R L X S AR GR
BRI ABIRR F, TR,

B BRI R A% 3N ) 2 7 FE AT LA R

mv +mS(@)v +mur = f, (3)

Jo +Sw)Jo =1, (4)
Horp f o #ve, o300 AR TR B BT K A b 4 i g AN
FEWI IR oo FJ 53530 S 3B B0 K 45 1) J5T i A B
PR, EX R p=p, /e |7 A 0, b ER
M5B X TR R x =[x 2.2,
S(x) &SN

0 — X, X
S(x)=| x; 0 —x, (5)
— X, X, 0

[FRE, TCAN S AAN T AEAE TR A i BR 9 H A5
SN R R S e D R
P, =v, —S(o)r, (6)

1
¢ = La —6'e I, +25(,) + 26,6 Jo,

(7
mv, +mS(o,)v, +m,pr, =0 (8)
Jo, +Sw)Jo, =0 D)

Horoe, v, Mo, 7000 B AR & 80 E K
HETF MRP SRR 26 10 A sm, A
J, Aol B AR A K A B BT R RN 5 S A R L X
Se g T HARL R # AR FR &R F, th &R, Hrp
wo BX A, =p, /)l 7.

O

1.3 fRRF[{HEXIEZN

PR T DL R 2 04 AL B 328 285 4 ) i 43 il E L
TEP AR Y AR R T 78 TR AR X 2 850 77 224t
) A B W] — Aa bR R R . A B AR AL K 25 AR R Ak
FR& F, BB BT R 88 AR AL bR R F 10 Jié 5% 0 B
N

4(1—e6le,)
" (Q+e6'6,)?
8
(1+e.6,)’
Horb H MRP %7k 138 B2 L K 2% 5 H bRt X 45 19
XL 6, & LN -
~o6,(c'c—1)+e6(l—0,6,)—25(0,)0c

c,= o - o
l1+o6,6,6 ¢+ 20,0

S(e,) +

3

S’(e,) 10

1D
AR IR 1B 7R 738 B 0 K A% AS 1A A b & v

PR K 5% 222 5] P AR RS o 3 32 R X I 5 00 A 0 3k 2
A LA 3R 7R
o,=0 —Ro, ,r,=r —Rr, ,v, =v — Ry,
(12

2 EHISRRITEESAX

2.1 Vicsek R 4&#

A3 T8 JLART BRI 2 38 3 78 7 2R 1 6 G 40 45 1 3R
AR R AR B, 2 B B B R AL A
ARBL S5 5 A T 0 K 28 7 2 3 SR 7 4 o 4 LA
S R TR g s T 1 )R R ) B AT LR e A 2 1
RO, 7 F RIAE Y W H 24 K Tamads Viesek #iiR T
FE SRR 40 F IE T T8 LR A7 i 2R AR R 3 R 40 JE Bk
N Viesek ME R, B H K 2. X Fh 43I L —
AT E T IR T IR iy ek AR 0 & 2R



o503

i RS HE T Viesek 20T 451 (9 1 REL K A% 42 REAE LA 3l ) 27 5 45 4 37

K R IETTIE 2 BOLAS AR SE B9 /N IE T L R B 45 A
4 DY A TE 58 A AR ) IE D5 T BCE A B A Ak A2 Bk DY
AMIETTE. AR L d B AT R AN iRk
AT TEPBRYC ] Viesek 43T KT B9 J K TR I fH
o R FR.

&l 2 Viesek 43 JE B # FE =X
Fig. 2 Tow forms of Vicsek fractal

2.2 SR

WL B, UL Viesek 098 M Bl 45 4, %
JEAEA TR T K A R 2 A8 A R AT (A R £, B
BB I , XA (0] A0l A Ak Ry L K 4 2 T 2 2 58 Bl
I LR, AW FE LA 125 /> [6] 44§ Y A0 K 2% R Al
P2 AT AR 50 = A B B, WK 3 TR,

g o &

@ WA (F1251)

*'1"*

() EIEE (354D @ H=ME (FAHE)
Bl 3 3T Viesek 738 MUK & 16 L4134 45 B Bty 1

Fig. 3 Configuration of spacecraft in-orbit assembly based on Vicsek
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Table 1 Spacecraft mass and moment of inertia Stage
Stage m/kg J/kg-m®
1 62.5 J=dig(2.3,2.6,2.6)
2 312.5 J =dig(44. 25,44. 25,75.5)
3 1562.5 J =dig(1627.5,1627.5,3190)

F2 HAAMRFHNBENRS(E—4A)
Table 2 The initial states of the spacecraft motion
within the group (the first group)

No. r(0)/m

v(0)/mes ' o (0)/rad+ s !

[7.078X10°+20;
L078X10%;
17.078X10°
[7.078%10%;
L078X10%;
17.078x10°
[7.078X10°+10;]

7
7 [050;0] [0;0;1.060236643X 10" °]
7
7
7
7
7
3 7.078%10%;
7
7
7
7
7
7
7

[0.5;0;0] [0.02;0;—0.02]

[0;0.5;0] [0;050.02]

17.078%10°
[7.078X10°+30;]
.078X10%;
17.078%X10°

[7.078X10°+40;7]
L078X10%;
17.078X10°

[0;0;—0.5] [0.02;0.02;—0.02]

[0.5;0;0]

o

[—0.02;0;0.02]
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Table 3 The relative positions of spacecraft in pre-assembly
and assembly configurations

St The relative position in the  The relative position in the
age

pre-assembly configuration /m

[—2;0;0],[0;2;0]

assembly configuration/m

1 [—0.550;0],[030.5;0]
[05—250].[2;0;0] [0;—0.5;0],[0. 0,0 0]
) [—4;0;07.[054;0] [—1.5;050].[051.5;0]
[0;74;()],[4;0;0] [O —1. 5,0],[1. ,0,0]
3 [—9;0;07,[0;9;0] [—4.5;0;0]1,[034.5;0]
[0;—93;0].[9;0;0] [0;—4.5;0],[4.5;0;0]
x4 BEMRF[HUZEHRIGE
Table 4 Control parameters of chaser spacecraft
Stage Pre-assembly Assembly
. kp=2. k=5 k, =0.02, ky=0.4
k=2, k=5 k=2, ky=5
, Ep=2. k=5 k, =0.001,k, =0.4
=1, k=10 Ep=1.  kp=10
\ Ep=1. k,=10 B, =0.001, k, =0.4
=1, kgy=10 k=1,  kp=10
£5 mEye
Table 5 Collision avoidance radii
Stage d,,;/m 8,.;/m
1 V3 /2 5
2 V/11/2 6
3 /33 /2 13
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H AR K 2 5 00 T b 18] B A K 45 B AE XS 07 &, B T
S — B BB BT A LR A 3l 25 AL Rt an 8] 5
7 BF[E] 2 0s~2000s B — 3647 25 SRk 4. W 7
< Bl AR A Z M A A X I R L 25 A 3R 2 nTn 45 4l
B 4 SR S H N BARA RS TE « Sag 5 m b
A ) B FE R S B L IR TE Os B A — S BB A Ak,
T K28y M #E 0s,1000s, 45008 FF 3 55 — By B, 46




o503

i RS HE T Viesek 20T 451 (9 1 REL K A% 42 REAE LA 3l ) 27 5 45 4 41

B S =B B, Jf BRI AE 200s,1400s,5535s
LA TEAS I B B T i DA T 4 26 219 o) 5 42 2 2
T B3 BT R A% 2 G208 Hh 1) 45 Y E RS ALR #%
T, JF LA B JC R Y & AR it R ARTE 400s
LA e — B B i A1 B 125 AN fom i R e 4
BN 25 NMEANE 3 (b) 1+ FHL K &, A TE
3200s ZE A7 S WU B B AL e I BT A AR 25 SR R 5
MR 3 (o) B3 R B 20+ F i R 4% 5 78
7500s ZE A7 4% B IE WEL 3Cd) ALK 2% 5 LA
k125 AR 45 56 BUIT A BT 55 & B B Z A Y
A 1) DA B 55 = B B A S A B TRl R B T T Y
s ) 2802 AT DL R UE AT K 2 2 3k AH X I B A R i
BIGAEARAF U85, 7E 2008 2247, FIE AT ML K 2% B 4
X 325 A KA PR 368 B A K 4 b iy 45 ) 0 R 1 5k
B 7 AMREET 0 BOF BARFFAE 0 BT, BRI A
RAE 200s LU B A LR 48 IR FFE SR L. T
AR 7 4TI A B SRR AR A B I A R
A TE T B IR A 5 R A il L O HLaT LLER R OF
TRl [6] 5 4 2 e L U

12~ 14 R 450 AR & — 4L 4 N i K 2
(AR AT 32 0 1 ] b 1 BB AR 2 H AR R 4R
PRI I A R R (05050 ] (B 75 T 8 A 2 o [ Bl 1 T
FE AR K 25 19 B2 RAF AR HE ke )
JE 7R AL R A AR R A7 VR L BT IEL 14 RIS =By
B K 2 AH X 32 2l 03l L ZE ) b AR R A7 B E A
iR a5 HARAL R 872 y B9 75 A K2 2m
MRS, I R 41 5 4 22 0] /) A K38 W1 R 7 = b
(977 ) b AT — 5 B R R BE B L BN 78 R — B |
R AE AN InAh T3 1 B AR i K #2218 23 72 4 — 8 1)
FHXT R &, R RS S 7E R 6 Hh 45005 (5 =B
B IR ZE 4 AR A

4 i

B R T K 4 A 0L 4 B 4 B DL % gl ) o
BP0 ), A SCEE T Viesek 4P 45 M it T —
Tl L K i F) L 2 g 2R D g 2 2R 0 [ I 4% 4y
JE 254 T G BR 22 AR R e A B 1 25 M) A M R o
125 A [F)AG L R 45 21 3 3 7 20y = A B B A By
B i) A B2 30 L. ST T AR R
o AL B AR 3h 22 T B OF S B BT R AR S
FURR ALK o B A S8 O 1 98 ALK 2 9 425
A 2 2 e i R A il 8 L B B B 3 O P 2

PR A58 A 2 PR AT G o 2E 5 1Y 1 POl 4 A2
& PD 8% 78 58 A 4L IR SUR ) PD 454, 5
FLAE R W] A SORHIU R A5 AR B3 A AT 55 ML &) 2
BB L LB X 2 BT 55 BT A A 1 4% T LA L
e AL B A A= JF HLRE DR IE BT A K 4% 4 25
B R SE L 125 ALK A% I 413

£ % Uk

(1] EWW, PE%E, g@F¥, % = WEIRKEAR

R[] MiE 2R, 2021, 42(1): 523913,
WANG M M, LUOJJ, YUAN ] P, et al. In-orbit
assembly technology: review [J]. Acta Aeronautica
et Astronautica Sinica, 2021, 42(1): 523913. (in
Chinese)

[2] PUNZO G, KARAGIANNAKIS P, BENNET D J,
et al. Enabling and exploiting self-similar central
symmetry formations [J]. IEEE Transactions on
Aerospace and Electronic Systems, 2014, 50 (1)
689—703.

[3] PUENTE-BALIARDA C, POUS R. Fractal design
of multiband and low side-lobe arrays [J]. IEEE
Transactions on Antennas and Propagation, 1996,
44(5): 730.

[4] WERNER D H , MITTRA R . The theory and de-
sign of fractal antenna arrays [M]. New York: Wi-
ley-IEEE Press, 2009.

[5] KARAGIANNAKIS P, WEISS S, PUNZO G, et
al. Impact of a Purina fractal array geometry on
beamforming performance and complexity [ C]//
21st European Signal Processing Conference. New
York: IEEE, 2013.

(6] #A&I, ¥, Fom, . —FH A Viesek 43 IF

ZWMRLHBOTT]. R 4R, 2016, 31(4)
760—765.
HU Z F, XIN W, LUO Y. et al. Design of a new
Vicsek-like fractal multi-frequency antenna [ J .
Chinese Journal of Radio Science, 2016, 31(4): 760
—765. (in Chinese)

(7] L1 Q, LIU L, SHEN J. One novel distributed space
telescope with payload formation [J]. IEEE Access,
2020, 8: 13949—13957.

[8] BEICHMAN C, GOMEZ G, LO M, et al. Search-
ing for life with the Terrestrial Planet Finder: La-
grange point options for a formation flying interfer-

ometer [ J]. Advances in Space Research, 2003, 34



42 8 N % 5 & B % W 2024 4F5E 22 &
(3): 637—644. Station [J]. Acta Astronautica, 2016, 129 299 —

[9] FRIDLUND C V M. Darwin-the infrared space in- 308.
terferometry mission [J]. ESA Bulletin, 2000, 103 [16] X4, Uiy, FFIEWH. JE T8 w2k B A 4 ik
(3): 20—25. 9 LK i 5 2 X He b T SE B WE S T ). 3h U1 oe 5 8

[10]  E25, phtHu . B9l . 2w R sos Tl 24, 2020, 18(2): 42—49.
HRARLZREZERT]. BRIR R 5, 2021, 42 XU X N, WEN H, WEIZ T. Ground-based experi-
(2): 68—78. ment on spacecraft rendezvous and docking using su-
WANG Y., LIN X L, GUO Z K, et al. Review of perquadric curve for obstacle representation [ ]].
high precision distance metrology in space applica- Journal of Dynamics and Control, 2020, 18(2): 42
tions [J]. Spacecraft Recovery & Remote Sensing, —49. (in Chinese)

2021, 42(2): 68—78. (in Chinese) [17] BADAWY A, MCINNES C R. On-orbit assembly

[11] RHODES M D, WILL R W, QUACH C C. Verifi- using superquadric potential fields [J]. Journal of
cation tests of automated robotic assembly of space Guidance, Control, and Dynamics, 2008, 31(1) . 30
truss structures [ J]. Journal of Spacecraft and —43.

Rockets, 1995, 32(4): 686—696. [18] MORGAN D, CHUNG S J, HADAEGH F Y.

[12] LEE N, BACKES P, BURDICK J, et al. Architec- Model predictive control of swarms of spacecraft u-
ture for in-space robotic assembly of a modular space sing sequential convex programming [J]. Journal of
telescope [J]. Journal of Astronomical Telescopes, Guidance, Control, and Dynamics, 2014, 37 (6):
Instruments, and Systems, 2016, 2. 041207. 1725—1740.

[13] LYMER J, DOGGETT W R, DORSEY J, et al. (190 XVEEI%. Hl. BRic . i BUL K &5 1 20 4 5 72
Commercial application of In-space assembly [C]// SRR U o o | N TR R o Rk
ATAA SPACE 2016. Reston, Virginia: AIAA, 2021, 19(2). 32—36.

2016 5236. LIU J B, FENG G, CHEN ] Z. Desired trajectory

[14] ZR4kME, £, 2%, %, —MHA T EEE tracking control during formation reconstruction of
P 2t B B e R R B (T ], TR, 2008, 29 formation spacecraft [ J]. Journal of Dynamics and
(3): 1059—1063+1069. Control, 2021, 19(2): 32—36. (in Chinese)
GUO J F, WANG P, CHENG X, et al. Two-level [20] SUN L, HUO W, JIAO Z X. Adaptive backstep-
hierachical intelligent planning algorithm for on-orbit ping control of spacecraft rendezvous and proximity
assembly [J]. Journal of Astronautics, 2008, 29 operations with input saturation and full-state con-
(3): 1059—1063+1069. (in Chinese) straint [J]. IEEE Transactions on Industrial Elec-

[15] CHENG Z G, HOU X B, ZHANG X H, et al. In- tronics, 2017, 64(1);: 480—492.

orbit assembly mission for the Space Solar Power



