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Fig. 1 Taiji gravitational wave detection program
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Fig. 2 Diagram of formation stability index
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Table 1 Formation stability index of Taiji mission

WA BKAkm  BRKALZE (msh MR SR/ (2

4~10 3+0.035 0+10 60+1

12 BFLHRFR

AR U 276 A 5 H T iR 23 18] 51 77 4R
W4 BA 32 )y«

DI = RV g i R Y 7

ASCH AR VEAR B R W @SS [ bRk S %
£ (International Celestial Reference System) , FLAk
B R AL T R BH I BTG, X il A T 35038 TN I 48 )
J2000% 5 pi, ZHISEEHEE, SHERAEEE T
%, yRifLTREETA, Sx. zHRca T4
PR &R

2) Hilldkbr %

HillAkbr 25 H TR XS 5, HARAR R AL T
IE=MIEYR BRI LA, xBl L T R LA O A L >
A I HGAR R LG, A BT RO L
TEP T AR M A BRI A, yhhs 5 5 40w B
A A TAFR R o 12 AR PR JR A F FR Oy 24 M 3 B 2 3
K (LVLH) A4 R

ERW AR R W3R .

NEHE

B3 bR
Fig. 3 Diagram of coordinate system
1.3 %wAENETE

EAREEEE I SEHIMERT, HHRik:
O FHi KBS PIENFTEPE; QMM RES
ZHERR A Z A R BT H & A uE R, W)
ARG S MR 2 803l 77 2% 7 R AT AEHINAR AR
RPRRN:

TEAE R S S5EH M T, B3]
s ORBRUE RIS BAKE $0, O AL T i O 2 451 901
R A B BTE . @4 BAKE FULH0 BE B R BRI R B N
1 AU K T3 x 10° k14 BARFE o PR A5 KB 1Kl

RN EIR P ANRE AL AR A W R EE AL IEHIAR AR R R
(FICW 7 FE KA B4 BA 1138 51
¥=2ny-3n’x=0
{y+mm=0 (1)
F4+n’z=0
K n= Ju/d RRBHENMRBIOPIEREE; pk
NP JH R aRon I ER A B U SIS 47
Xy~ 25 BRI MUK AR AR XS T G BA R A0 o (0 7 B 2R
EAEHIALRR R TR bR o & 25, R E R 7
FEEB W0 R 7 R AT SR AR, IS RICW T
TR ARAT A A

x= Esinnt—(3xo+2&)cosnt+2(2xo+ &)
n n n

2 .
y= 2(—y’0 + 3xo) sinnt + 2E cosnt—
n n
. 2
. 2%
3 (Yo +2nx0)t+yo— —
n

20 .
z = —sinnt + zycosnt
n

;H\:EP: Xo~ Yo~ Zo»> )'CO\ yo\ Zoéj\%ljﬁﬂ?l=05ﬂ‘zu*ﬁxﬁ
5z B AR X3k P 1B
1.4 ETFCWHIERARFIRAMIZ T

FEAR I R KA 55 A I, O 7 DR g DA A4 1O 47
Gk, B ZUH R (2) I, b RS 2
CWITRE I B B 2 AF

Yo =—2nx, (3)

Kz FAFRNFIA (2) P ERT 3R CW IR A

WEN

Xo .
X = —sinnt + x, cosnt
n

. i
y=—2xosinnt+2ﬁcosm‘+y0—ﬂ 4
n n

20 .
7z = — sinnt + zycosnt
n
1E = AR Y G BAAG T ¥ U1 6 S B AE T 723 (8] [3] A X

PUB RO . 0TI A 1A B R R 18 MR S A T2
R SRRy — e, R

X+y+2=r 5

BEMRE G (4D AN AE AT 52 ] 5 72 90 DA HO AT 463 2%
G2

r r .
Xo = =cos(a), Xp= Ensm(a/)

2
Yo = 2Xo/n, Vo = —2nx (6)
=%V3x, 2 ==V3i



260 PRI 2 (R3S

20234F

AT RS IE = AN, W K& EAE T
T 58 F 2% 1) 50 T RN BH38E A B = AN FE A7 A A 251200
HIfR R 2 RIAT, B

xé:%cos(oz+ixg), i=1,2,3

(7

f=nsin(a+ix). i=1.23

TR (6) HhzI7 16 575 6 7 MRS B R ik
IO TE i 1 6 R 00 PR T TR o e R i
GESGTZ S

gk, R (6) A (D) BONETFCWI BT
IE = F AR -
2 ZHMCWRHIERHIE A ETE

7 B AT T RS S CW T R, HR
FEAE LA S 2 0 i b, A etk 5]
B RESTSEAT Taylor S 5UR 7F 3 U5 — Wy 097 19 51 ) £
PETF R . X ARLR I 51 7 B BTG Tay lor 4 R
WL AR (8) BRI BCW T

3 s,
—Z (2X -y —Z >
n2

3n?
F+niz= —xz
a

¥—2ny—3n*x=

BT B CW IR AAAL T CW I IR IR B 7 — &> —
PR, PRI H R R RS R, RERS AR Bl
ZHAREAERER . O T e M B CW I R T A
FEAELPEE R, R (8) BIMMTiR. B (8)
N—HARLNEROY TR, A EES LR e
2o BRI A sk sl (8) LT ILEHTE

ahiE (AR NSEIE) & — AR R R A
PSRUEC A INE & D NTTR s 2 i 2 s N | 22
PERGUL R E . PR L B (8) 1
fiEmr LS

.X':.X1+8X2+82.X3+

2
yEVtEy, e+ - )
1=z +En+ i+ -

Hope sRUAEENET /NS E, W F R A
[5] By ¢ T B[R] R AT AN [RDAS P RO AU AT 8 0 T AR5
JITEERT FURC IR, Dy G Mo 1) 2 R 2%, ARSI
FEOR B Ble ) — R,

TR (8) Wiklle =n?/alfly/NSH, IERHR

e (90, FEORE el — R IUAL Al oH 3 DL T g 1)
EARARIX (8) i, MEH N (8) AR ) e
IR PIAS 0 T3 R AL AR SR A i)

4205 =0 (10)

{X'l - 2ny1 — 3n2x1 =0
Z+n’z =0

3
¥ —2ny, = 3n*x, = ) (2x12 -2 —212)

(11)

yz + anZ = 3X1y1
%+ 1%z, = 3x,2;

TR (10 MTRBRANS, BRFIACWITE
MIfEAT AR . HE—2, KB o) BRI (1D
W T R A g, AR AR A S T AR B, AT
R AL RN

X2 = @+ @ 1+ @ul® + @ sinnt + @, cosnt+

s sin2nt + g cos 2nt + a4t sinnt + agt cos nt
y2 = Bo + Bt + B, sinnt + B3 cos nt+

B4 sin2nt + Bs cos 2nt + Bgt sinnt + B, cos nt

Zo = Yo + 7y, Sinnt +y, cosnt+
3 Sin 2nt + y4 oS 2nt + yst sinnt + ygt cos nt

H: ap ~agn Bo ~ B~ yﬁ;}‘%ﬂ?j'ﬁxo Yo~ 2o
Xo~ Yoo aﬂﬁ?%ﬁ’]ﬁiﬁ%iiﬁ, HEMIEAN

1|21 3 3 3%\
aoz—[ X"+ >vo’ —Zoz——(_o)"'

(12)

n*| 2 2 4 2\n
2 3 s\ 2 :
3(y—°) +—(Z—°) +12M} (13)
n 4\ n n
3 X
) = —2<y0_2_0)(y0+2nx0) (14)
n n
9 . 2
@ = — = o +2nxp) (15)
2n?
_ 3 xO.xO yoyo ZOZO 7 xoYo
a; =5 (4= + 2%y + 3z =5 (16)
n n n 3n 3 n

1 3 1 X\’
g = __I:ISXO2+—y02+—Z02_2(&) +
n? 2 n

2
o) () 15
a5=—ﬁ(6% 4@ %) (19
eom a2 o) e of ] 242
(19)



3 eI, & BT ZHCWATER T D3RI R DA TR 1T 261
0725(2)50*‘&)(3)50*'%) (20) X = [sa/o+2(2x0+%)]+salt+8a/2t2+
n n n . .
(5a3 + ﬁ)sinnt + [sa4 - (Sxo + 2&)] cosnt+
3 XoXo  Z0Z XoY n n
Bo= o) [Zxoyo -5 (;1 ° - % - 2%] (21 £avs Sin 2nt + g COS 20t + a4t Sinnt + agtcosnt
2%
o o y= £ﬁ0+(yo——0) +[&B1 =3 (3o + 2nx,)] t+
__3 2 2, 2, (%o Yo n
Bi= 2 1x" +2y0" + 20" + +4 + ) .
) nz ) ) " " B, + 2(—y’0 + 3x0)} sinnt + (8,83 + 2—°)cosnt+
2o XoYo XoYo n n
(;) * 147 - 27 (22) &B, sin2nt + g5 cos 2nt + gfst sinnt + gf;t cos nt
| s o zzm@+@m+@%mm+@n+mkmnﬂ
Xo Yo n
B = ey [30x02 +3y07 +29” + 2(;) + 10(;) + £y; sin2nt + £y, cos 2nt + gystsinnt + gyt cosnt
. . . (36)
2(Z—0)2 13620 _3%0Y (23) ., ‘ \
n n n NTEMMUEH —MCWHBRERE LHET
CWIT R R B, 43 ) K FH CW 7 R2E (R f b e (=X
po = L[R2 B0 _3WO] @4 () . “HCWIHRITZBURNE (X (36) ) BL
n n n

1 . 2 . 2 . 2 .
B, = _z[gxozﬂoz_(&) raf2) (%) e
n n n n

4 n
(25)
U [3x0%  280d0 20
Bs= 5z | = °+—°2y°—ﬂ] (26)
n n n n
; .
Bo = 3o (2x0 N &) @7)
n n
3 ; 2
B; =——(2x0+y—°)(3xo+ﬁ) (28)
n n n
3 20V XoZ
o= — (—3x0z0 B, ﬂ) (29)
2n? n n?
Lo e
yom L (s S, o) 30)
n n n n
| .
Y2 = —2(3X020+2@—xo—50) (31)
n n n
| L
yom oL (a2 gl _ o) @2
2n? n n? n
| L
Y= 5 (3rze+ 2220 4+ 2] (33)
2n n n
; .
Vs = —2 (2)60 + )ﬁ) (34)
n n
3 .
ve = —-Z—°(2x0+y—°) (35)
nn n

P, BIER (2 o X 12) ER CWl
FE BT AT fif A

Lo AR DT RE, DA RRM T LT a5 ROV TG A6 A
BEAT AL TE S, JE 0 MR HICW IS REMEAT . Bt
CW 5 R AU i O A5 2R 5 — AR T R s AL 25 1
MIZRAALNE L, HA RAEAFTR -

— CWHiE
- — ZHCWIiE
Z 0.6
2 04
%
K 0.2
0
0 1 2 3 4
i} [f/a
(a) xJ7 iR 2481k
01 cwie
E — ZHICWiER
2 20
e
oK
0 .
0 1 2 3 4
I [ /a
(b) yJi iR 224k
— CWiE
5 | —— ZKCewIR
=
-~
=
@ 1
o
0
0 1 2 3 4
I} [ /a

(¢) zJi AR ZEAL
B4 CWHTES I CW RIS B L

Fig. 4 Accuracy comparison between CW equation and
second-order CW equation

AUEH, ZHCWIREMETCW R A B
RS EE, R AT BLFE 70 A — B CW IS AR IR — I 3
BEAT SN BT



262 PRI 2 (R3S

20234F

3 ARt SR

FESE2NT T HE S I 45 T I CW T R IR A AL AT
fARan I, AR IR TAZAT LT AT X A 1) 5] 03
TR A TE R BETH 5 DA IR AT 7 o
3.1 FEEREMS CEHETFEMIER

EAFUEHIR, XHT LLCW 7 By BL i 1) 1E = £ %
G A TEALAC LT i L, 5 — Ml Dy A FRS L
(151 713 2 AR AE SE R BT A G R UEY . 0T
AR, JRAE R T R A S| 13t E DL Rl
B, MAEIRTF BENE RAL — € K51 1 AF LML RHAE
= CW I BRI b, AT 2 AE I CW TR
[F 253K — i i

(A5 T-CW T R AR A TE BB, — 55, O 1 R Az
SE (1023 1A [ A U 75 B B o (360 mR XS IiAn
BRI, IR ERANT AR AL

—_] — +_
n 2\ n 2)60
i(Zxoyo—@—@)+ 2o 37
2n? n
XoZ
.XOZ0+0_20—O
n

FERAR LR 37 WAR TR T Hrew ik
MR, PR ELENX (5) Gl HCWIiE
R R TR G BT 5 B 2 2. el (37D
A 36) , BEJE 0 (360 AAANFIKX (5) o,
BIERT el I, HNPRIERUE M 4R —F S
%sin’nt Flcos?nt A LRI R EII N0, HILE FoI#%
WS YA
_ Zoo XoXo

no———3—+s[(a4+2ﬂz)ﬁ
n n n

Z
+(3=2B3)x +72;0 +71Z0] =0
m=26( a5~ 20+ ys) =0
" " (38)
Xo 2o
= 23(—0’6 —2xofs + —74) =0
n n

X
m= 28()50(15 +2;0ﬁ4 +Zo7’3) =0

X
Ny = 2£(x0a6 +2;0,35 +zoy4) =0

X G 38 HEXETUWA P ATAE
ik 3L S SZ I A 0] PR e R TE 4 BA o 64k, H
X (37) . (38 WLLEH, =M CWH R A A B
o BN S A A TECW 7 2 25 1) [ T s BA 2 4 1) it 1 S8
INTETYR, MK T e — I, wEiEL

SRICW 5 A2 (1) 2% 8] 8 T 4 B S5, 3 — D 3RAFE 1 —Fr
CW i T2/ IERA M

THAAN (38) HRERMATLEAE TR
Fn N RIB A

6%“ (12 =113) =20 (n +122) = 0 (39)
HE— 45 T LA
- \2
5102+33(%) -0 (40)

HEX (400 FOLN TR Rz =2 =0, ULR%
R e A— IR0 /N e, M (38) W in s
W75 B e xo ~ o ~ 0, THXFPFOLRAASHIL, X
UATEFE FEnos s Mo~ mas Mg 4 RIE I AL IR
W TR E R, R B oy miv mos
My~ e ANETRERI Aoz, T 3B 7E B CW i 2 R
ANAFTE ARG B 1) 25 H) [ T R
32 BETFZMCWHRERNAR LB

HH3. 1A AL, 7E I CW I FE N ASA7EAE ™ B A5 1
(2 0] B FE 48 K BIE, DR ik — 0 ] DL B E B
CW 5 TR A BE T J0 il 58 A A AT IR B S 1 1E
MmN B, Ak, BONER BB B
el R F O 1A PR AR AT 45 SR ok ik B g BA 1) A0 A6 1%
e BLHCONE I, AN B fEE M CW T RE 4 T
FCW R IFRFRMI T BT 45 SR AE AR IR 51 i F
(R BOLEE, AT M I 25 (4 4 B A B T SR AR

RAE (6D, o e A ML %A LA R SRS 5%
1, By, = —2nxoM yo = 250 /n AT (36) , TT45

X0\ .
X =é&ay+ (sa3 + —) sinnt + (e, + x) cos nt+
n

&as sin2nt + eag cos 2nt
. X
vy =&By+ &Pt + (B, —2xy) sinnt + (sﬁ3 + 2—0)005 nt+
n
&B, sin2nt + gfs cos 2nt

20\ .
z2=¢&Y, +(8y1 + —O)smnt+ (ey, + zo) cosnt+
n

gy sin2nt + gy, cos 2nt
(41)
i A (4D MR 36 IS S
Ak, AR RARATE A I S5 AR bR T —
By CW 5 R AU BT A AR x 7 1o R ACHIOOE, - EL RV
Wiy 77 18] R HIOU; - B RAl T RO TCERAS 25 AR R 1 —Bir
CW 7RI AT At vh o ity J7 ) 1) 2 LA T
B, A (6> Hhxdiia S5 A AR AR AL
B MR EIOCR, ARk MBI Rz = V3x,
Fzo = V3 MRABIF (41 o SRS W, [FFE



3 W]

FETIA, 25 BT TBrCWIT IR S| BRI G B R i 263

MBE TR RE , ERPISEAFIFRIT (41
M 2 G o (O I Sy 5 170 R O 2R 28, 1 B
RIEA (3 (42) ) ATBURIL: BRxo = & = ORITE L
b, AR FIARARES, HATEAE —BrCWITRE
B R m, ARMARIER (6) HxgfliREN, e
HIxo = % = 0MITEIL . Zifr L #ra] LR B T
CW I R MIARAR R T BE TS5 RAE T CW I R T AL R &
IO, B AR 5] 3 AR A 2
SRARFRALTE 0 R I 2% A, DRI R AE REAT G A AL ¥ 1)
TR N HL RS IR AR A2 1

A:—%Jhﬁ+%%f} (42)

3.3 ETFZMCWHRENRMNAIIZ T

TE 53 AT 2T CW 7 F2 AR FR AL TR BT 25 RAE B
CW R N R BB A S mt b, AT 3 B 78 dn ol id
I OB MRR AR BT 4 TS E, AT S I G A 1)
et iseits

D LR % SR E UL A% 1

RIE3 2T AT R, AR5 i N ETCWIT
T2 (RAR PR T B T 45 R 1) ks DR R R — Ak 5 13
AR I IR T ARFRAGTE B B A . TR
W0 A R AG BT 1) B2 BT, 75 BT R 51 13
R IS BN R S AT 1 1

ST ARG J13a R ARTE s, HA BTN E )
FAAEAEPIFIE R ERIRIE™: —F OB AR T
IR P JE AU TC 2% A1, B2 SR g A PR AN AL R #4801 2 2% fi
REFEAMFEEALS: 53— P R R AR Tk
IR UTHC 2440, R AR 23 B AH XS Bh W] 4 R A

2202\
x0+y0+zo) .

N =

- Xo
b 43) , Hep: a=1-(142=
i C i (+ o, B

RITRZH R AR HIE 1.

2 2 . 2 2
_ n*(R+ xo)” — (%o —ny,)” — 2n°Rxo—
=-n(R+x)+
Y0 ( ) \/nzx(z) -z -2n"R*A

(43)

T UG EA B P AN R AR X B B A% A B AL
PE, EISFIE 64 Hl4h H T BE T A VT B 2% 14 #1 e & UL
HE 2% 45 TR Ja R BT X 2 BB K A ol (I
SC1. SC2. SC3MALAMKIK A0 120°, 240°) &

MEERSKE , 2 J UL IC 5% 140 A0 R 2 DU AT 2% 1R 12
EfG, H5E7THER I E KTE 10T 55 A 3 AT 230
REES, HEAAR I R A AR E . (B BAk
KE, ZFAMILEAMEIERE, MREISHRE20
FR A 15 R 483 2 18] 1B KA KA © 4 AN

KRBT RV ESR,; MARRREILEREIES, 38T
R A PP 2 TR ) K A2 A i R A 35 e % i e AT 55 2
R, HBEA BN Vi ] e 5 DR RFAE LA/ NIRTE L2 A

SC1/SC2 — SC1/SC3 — SC2/SC3
306 T — g g R iR/ AME - - - B K AV A M

/104 km

I ) /a

5 ARSIy ET R VT RS B IS AL T L
Fig. 5 Evolution of arm length based on period matching condition
correction in two-body gravitational field

4 p
SC1/8C2 — B Ksebri R/ Mi
300 | — SCI/sC3 - - = B YRR KA ME
— SC2/SC3
E
by
= 300 KR KRR A R R
= LU
#r
298
06 L—
0 2 4 6 8 10

I ) /a
6 ARSI T RETRERITE & A8 1E G IR K 1

Fig. 6 Evolution of arm length based on modified energy matching condition
in two-body gravitational field

600 r
SC1/8C2— SC1/SC3 — SC2/SC3

310
500 305

-C=ianidl
LTI

0 2 4 6 8 10
I 8] /4F

/104 km

7 ARSI R R T IR AL B
Fig. 7 Evolution of arm length of nominal configuration in two-body
gravitational field

SR T Y1 I TE 2% A7 A i B DG PR 2% A AE 8 T 5K
EAHFAR, (B HAE R T g A i i R rh A R B
A RRCR . S8 B AR DU L, 3 X
LG JE A 5 AR AR A ] (U 5 i R R IR AR
Hi AR SCHT R F (12 25 T~ CW 5 AR AR X 38 3 e ik 7



264 PRI 2 (R3S

%, Frs B BEHas R T RRABAR TR . X
TRMILEZIET S, BAMEIE Tl T ARtk i
IR A AR A LRI 7 1 E R 2K AR AR 1 AT AR At
T E B R R ROA 70 (o) Pt ek
s (EXFTREEILREIE, |l (43) WLIEH, H
B C6) A AFEAT B IR I I AR HoAth 2%
PRig M . R, 83 E R 2 B n] DS B 0 T 4
W AR T CWITRE I T IR I R S At 1 BEAT 8
BT, REEVLRC S 12— TAT 2 A R 2 R %A

2) GBI 1 ) 2 ST

5 LR ST XA 38 Bl 8 I 2% AR 0 3 B 4 2R
LA — P M T B CW T RR I g AR A AR .
PRy, FEOUACTR bR, AT E A T (36) KUl
FEMT RIS Q0T BB AL B AR AT R 5

Al = \/ (i=x)" +0i=y) + (@ =2) =1 (44)

Hr: [RRNIFRFRE A ARl j RN R 2% 1)
T, WEi=1,23, j=1,23Hi#j. SHALERE
w5 DL B R FH SO0 5 v SRR A 4 1 T R e i A
K72, AT KRk X EARTERE B LIE A
A, HEATENR EHNEGBERSE . EAFRT
T, ARG ST A X B 3 &R R i 4 R
ATEBERHR (43) 1ENA TR %A,

TERA AR ST TH, @Ik 2 B SR 6 11 45 5] LA
R, MUK MR AR2 S MR A VTR 2831 K AR L
AT R —&E, HRKFHRS2/MREINELK.
ML) f BE R i BH e A e 2 o 1) s AR T B
TS5 = AR AR E =A%, X — WA
K, TEMRAEFRFATE XN (6) HHi KA AH A7 F
aBHTIEIE ClnEI8FTN) , LAHAEE(E 4 5 m) T IF
=M.

zi b, A FIET W FE B g BA A Ak A

K8 RAEERLTRE X

Fig. 8 Geometric meaning of optimization variables

20234F
LWy
3
minJ (Aa;, Ay, Aas) = max > AL ()
re[to.t7] i’ij;t:jl
C1
Xy = Ercos (a+Aa;)
1
% = Fnrsin(a+Aa) (45)
stz = V3x, 2 = V3i
Yo = 2%y/n

Vo = (s 3030200 2)

Aa; =0, Awa, €[-6a,0], Aa;€]0,0a]

Horbe (10,0, | RRAES W] S R R B IR 4 5
B ARZMEm AR BER LR MF, BRI (43) o
R (45) B, -SRI R
1E = AR B2 BARE T 2% 1F

oo
Xg = 57cos (a;+Aa;)

1
& = 31" sin(a; + Aa;) (46)

30 = f (308030200 20)
7 =+V3x,, 2 =+ V3, yi = 2i /n

4 MERESERSH

AT AR RIAE S5 5, *E3.37%5 B d iy
A (X (45 ) FATHIE. R (45) 7T
A, HAR ER—AIZERAGIT P2 A A
AL &, DUE KA b & 5 K O M AR 48 B 1 AR Ak I
R AN R DINTR ZAEAL oA A B, AT 55 8 3
P e K KA b N M RE TR AR I ARAL I R . 6T
WERACI R, ARAEES~ET7aT LA H: WA FK
VIG5, BRI BIIAE — E R MR,
X TR ) R 5 LR R AR T R AR AR A
B b 6F T P J3 R A il 8 R 4 SR A A B v AT SR
fift, ALK TMATLABH HGlobalSearch i £ 47 3K
fift. SHFAMNRRAIE, HTHEA, =0, HLHE
BN TR R ARG A, R R E b ek O R
TS RA, RIR R A R L AT R AR

BIOZ T &RAAB IE TG k51 1135 F 4 BVE K1)
B B e LUREL: MEERE, &k
WABIE R L T2 T RERICE A IE 5%, 3B K
3 d KA H10.42% PR 1K 220.32%,  T3ANE K1)
KA B H0.62% MK 520.44%,  H AR T-Nayak! ¥
BRI RABMERN1%MEE R, 0T LUE AT



F3M FETA,

S IET THrCWITRE 5] BRI G AR TR it 265

HIERR S . BMCKkE, SMAIBIEE TR 2T
Raw3Z B K AR AR 2 790, TR & 1A
PR 252 LA B AR 48 AT S 45 3 22 18] ) BB A A8 A i L )
/NE IR AT, T — IR IEAF EIE T3 (45)
B HYUR SAR AL A VR R A A R A R

304
SC1/8C2 B S B 5 R IME
302 — SC1/SC3  --- B A VFf K/ /M
—— SC2/SC3
=
=
2 300 ‘ f /
2 AT
BT
298
Y P —
0 2 4 6 8 10
] 8] /a

o k510135 Rl AL IE IS r B AL 1 0
Fig. 9 Evolution of arm length after optimization correction in two-body
gravitational field

I 25 8 2 A RS AR A R L4, B 10N &I 115333
45 T T R B UUAC S IE AR S 1E J5 G DA PR A7 72
TOSEAESS A I AL s oL . ATRAE . i1k
JEAHET R T B R ILEC AU MZ IR TT i, G BAIRIR A 1

o g

i} [Al/a

10 ARSI Jydy F 5Tk B UG 2% AHE 1E S R RF IR A AL 1 10
Fig. 10 Evolution of breathing angel length based on modified energy
matching condition in two-body gravitational field

61.0 [mmmmmmmmmm oo

SCl  ——— WP A S b K/ /M
— SC2  — WP SRR R/ /IME
60.5 56
=
\i—v
59.5
59.0 - - - - :
0 2 4 6 8 10
i [ /a

11 AR50 N B RAG B TR 5 B IR A AL 1 L
Fig. 11  Evolution of breathing angel length after optimization correction in
two-body gravitational field

P d KAk B H10.79% PR 220.6%, 1T IR AR 1) 33 K
AL B H0.92% 4 £ 0.65%. BARAER (45) Itk
i) R SO G AR K B KA AR AR A dE b, (HE
T TE LR 2% B AR AL AR B 2 BA G T Hh 56 T = 1 TR A2 1E
NIE=STE, T A4S R IR A AR A IR E R FE A5 21 T
I, 17X AR I 3 LR AR AL R A A A
) — TR o

5 & #

ARSCHETE T R T B CW T RR 25 18] 5 J7 i PRI IE
ZATEn AR TE BT 10 R, R B EELS T Y
CW I R R MR R, FEIE T Z MR R o i T 2 T
CW T PR THHIARBR R T IR A OV L B, R0 T G AR T
PRI, AF R R 45

D EZCWI R MERRSEE T, AEETEERR
[ T A X 56 R E s

2) T CWI AT B FIAR PR T AE ik AR 1k
S TR F BRI AR5 i3 ARtk

TR T ARPRAA T S A o 1) R 24

3) &P CWIT R AT BT AR PRI B, REERIT
Fic A& TE AR T FE DT RO A 1F BAT 5 4 A R

4) B MIE T i CW I R R 4R A AL B
TEZAMRSI 13, K dn DV K 104E P (17 1 % 22 A
%0.32%, WKNIRZEFKE0.44%, [FR@ETHE=4
KA B, DATR 38 A O f R AR &
TEAL DU K A fb F8 b 10 ity b S B 77 6F P R £ 1)
Ak

AR SCIRIA KA M 5325 5 47 45 R0 KA 51 77 AR
DT 1 4 BA Vv 10 /B A — 58 1 1 S e

2 % X W

[1] BELCZYNSKIK,HOLZ D E, BULIK T, et al. The first gravitational-
wave source from the isolated evolution of two stars in the 40-100
solar mass range[J]. Nature, 2016, 534(7608) : 512-515.

[2] DANZMANN K. LISA:laser interferometer space antenna for
gravitational wave measurements[J]. Classical and Quantum Gravity,
1996, 13(11A): A247.

[3] KAWAMURA S, ANDO M, SETO N, et al. Current status of space
gravitational wave antenna DECIGO and B-DECIGO[J]. Progress of
Theoretical and Experimental Physics, 2021,2021(5): 05A105.

[4] NI W T. Gravitational wave detection in space[J]. International Journal
of Modern Physics D,2016,25(14): 1630001.

[S] BENDER P L. Additional astrophysical objectives for LISA follow-on
missions[J]. Classical and Quantum Gravity, 2004, 21(5): S1203.

[6] MEIJ,BAIY Z,BAO J,et al. The TianQin project: current progress
on science and technology[J]. Progress of Theoretical and Experimental

Physics,2021,2021(5): 05A107.


http://dx.doi.org/10.1038/nature18322
http://dx.doi.org/10.1088/0264-9381/13/11A/033
http://dx.doi.org/10.1093/ptep/ptab019
http://dx.doi.org/10.1093/ptep/ptab019
http://dx.doi.org/10.1142/S0218271816300019
http://dx.doi.org/10.1142/S0218271816300019
http://dx.doi.org/10.1088/0264-9381/21/5/120
http://dx.doi.org/10.1093/ptep/ptaa114
http://dx.doi.org/10.1093/ptep/ptaa114

266 AR AR CRIE30) 20234
[71 GONG X,XU S, GUI S, et al. Mission Design for the TAIJI mission Research, 2023, 71(1): 420-438.

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

and structure formation in early universe[M]//Handbook of
Gravitational Wave Astronomy. Singapore: Springer Singapore, 2021.
BTN TR FNL A cp E 0] 5 7RI ORI K R R
15" FEUIIRA ], PRZS BRI 24 4R (P 3230, 2020, 7(D = 3-10.

LUO Z R, ZHANG M, JIN G, et al. Introduction of Chinese space-
borne gravitational wave detection program “Taiji” and “Taiji-1”
satellite mission[J]. Journal of Deep Space Exploration, 2020, 7(1): 3-
10.

KB, SEHIE. 2% 18] 51 F73 BRI 1E = £ T8 9w BA 3 77 27 HLEE 55 4% 1]
JIED]. fR I S HIER, 2021, 7(3) £ 275-286.

LIU P D,DANG Z H. Triangular formation dynamics and optimal
control for space-based gravitational-wave observatory[J]. Journal of
Command and Control,2021,7(3):275-286.

NAYAK K R,KOSHTI S, DHURANDHAR S V,et al. On the
minimum flexing of LISA's arms[J]. Classical and Quantum Gravity,
2006,23(5):1763.

LI G,YI Z, HEINZEL G, et al. Methods for orbit optimization for the
LISA gravitational wave observatory[J]. International Journal of
Modern Physics D, 2008, 17(7): 1021-1042.

DHURANDHAR S V,NAYAK K R, KOSHTI S, et al. Fundamentals
of the LISA stable flight formation[J]. Classical and Quantum Gravity,
2005,22(3):481.

DE MARCHI F,PUCACCO G,BASSAN M. Optimizing the
Earth—LISA ‘rendezvous’[J]. Classical and Quantum Gravity, 2012,
29(3):035009.

CORNISH N J,RUBBO L J. LISA response function[J]. Physical
Review D, 2003, 67(2):022001.

Ti/NBE sRIDER B0 R BRI UE A TR R R S BT (0],
2= [H AR A, 2017,37(3) 1 110-116.

WAN X B,ZHANG X M, LI M. Analysis of long-period drift
characteristics for orbit configuration of the Tianqin Mission[J].
Chinese Space Science and Technology,2017,37(3):110-116.

B, PURE . ST HI RIS BARIAG AR 22 23T [0]. AT 0%,
2008,26(6) : 84-88.

CAO X B, HE D L. Error analysis of hill equation-based formation
initialization[J]. Flight Dynamics, 2008, 26(6) : 84-88.

SCHAUB H, ALFRIEND K T. Impulsive feedback control to establish
specific mean orbit elements of spacecraft formations[J]. Journal of
Guidance, Control, and Dynamics, 2001,24(4) : 739-745.

XIE X, JIANG F, LI J. Design and optimization of stable initial

heliocentric formation on the example of LISA[J]. Advances in Space

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]

JOFFRE E, WEALTHY D, FERNANDEZ I, et al. LISA: Heliocentric
formation design for the laser interferometer space antenna mission[J].
Advances in Space Research, 2021, 67(11): 3868-3879.

YANG C,ZHANG H. Formation flight design for a LISA-like
gravitational wave observatory via Cascade optimization[J].
Astrodynamics, 2019, 3: 155-171.

L R 51 IR G BN AT RLE R A Bt 5 4 Hr D). b
50 T R B K 2 ([ 2 e R 5 2 ) Ak 2 ), 20200

LI Z. Formation flying trajectory optimization and analysis for TATJT
space-based gravitational wave observatory[D]. Beijing: National
Space Science Center, Chinese Academy of Sciences, 2020.

YI Z,LI G, HEINZEL G, et al. Coorbital restricted problem and its
application in the design of the orbits of the LISA spacecraft[J].
International Journal of Modern Physics D, 2008, 17(7): 1005-1019.
PUCACCO G,BASSAN M, VISCO M. Autonomous perturbations of
LISA orbits[J]. Classical and Quantum Gravity,2010,27(23):235001.
DHURANDHAR S V,NAYAK K R, VINET J Y. Optimising LISA
orbits: The projectile solution[J]. ArXiv Preprint ArXiv,
2008, 0809:1935.

ANDERSEN J. Proceedings of the twenty-third general assembly of
the IAU[J]. Highlights of Astronomy, 1998, 11: 1-9.

CURTIS H. Orbital mechanics for engineering students[M].
Butterworth-Heinemann: Elsevier, 2013.

XK. TR A E IR [M]. Jbnt: FE Tk AR, 2000.

A EZE. Y\ T R WM AR X 2 sh i B S R B AR R 78 (D). &
W B RLERAR K5 2007.

XING J J. Study on formation design and station keeping of spacecraft
formation flying[D]. Changsha: National University of Defense
Technology, 2007.

YE# Ta e

A A999-), B, LA A, FEHF 7 : iR SHIE SN /1%
St

BAF AL : FEAL TV R EHUR 2 Bt UER XD (710072)

FLif: 18846753696

E-mail: jbh2021260474@mail.nwpu.edu.cn

FEHPE1986—), T, @l #dZ, Wi+ ST, T F0F 707 = fT R A5
EEh A Sl SR T RIS 5 N A ASOBREER -

A AL PEAE A K22 AR 22 B OB XD (710072)

i 15202981612

E-mail: dangzhaohui@nwpu.edu.cn


http://dx.doi.org/10.15982/j.issn.2095-7777.2020.20191230001
http://dx.doi.org/10.15982/j.issn.2095-7777.2020.20191230001
http://dx.doi.org/10.3969/j.issn.2096-0204.2021.03.0275
http://dx.doi.org/10.3969/j.issn.2096-0204.2021.03.0275
http://dx.doi.org/10.3969/j.issn.2096-0204.2021.03.0275
http://dx.doi.org/10.1088/0264-9381/23/5/017
http://dx.doi.org/10.1142/S021827180801267X
http://dx.doi.org/10.1142/S021827180801267X
http://dx.doi.org/10.1088/0264-9381/22/3/002
http://dx.doi.org/10.1088/0264-9381/29/3/035009
http://dx.doi.org/10.1103/PhysRevD.67.022001
http://dx.doi.org/10.1103/PhysRevD.67.022001
http://dx.doi.org/10.13645/j.cnki.f.d.2008.06.003
http://dx.doi.org/10.13645/j.cnki.f.d.2008.06.003
http://dx.doi.org/10.1016/j.asr.2022.08.084
http://dx.doi.org/10.1016/j.asr.2022.08.084
http://dx.doi.org/10.1016/j.asr.2020.09.034
http://dx.doi.org/10.1007/s42064-018-0042-9
http://dx.doi.org/10.1142/S0218271808012668
http://dx.doi.org/10.1088/0264-9381/27/23/235001

% 3 40 FETIA, 25 BT TBrCWIT IR S| BRI G B R i 267

Formation Design of for Space Gravitational Wave Detection Based on
Second Order CW Equation

JIAO Bohan"?, DANG Zhaohui"’

(1. School of Aerospace, Northwest Polytechnical University, Xi’an 710072, China;
2. National Key Laboratory of Aerospace Flight Dynamics, Northwest Polytechnical University, Xi’an 710072, China)

Abstract: To solve the problem of arm length divergence of space gravitational wave detection formation based on CW
equation in two-body nonlinear gravitational field, a formation configuration design method based on second-order CW equation was
proposed. Firstly, the differential form of the second-order CW equation was derived, and the approximate analytical solution of the
second-order CW equation was obtained by perturbation method. Then, the non-existence of circular flying orbit was proved, and the
divergence reason of the nominal configuration based on CW equation was analyzed. Secondly, based on second-order CW equation
and the energy matching period condition, the formation configuration optimization model was constructed with the phase angles of
the spacecraft as optimization variables, and the multi-constraint configuration optimization method based on the global optimization
algorithm and the pattern search algorithm was established. Finally, the optimization results were verified by simulation based on the
Taiji mission. Simulation results show that the proposed optimization method can reduce the average error of formation arm length to
0.32% and the maximum error to 0.44 %.

Keywords: space gravitational wave detection; second order CW equation; formation design; perturbation method; Taiji

Highlights:

e The approximate analytical solution of the second order CW equation is obtained based on the perturbation method.

e Non-existence of perfectly circular relative orbits under the second order CW equation is proved.

e The reason for divergence of the nominal configuration based on CW equation is analyzed. It is shown that the breaking of the
periodic condition is the main reason for the divergence of the configuration.

e A formation optimization method based on second-order CW equation is proposed. By selecting the spacecraft phase angle as
optimization variable, the optimization of arm length and breathing angle is realized on the basis of only considering the arm length as

the optimization index.
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