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ABSTRACT

Optimal Trajectory Correction Maneuver (TCM) design algorithm has been devel-
oped using the B-plane targeting method for future Korean Mars missions. For every
mission phase, trajectory informations can also be obtained using this developed al-

gorithms which are essential to design optimal TCM strategy. The information were

T -
'corresponding author

451



452 SONG et al.

computed under minimum requiring perturbations to design Mars missions. Space-
craft can not be reached at designed aim point because of unexpected trajectory er-
rors, caused by many perturbations and errors due to operating impulsive maneuvers
during the cruising phase of missions. To maintain spacecraft’s appropriate trajectory
and deliver it to the designed aim point, B-plane targeting techniques are needed. A
software NPSOL is used to solve this optimization problem, with the performance
index of minimizing total amount of TCM’s magnitude. And also executing time of
maneuvers can be controlled for the user defined maneuver number (1 ~ 5) of TCMs.
The constraints, the Mars arrival B-plane boundary conditions, are formulated for
the problem. Results of this work show the ability to design and analyze overall Mars
missions, from the Earth launch phase to Mars arrival phase including capture orbit

status for future Korean Mars missions

Keywords: Mars, mission design, optimal trajectory correction maneuver
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A% Az AFAYY 2FEYSI 10578 D o F, ARE AP0 $F ALL A
SSth A% BUE IO Asel A7 2o ohd HPA RO TN A
=2

A7A AR A S AT A B Ve AAF & v, 99, 7449 A{E oY
ok AT M2E AL FA ANE Foldtd dES ¥FETS 57, 22 A=A 2 9 3
A EA AR AYL ERT Yt vF2 20303717 Bo ¢ VNS ALY Aoletm B X 3
Pom, F3] 3¢ 2007d0l Fo’(Chang’e)zt HEH 2 B 47, 202047k 314 FALE A
3ta ok Pt A= JA] 20074, ‘¥ E=ok1’(Chandrayaan-1) @ B4} YF& AYsta g
th(http:/ /nssdc.gsfc.nasa.gov/planetary). A SAF= NZE 3 /AL A AUE 2olsto 4
A FE FAAE FAAA FF AAE F2342 Yt} o Lt £F AL 537 A¥S
T At FA Bokoll tid 71z 714 AFE AP vk FAL FANY GF dAE @ikFe
2 GAEZ oA o] Rt 2 dAlE A 8 GA, B F4 3 dA, viAGe R ER
B =23t DAY AFE 583 GA o|th(Brown 1998). FAZH A AFE 98 0P F
o tjgt A1+ 19259 Hohmanno] “Transfer” 2t 7 d-& Aoz A 2123 ¢l oH(Vallado et
al. 1997). AF =2 AFH A 34 FAAI-L 1964'd 2AHE Mariner 43 )t} Mariner 43+ 3}
e 24 S5t b3 A4 Y olu) NS A 7R ALHPgon 259 34 PA RS AT o}
¥3 B E AF 3] FtHKohlhase 1969). 1969'd ol TALE F @A 334 A4 ¢l Mariner 63
9 4% 47 2 (Kohlhase 1969)8 RUZE BE AF AN AN Y A7, B-HA L
ol 8% BRY, BAMS A 74, 47 FAAH A, Yoyt GAR Ad HAY 2 AR}
A BASAT ol A e AJFTTH F vt 7l 29 AolE B Y FL 9]
o} SElitete 82 47 AAA 74 718 o] = Ao vl A Fo) i AA(HAE 2001)7 +H
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A e 01%‘}0‘1 ol oY, AETe T st vy HAAZ HE o) 8T AR(0)
A4 2002)ES A& Aok ol#e AFE wgoz A9 LA 7bE Al7)(Launch window)2]
REW 7}_0_3}_7“ Hgou, o]lF AR XS pste A @Al 7hs A7 (Daily launch
window) & 4E3he AT (R4 2 2003)7H A Ak st YL nH T AY AR of
d B4 2 BHE o183 9T £HA 27HE AUAE AZ T 5 Ax DA YR 1)
S AT(F9F 9 2004a)7H A FA Uk ool B FAMS AT 497 37 H(Deep Space
Network) 222 dol o 3 A7(A3l < 2 2004), 34 27 SIS AR AE 2

HH4 A2 9] 2004b)0) o] R k. o] A= BA et A o] R AR
U EE PH(3HY) £ BANAY BAe B3N u Y AY AAE
N =R E QR 8L 3 LA X (Capture orbit)ol] 3 HAS g3t glek =3 g3 o
AN o Fol AL AR HBS 918 715 4AS B-BA 2EYE o §3hol AN T o] &
Fo] BEE AT 2URE 3 22 dA o] ol2k BE YT DAY w3 AF L Azl o
A NN ERF o2 HEEA dnked Utk

2. AX B2H 718 HAE figt 712 4%

s RS A9 Q%) AT 2A AVAZ ol A 4 Ak AT & A 6 A
£ 7T AT AFAT Fe WBHE AT 2% DA, AT FLVFE o} A A4

ATE FoE= U Y A FY 9A, 222 npgor Y 223 434 8 ARE 7 34
9] 2+ gdF g v = A =2 DAty 23R o2 gAML A e 4FE T
Hal7) 48 AR YL g5t 2717 ©7F 715 (Impulsive maneuver)= 3 F S X3}

e AE &, AHFA TYASE )3 QFE F35kA FHoh(Hale 1994). ol dA9
FE AAS A 2] 9F A e A= e FRA, A, 2L AHTHEN W
EA] 325 o] of et Fhrt.
2.1 M

P A QFE HASRA G o P HA nFerd L B AFE MR thFE B
AES AN S50 UiF AR F, ARG i Aol AFE ojof Tt ol FREIAA =
P AH% AXNE FILEF ATHA RS £ T 5 Yt FEo) opA/ WEoIHh E
3 B S 2o t 3 A7 ool oA B A A&t Fd ATE T A
3 ghabade) As A e o &sta ge A FH A FFo] 7 A gAACA FE
37] W &ej}. o] A7) A= JPLAIA AF 3 At DE405 A A 8 (Standish 1998)2 ©]-8-3to 4
23 g AAE A=stiTh

2 572 A2

UM e uket 2o 34 BA 4R = AUAR UH oA AAZ "k mebs FEA A
Zhzbel A2 A 2 o)A A A T ojok sl A & thHA o) A+ E-EME2000 & & 74 (Earth
centered Earth Mean Equator and equinox of epoch J2000)-2 A}-8-3tt}. o] 3R A9 7]%‘5-‘% R
9 37 ALY, 71E 2L A7 BF 223, 283 FAL AT FH Ak AF FH FH
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SANAE BAMS 9X AR HYF FANA ZEH AFAZ Bdo) Aok o] A EFHE FHE
A= S-EMO2000 (Sun-centered Earth Mean Orbit and equinox of epoch J2000) °] =, 7| &2%H-& |
7o 37 3R AZHE, 71E &L A7 W 28H, 281 FHAL Y S40] Ik A4 &A
SZAo] 3o AT For AYFHAE 4% 34 FHeE T FRAE AR ¥
FA9 A& A= ol FA EFo W 47 £ o] fo|3ty] WEolth FAH FHL
Z 3295+ FEAE= M-MME2000 (Mars-centered Mars Mean Equator and IAU-vector of epoch
J2000) FEAZL AL R ol A4 B AEWE 7E BHeR 3 /FE F2 FAPED
l (International Astronomical Union, IAU) o] 323 IAU ¥ &2 7|& £o2 310, 42 84
Aotk 34 4 B4 ABAY 71E £ FA B4 FEF S Aot T 71 £
BHgAH oz Aste IAUNA AEA AL IAU HE &8 71& F22 A3 3 AtHMase 1999). ©]
oz AUe FA4 AAE ALEY) AT AAL 2 F4Fot) o] AFA = A BE
Aol AL 5 o] A4 A& A|(Barycentric Dynamic Time, TDB)& E3 AlXtE 2% TDB
ANZHAR d#He] A8 A4S AN AU FA AAE A&k
23 MEH

34 gabAd o] FALE A8k ¢33 o gAY 58 Bl A4S AX= 4F HAF
o o3t J g wl-¢ chfsitt. 2] HFYHELS gAY A8 Ao et Yol E 4 It
23 gAE A7) ALAT AoA X7 FHo o JFE TR AFY E Y UE Y
AE &, AR S 23 9L wert oytilx A3 vuiAA, AT th7], g FAel 2%
FFE 4A Aok A7 FEATE Wold FAL Bl F T4 3 DAl JolEA H o)
A A 71 2 4TS v A5 HE FYolth =3 B o)A AP E F, 34 9
S GFS A =y ek BAQte] 9 J3F A A "ok v Rto 2 e LT Y
S RFAN-E B 2 3] Pl o S TS U2 PAEY 5 3 FFEL WA H
o, 342 7] Fe) ost 4 A vl S G A3 G, HF BAF GH AT IF
S A Hr) o] A9 F¢ dF AAE Y AanEdol AYe] HF Exojnt uletA 34 &
Al Q5 AA DAAA oy H4ao 45, HF, AY, 34, B4, A3 2, AT 2%,
344 J280) 3 453 7R T 1289 th(Hechler 2004).

>

3. B-TH ZEYUE oI2T 21X W 2T 7182 &4

=253 s BN BAIS 91212 FeA shekate A AT GAe) H Y AR 4
Ast7 AL B-RE HEAE ol &80k 34 DANA Y BAAL FFB ATl AR IFE
€ €715 A2 7|08 v A AR AFte] BRI X0 LA RE ¢ QU wet
A A AR KA A3t 22 P 9 X o gk gAN o] W3k 2 & (Targeting) 3t
o & 387} AvHhttp://www.cbboff.org/UCBoulderCourse/documents/b-plane. PDF). ol= =&
stat = FANA Y g3 v AR Y F-ZA4(Incoming asymptote)S] $X]& & A 3HA
FAGozH o] R XL, GAMY B 2EL A H oz gAAY F7F uY AR B3}
= 7158 +UBLRA ol R0l Atk B-RY BEAL BAM0l 4 P4 FBAT oz I
Ystol wle s e ARl E AA R BAE FhseA 545 gAAL) B FEHDA 5
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27 1. B-39 FuAY 7843 24 (Sergeyevsky et al. 1983).

3
BHE Yojo] B P40 AL FHEH AY £ &4 A4L o] F L FHez Fodrh
3 SFHA AT 8 AR AY BSMF B-BRe) thibe & X% (Aim point)Th
B-B9 FHRAE o] F7] 9319 37FA] F o) ’q«] Hojof gttt o AL, IAA = 9
° ol FA < e Folth £ B-3 W 9o oA v shte] 7]
o BAl goA = WE A, om) HoH = thE e VEFHES
Fz ol AR AT vhA o 2 £ 9o F e A FEAE o) F
FolEr 07 Ao % rHSergeyevsky et al. 1983). ©] Ao = FHdo 3
Hoz A4 Hck 1% 12 9 d9E AFAHA B-BH FHAY BG5S B

3.2 NPSOLZ 0|28t ™3}

NPSOL(Nonlinear Programing SOLver)2 nlA#d Al~wle] HAE A& &7] S18) v]=9
Stanford T} Zre} A &3t 22 1 olrh NPSOLL izl 4 A A3 Y 5 7520 e 9
A2 HAZ BAE R = 4829 A2 22 A3 ¥ (Sequential Quadratic Programming,
SQP)Z o] &3t 1 3 E 73t it (Hong et al. 1992).

H452 FAS7] A5l 940 A8 A BY SN BAD A% FE)E E
et oh2 9] A (D)3 22 v E BAH A Y FEE gt

%= f(t,x) (1)
olaf x = (xP;x)olth. WA BA )5S £FFE A4S T, (i =1,2,...,n — 1)t 3L o, o]
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T8 F3 LA GUYFL 9P AAL T A5E 4R T 5 QES Hgon, 22 |
o S A 9N B HY, T (= 1,2, - D)E A% 2 MR ¥ YRS A

gk £ A% B 7157 ABelol BAAY AH 4ol s T Q)9 2L A%A
2§74 solok S AR 2AC) F)AA B,

2 oft R

x(T3) =xf+l(T,-) (=1,2,..,n-1) (2)

A% 23 715 e g AEF Tl B S5 A 25400 94 32 2 2 2
om,
Av; = x;}+1(Ti) - X:)(T;) ('l =12..,n— 1) (3)

A3 Holof s FABLE W) Lol 42 Bt
7= llavi] @
i=1

npAgo 2 el AT =7 AA(t) A HE A dE, x(t;)E B-FH
,BT(t;),BR(t5) 22 227t ABE o) FA A48 B-FuAAAY ERAT) 1452
Zo) B st opaith.

RECE R
A 4 (5)%

M

BT(tf) = Bz;.rget
BR(tf) = Bgzrget (5)

4. i Ldnelze &8

A 2787 A 37 ARE hFE V18 A3 A3 AF L o8 MY ¢ F] BES
£ 23 28 3% 3o vehigich 2¥ 2+ AF A 23 J15& A7) 5] dEEojof 5
43 uE A4 ? A=) U JRE FEE A A sF= vk o] FP A Lambert
o)L o] HHY ¥ £ A7 AFE I, A7 2 L A =23 434 v g AF ) g
BE7L dojth o2 R H A BA /15E A% 27120 R Agzd Fol ZRFFA vk 2¥
3 AR 2R AR (A 715 AARE dFAJA Nade] 358 R 73 gloH, of &A
oAX AR FY BA FUA YT 715 A+E 2F T F NPSOLE o] §3t9 Zzte) )5l
i HAL] A7) % FE A "k

5. 45 « g1

34 B AF-E AAS =Y QoA AT L DAY A3 ¥ AF, 34 =2 dAN A
B vgAE 221 4F $EE A YA T AAE AAFEA 3 EA AT LAE
st=dl oA A"+ gl B4Ad 8480tk o9 o] AFE FA AL ¢IEFL A
T 2L I Y AR S NIRRT Y =2 3L ugAE 222 9F FEe AT 2HAE
of 3 AAZ A5 =F stk £3 Y dAA o]F AL HH HA KA JFE AAF

£ 7%= 2tz Yok
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- Departure Dates - Earth parking orbit information
- Arrival Dates - Earth Launch site information
- Searching Durations - Mars capture orbit information
Earth, Mars Ephemeris Earth Centered N-body
(JPL DE405) Earth departure hyperbolic Propagator
‘ orbit information ‘
Find time & states Sun Centered S/C
2-Body Lambert Solutions when S/C reaches »| states information at
Eantn's SOt Earth SO
Y — -
Find time & states Sun Centered S/C
Departure C3 Energy, Vinf. RA, Dec . " . P
: : T Mars arrival hyperbotic orbit when S/Creaches | . states information at
Arival C3 Energy, Vinf RA Dec information Mars SO! Mars SOI
Find Optimal Launch Window Mars centered B-plane target B-plane target point
minimizes overall C3 energy, point when S/C located at Mars gfg“:m;o':'body when S/C is located at
using NPSOL Mars periapsis (back ol tion) Mars SOI
( Departure Date, Arrival Date) (T&R) propag (T&R)

L o] REAAEL W A4 2Re A8 A4 752 AARI Ashe]
ey R LR LEER S

a9 2. MY dnede 3ES

Agslojo} s A RA WLE, & HA A7 22

Ul A Sl e el olel7b At o obg e B-HAFoNAM 9 BEEHo| At
Sun Centersd N-Body
] Propagator
Run NPSOL to find optimal solutions
Which minimize overall TCM's delta-V itud
during alt mission durations B-plane target points at
User Defined # of TCMs S [+ Mars Spl
Initial Guess for each TCM's date (Constraints)
Searching durations for ecah TCM's date ‘
Minimum & Maximum magnitude vaiues for each TCM's
Initial guess for each TCM's velocity components
Optimal solutions for TCM execution time & velocity components
(for each user defined # of TCMs)

F9] A4E o]&, NPSOL

AAL 4T AAR A4S 1A 7]

a3 3. MY ¢ueEY ZEE IL o] BE
22 B0 ARt Ze 71 FEA W AHY A7 A 27§ AFA
5.1 AP M H|8l F|&e] MAH Hot
B4 FAF YBRE 93 HAL 7 A7) (Launch window) & 2 sl Yol A 31X 29 (Patched
conic) 7} Lambert o] 22 H2 3o} B} A0l B8 DAo) 3 S uH ARE AS
2% Voo WE 9] 217), 27 (RLA), 2 9(DLA)ZS A&o] 7}

& =71 9ok T3 o] A A AT
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£ 1 A7 243 03 A3 olo]el(Mars Express9] 4-%).

Hechler & Yanes(1999) 23} AT A3

AFEddR(d/4/9) 2003/06/01 2003/06/01
A=A 2R(3/49/9) 2003/12/26 2003/12/26
AT 24 A=A AA A (deg) 64.709 64.709
AFEY Voo HEle] S5 (deg) -5.232 —5.685
A7EY Voo HEY 3 X (deg) Not given 352.242
A T&% Voo(km/s) 2.987 2.999
Aeg AT A-Y $27 o] Z(deg) 170.096 169.545
AFEL AZH AR 2AA o) H(deg) 34.473 35.736

E 2. AT 22 234 v 8 A3 vjolel(Mars Global Surveyord 7).

Beerer & Dallas(1994) A3} -t 27

AR 2% ER(E/4/9) 1996/11/03 1996/11/03
34 =3 @x(d/2/%) 1997/09/10 1997/09/10
AT g A=A #AA B (deg) 28.104 28.104
AF 2% Voo HEY X (deg) 19.608 19.599
AT &% Voo HE 9 3 ¥ (deg) 173.595 172.894
AT+ &% Voo(km/s) 3.306 3.285
AT 22 A3H AF9 $3 A o) Z(deg) Not given 2.579
AT &% A4S A3 2AH o)z deg) Not given 10.125

3. 34 =% %24 v 8 A3 ) ojel(Mars Global Surveyor?] %%).

Hechler & Yanes(1999) 33} A+ B

A 2L IR(d/9/9) 1996/11/03 1996/11/03
334 =2 gx(d/g/Y) 1997/09/10 1997/08/10
B4 =8 B3 AR F Az (deg) 92.869 92.869
34 £ Voo HE 9] 915 (deg) -21.906 ~21.584
34 =3 Voo HE 9 Ax(deg) 137.394 139.182
34 =2 Voo(km/s) 2.899 2.900
34 =3 A4 AFHY £ o)l (deg) 318.561 320.172
34 23 B3 AR ZAF olZ(deg) 146.213 145.906

T3tk A7 &3 HEj 9 A7 4 A v AR AE FAL()H] 4T BAE 0859
F4 FAE A A7 L AZH v PgAH AV 7HsetA Bk 34 =23 A3 6E AA

< dA], 84 £F Voo HES] 37, A3 (RAP), Z(DAP)ZT 28 A=8) AXZHi) & ol &
stod wlg AF 249 AEo] Jhedieh ® 139 & 2+ 747 fE5FF9 34 A MEX(Mars
Express)2} 7] &-F¢5=22] 34 =AM MGS(Mars Global Surveyor)®] |7 &3 #3A4 88
Z vlole] E o] AF AFHE o]83 & H AP tolEHE v Holth BT E 3olAE 34
=2 42 vig AA dlole g o] d7E B3 4& R I MGS dF AAA AAE AR blol
Elo} wjw st BoyFy Qlrk Z7te] dlolEl & HH R, L2 Z(angle)d] F-F, A & £1°
A olAe 238 ol £ e AL QA & 4 Utk o= g FY ZAA A ZHE A
o 3l R HEAY 4 EEAA A7 23 7idste Aot SdETh oo R 4= A7 FF
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7 L 7 : i . i Hypen.ohc Tra}ec\my
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- Injegction Fpint i @ 16506 |
R S £ :
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2 so00f
S }
™~ 0

9 4, A 28 B2 9 A8 B4

&

E 4 AT L 93 22 A2 09 AR diolel(20261d 47 AA 2.

A7 23
AT 2% A (4/8/9) 2026/10/31
B} =2 9 (d/9/9) 2027/09/06
A7 29 HIA N (km) -43,038.45
AT 2T AFA AR A7 (deg) 81.74
A 2% Voo ME 9 9% (deg) 28.99
A7 &8 Voo HE]Y A% (deg) 133.48
A7 &% Voo(km/s) 3.04
A &% B3I AF9 £ o] (deg) 318.09
AT 22 AL AA9 2A% o)z (deg) 0.51
34 =3 434 A 333 (km) —6,846.62
34 =3 434 A" FA2(deg) 60.00
3} & Voo HEY X (deg) ~16.56
4 23 Voo HES FX(deg) 114.37
3 =2 Voo(km/s) 2.57
A4 =3 H3H A5 s o (deg) 284.48
34 =2 #34 AAe] 233 o] Z(deg) 143.60
Seluete) 9R e EHH] 2026139 34 Ew UFE sV A} YHE AT L L 3

3
1 HA0l A7 2 A 4 AL

3 7‘454 °1t=1 21? "“‘4 F Ak
AL Zzre] A2 vy A3 543 Alx FARS
o] AR L A7} AL 6,578km, A2 A2 5,000kmE

7}7@8}%@. %‘—7}&4&2 RER smw 227 2 27 A4 T8 FR37) Astel 79

N;E
ney
= ox
ki
1}1_;/
%
K
2
z
o K
é

= #7718 &= 271 247 3.63km/s, 1.94km/sZ eyttt
A AY B 7S MA &0t

AR AN B4 A5E AASA AWML @A 4R whet Lol B-FW YL o4k
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H e
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-8000 Py
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2
a9 6. BgEgIAY BaAe B,
del =
=

2EHNAY BERZL (4)E, A B9 FEATed A9 &

\/
" 154
Z 1.0 l\
® 054
<
-
2
Q2
Q
O
~

7 Gourdinate AV}
]

a3 7. BAF 7159 A7 2FH 15 ang 29 8. BA 7% Arie] 34 HHAE Fof HA9

AAsE 49 AF &% 109 F9 509 F, 3A /1% A7 2 Azt g 3 3% AT &8 10

=2 504 A3} 59 Aol #7499 BHAY FS 9} 1009 %, 34 =2 1509 A3 79 Aol 7z}

b 744 stol b2 Aol ulY AR BG 71%8& & Aol HA9] FFoln oo wheh AEH
Aol ujg AR B

ol B-BRGolMY ExFg ¢4 Aok s, 1 694 AFE %

th 23 A BER

EHL Ho 3 Q)
+)Z, gAM o] A AL P I T uie] EX )2 Z
Zr vhebd ik o] FE AT AoAe BERde 2
propagation)-& ©]-83} A& o] X, 2026

pr.s R
[ =%

A2 (
313 oM Exgd oz REL A Ail(back
oI =
A3 BE AL 7zt TS o] 4,914.42km, RS 0] -8,084.99km = }E}ET)

A 317

o3
7Hgst] 43E HH HA 71EE
ol Aol 23 oj2 S wl, 2YAE A o] 5,000km, FAHZe] 60°% AASE
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o]t 7HA stoll &8 ZA Y& Fusy) vttt Y dAA L] B JlEe AAlE

o A, F 4318 ANdte Aoz ZHR ST 28 7% XHL 22109 94509 F, 34

504 A3 59 Aol A7 4] BA 7)1 EE ke 7HY stell A2 Aof vl AFY otk

7159 Azl St 2ol RS v B¢, TRA GAe] £237) A5t B2 wA I
AN

rlr

3
L=

9

o

Sy

5 ¥ 271 % 21.63m/s oty AL BA 7% AlZIE nARA G HA A 75 A7
£ A2d7] flet 2429 7% Al7lel A HSE Fol HA VF AVl 2 F 2718 AESH
2 43 AT 3109 F9 100 Fol 715 S £, 34 2 1509 A 7L Aol 715 Fx
2ol & 149m/s] F71A < 715E 873 A2 Yehgthel: AA B 75 A7t uA
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