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ABSTRACT

Real-time Spacecraft Intercept Under External
Disturbances

Snyoll Oghim
Advisor : Prof. Henzeh Leeghim, Ph.D.
Department of Aerospace Engineering,

Graduate School of Chosun University

This paper deals with spacecraft interception problem considering perturbation. The
Earth is not perfectly spherical, so it has gravity imbalance. Therefore, spacecraft ro-
tating around the earth will under perturbation due to gravity imbalance. The effect of
perturbation is included in the equation of motion using 2nd zonal harmonics, Js.

Interceptor require active control to intercept the target in consideration of pertur-
bation. In this paper, active control using a thruster is assumed. Likewise, the thrust
equation are included in the spacecraft equation of motion to account for thruster.

In order to intercept the target using fixed thrust, the direction of thrust is required.
Optimization technique can be used to determine the direction of thrust. In this paper,
the lagrange coefficients and universal variable are used to construct the optimization
problem in order to deal with not only coplanar circular orbit, but also non-coplanar
elliptic orbit.

The optimization problem is solved by numerical analysis. However the spacecraft
intercept problem has strong nonlinear system, so it includes many local solutions.
Therefore, it is important to guess the initial value. In this paper, a genetic algorithm
is used to guess the initial value.

The optimization problem finds the optimal solution based on impulse. This mean
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that there is no change in position during the orbit transfer of the interceptor. Therefore,
if this optimal solution is used for the equation of montion including perturbation and
thrust, the interceptor can not intercept the target at the final position.

In order to solve the position error in the final position, this paper proposes real-time
guidance. the optimal solution as the propulsion direction will be used, but calculate
the optimal solution at every moment and continue to change the propulsion direction.
In this paper, the simulation is carried out considering various situations in order to

verify this method.

- iv -

Collection @ chosun



- ARl QlojA] Aol (Orbit transfer)= 7H 7]1o] E]11 7o 27 AN JFS &
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SRURAL LTPHAAN S B FRAL ATE FHOE St BAREA
(Earth Centered Inertial Frame, ECI)o|t}. Fig. 1.2 2|3 £4] B EAE Hoj&Eo) o] A
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Fig. 1 Earth centered inertial frame
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Fig. 2 Two masses located in an intertial frame
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Eq. (14)7} Eq. (15)& FH 34| 9] Ak 2524121 Eq. (8)°]l thdste] A 2fstd 54
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AZNA u/re A7E Lgolatn Aste] Beesie A7) FHEAM0]H, J, 2 7] W
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o=, T e | JJT)GT s () (3575
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5 ro\4 r r4 3 T\ 0 r r3 7o
~2J (i) 342" 1 6372) 2 (i) 3572 921072 423172 21
47 r2 * r4 8\ 7 r r3 + rd (212)
. 0p  op [ 3 re\2 [ 12 5 Te\3 [ 72 r3
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2 4 5 3 5
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Table. 1 The value of zonal harmonics for each order

Zonal harmonics Value

Jo 1.08 x 1073
J3 —2.50 x 106
Jy —1.60 x 1076
Js —0.15x 106
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T Ty Xy
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r .| Xo
x=| - X=| - flt, X) = 2 > (22)

(1+45 (1-55))
(405 (5-5))
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Table. 2 Oblatenee and second zonal harmonics

Planet Oblatness J2
Mercury 0.0000 60 x 1076
Venus 0.0000 4.4580 x 1076
Earth 0.0034 1.0826 x 103
(Moon) 0.0012 2.0270 x 1078
Mars 0.0065 1.9605 x 103
Jupiter 0.0649 1.4736 x 1072
Saturn 0.0980 1.6298 x 10~ 2
Uranus 0.0229 3.3434 x 1073
Neptune 0.0171 3.4110 x 1073
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Fig. 5 Position error along time-of-flight
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F =ma, T = ma, glspmn = (mg — 1t)a (23)

v=gly = |:hl (mowiomtﬂ (25)

Eq. (25)& 220 g7 4olet F20, o] A& thA] AlZte] His] A2lstd 3147t 4

filo
ne
flo
P

- 14 -

Collection @ chosun



(26)

(27)

1
= —Avp?

AV Av

€=

1 A

o
.

Eq. (26)% Eq. (27)& °]-&std FXAZG ofu#] o] PAE & 4 9o, Fig. 8

ol tolrhA 7

N

24 A E 2

A ] A &

SL &=
3t &

w3
S|

Mg 2% 4 oA Brk wetA 2

=14
=2

ohe

(28)

2000

1 1
o o
o o
Ye] o
— —

(0@s) ‘ewn uing

500

12

10

Kinetic energy, (J)

Fig. 8 Energy vs. burn time

- 15 -

Collection @ chosun



2) F4 A 24xA

S2uPAE 2R Ao AUAE HATE Srueel NPATHE FE HH5} B
A=) WA (Kepler’s equation) 0 2 X E| A| &5t}

M=F—esinE (29)

&]7] 4] M= Mean anomalyS UYEFW ™, EX Eccentric anomalyS, et= o] A& oJu|glit}. o]

AEe PAHAL Aol BN o|AdE et 1o 75 AL Yolrl= EAS Ak

olg|gt £2 A EAE th3} Zro] Aolxl H-gHS(Universal variable) S Alg5H= 2o 2 AT

% eh

/T

y =2 (30)

a — CLSIDL argVO —COSL T CLSil’lL
Vit = alx = VasinJo) +a™ 221 cos 7o)+ rovasin 7 (31)

A7 root vo= FFHIPAL] 7] ALt SEHEE YWY, a= AE R (Semi-
major axis)S UEPATH Eq. (31)E AF&5te] ElAT} Qe E o] S5 A AS Al 4 9tk

m (X, t):a<x—\/5sin\>‘a) +f€;<l—cos f) +r0\/asmf Vit (32)

g (Vvo+Avo) (1 v Jasin 2L
G (1 g ) +rovasin G v

(33)

(o X
’72(Xat7AV0)—a<x \/55111\/6)—&-

Eq. (32)2 B2, Eq. (33)= AEHAHY TS oulstH, Avee JEAAHS 27] 9

Aol 45 RSIE el o] A5e H1s) BAS 27|99 P4z A0 2 et

FTHRAE 2 4%t A2 HF A oA F SFHA Y] 127 dAjtE A2 oJngh
ok ol2l’t @ AxA B A3t ZAE BV FEERUoRN AFRE 5 o, o]F Aom
w@sh g 2
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o714 £9} ric B AEIATE O M 9145 trehich. 19T o] HE AL 1A A%
(Lagrange coefficient) S AH48H= 202 27] 91719} Szl tha) BEE 4 glow, haat 2t

r = frg+ gvo (35)

v = fro+ gvo (36)

Zzte] A A4 W WSS AHgste] Tt 2ol ojeic.

f= —ro(l—cos\;(a) (37)
a X
RN SR X 38
g (o vasin 1) (39)
vha X
i sin NG (39)
g—l—i(l—cosf> (40)
H3Hon aAZAS 1A ASS Agoie] Tashe thadt 2ol Fele 4 Ao

T—r=(fFo+g¥vo) — (fro+g (vo+Avg)) =0 (41)

Szuled 0 BAL AT AEATEH O] WS ¥, x, HIAR ¢
% A9 H1A5E A8 glek. AT Fol AL ThAU Bolmg LT oS Be 4 gl
o} webd of AR O] Al FaEA 0 R ALESHT A AR Eq. (28)3 217 54 (Lagrange
multiplier) & o]831o] 45} EAE TATORN HsARE HAselr] 91 oA z04L
G5 % 9k 2R 548 AHgstel oW E U (Hamlitonian) & TA45HA k&t 2ok,

H=J+A"p+®" (f-r) (42)

o174 ASt ® Bt x] 452 Pa2she WEHZH A = (A, o] 9 @ = [¢1, b2, ¢3]” ©]
t}. o]8A Lot nA LS tate] ASAEE HAsIEr] et WazAL 7t w4 4]
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SHUEVSLS WulE 5h 202 thgwt o] 73 4 gIr19).

OH _\ Om  or0r _
G = Mgt =0 (43)
OH _ | Oz gr0Or _
af&ax P ax’o (44)
oH r(OF or\
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oH  0J Oz op Or
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o174 Eq. (43)7} Eq. (44) 2356 24334 54 Aol s Helebe,
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_ & 2 el
M=o <8x> ax ()
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gt 7] 54 A5 Eq. (45)°] tHY5HH,
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T L ~ [ = = == == —
® ((ax> % <ax o RV A A (49)
NP7 2 218 2] 54 A E Eq. (46)°f] tidstal, et1=2] 4= ®of tiste] A 2]shH,
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3) AH oA eA4xAN} sHo
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Fig. 13 Features of GA corresponding to the termination condition

Table. 3 Parameters of genetic algorithm

Parameter Value
Wh 1

Wy 1074

Ws 1074

Wy 1072

Population size 300

Probability of crossover 0.8
Probability of mutation 0.02
Tolerance 10,000
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Table. 4 Specification of thruster

Parameter Value Unit
Specific impulse 220 sec
Thrust 30 N
Total mass 150 kg
Mass flow rate 0.014 keg/s
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Fig. 16 Optimal intercept trajectory between coplanar circle orbits
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Table. 5 Initial condition for the intercept problem between coplanar elliptic orbits

Parameter Target Interceptor Unit
Angular momentum, h 65,000 55,000 km? /s
Eccentricity, e 0.3 0.6 -
Right ascension, 2 0 0 Deg.
Inclination, 4 20 20 Deg.
Argument of perigee, w 0 0 Deg.
True anomaly, 0 75 140 Deg.

Table. 6 Results of the intercept problem between coplanar elliptic orbits

Parameter Impulse Thrust and Js Real-time Unit
Time of flight 6,729 6,729 6,707 sec
Burn time - 691 6,707 sec
Position error 0 288 0.0004 km
Consumed propellant - 4.00 93.24 kg
—— Target
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X Final point
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-0.5 o \ ///

-15000
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10000 oo «10
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Fig. 22 Optimal intercept trajectory between coplanar elliptic orbits
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Fig. 23 Intercept trajectory between coplanar elliptic orbits
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Fig. 24 Position error with respect to time-of-flight between coplanar elliptic orbits
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Fig. 25 Thrust of each direction with respect to time-of-flight between coplanar circle orbits
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Fig. 26 Real-time intercept trajectory between coplanar elliptic orbits
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Table. 7 Initial condition for the intercept problem between non-coplanar elliptic orbits

Parameter Target Interceptor Unit
Angular momentum, h 65,000 55,000 km? /s
Eccentricity, e 0.2 0.4 -
Right ascension, (2 20 -10 Deg.
Inclination, ¢ 35 -10 Deg.
Argument of perigee, w 20 -10 Deg.
True anomaly, 6 -40 30 Deg.
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Table. 8 Results of the intercept problem between non-coplanar elliptic orbits

Parameter Impulse Thrust and Js Real-time Unit
Time of flight 5,375 5,375 5,366 sec
Burn time - 3,422 5,366 sec
Position error 0 4,033 0.00005 km
Consumed propellant - 47.57 74.59 kg
Target
Interceptor
O Initial point
X Final point

X, (km ) . 1 -10000 Y, (km )

Fig. 27 Optimal intercept trajectory between non-coplanar elliptic orbits
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Fig. 28 Intercept trajectory between non-coplanar elliptic orbits
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Fig. 29 Position error with respect to time-of-flight between coplanar elliptic orbits
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Fig. 30 Thrust of each direction with respect to time-of-flight between coplanar circle orbits
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Fig. 31 Real-time intercept trajectory between non-coplanar elliptic orbits
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