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Orbital Control Theory
- Classical Approach

e [Lambert’ s Problem
— Transfer of a spacecraft from one point to another

Impulse AV

RO BTG R] TP LR~ EN T D7D IT B EE 25K L.
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Orbital Control Theory
- Classical Approach

Two—point boundary value problem for Keplerian motion

e (lassical approach

t.- t ’ i

e Lo / Lambert s equation

Vilts —t1) = a2[a — B — (sina — sin B)],
o s\ 1/2

S111 5 —(%) )

G (3—0)1/2
sin — = :
2 2a

S = (7“1 +T2+C)/2,

Lambert 72 A< EITLY, METRREZ RO HILNNTEDN, KiunLE, )
HINCE N DD T N EE T LI DD,

>{ﬁ%')‘i?xﬁ§”£b6<‘:ﬁ’i<:<‘:7f)§?%f£b ! }
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Lambert’s Problem
- Direct Approach

Two—point boundary value problem for Keplerian motion

e Direct approach (Bando and Yamakawa, 2010)

/ Hamilton—Jacobi equation

gV oveT 1 VT OV
ot o [ HEE -5, ) =
TUV

u* = —g(x) 5

Initial and final velocity is determined as
an optimal control.

TERRE D 2 B3R/ M52 8IXD, FIREE, #omE 2 155.

Mai Bando and Hiroshi Yamakawa, “A New Lambert Algorithm Using the Hamilton-Jacobi-Bellman Equations,” AIAA
My TS Guidance, Control, and Dynamics, (to appear)



Lambert’s Problem
- Direct Approach
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5.
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XY= f(x)+g(xX)u
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Lambert’s Problem
- Direct Approach

Two—point boundary value problem for Keplerian motion

e Direct approach (Bando and Yamakawa, 2010)

/ Hamilton—Jacobi equation

avx oV T 19v*T 7 OV*
ot oz

Initial and final velocity is determined as
an optimal control.

TERE D ZEZE R IMET 5281280, WIRE, #imE L2152,

IR A EER, SRR, BEIR T Uy Ll &2 A~ R T
VX IVEB O A EZ DI ETEOEEEH TEA.

Mai Bando and Hiroshi Yamakawa, “A New Lambert Algorithm Using the Hamilton-Jacobi-Bellman Equations,” AIAA
My TS Guidance, Control, and Dynamics, (to appear)



New Orbital Control Theory
- Generating Functions Approach

Two—point boundary value problem for Keplerian motion

e Generating Functions approach (Guibout, Scheeres, 2004)

/ Hamilton—Jacobi equation

R, apl
5 tH (q, ,t) =

_ aFl(q.fa qd, t)

Generating
U
F]- (@ t f function

IRIREDNRES.

FIRFBEEIT, WIANLE, fumiLiE

DEETHDTZ0D, BIEOFHI 1T 2L THEE
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New Orbital Control Theory
- Generating Functions Approach

Generating Functions Approach (2004, Guibout, Scheeres )

e (Canonical transformation

 [ocal solution about nominal trajectory

[Local Solution about nominal trajectory

. =

Global Solution

HRIEZ AT I AR U CTESE, R Z RO L FIEZRE.

Bando, M. and Yamakawa, H.: A New Optimal Orbit Control for Two-Point Boundary-Value Problem Using
Generating Functions, 19th AAS/AIAA Space Flight Mechanics Meeting, 09-117, Savannah, Georgia, 2009.
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V. M. Guibout,D. J. Scheeres, Journal of Guidance, Control, and Dynamics 2004, vol.27 no.4 (693-704)
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Transformation equations L K=0
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- ? t o Th
f aqf inal velocity J(E Vi
q(t) . (1)
p(t) — _3F1 (qf 9 t) ,(Velocity at t)
oq e DR
SF OF q.p, FZt TOAREE
1

1 ,
ot 1@ g ) = 00 cauation) (@.p) = (@(t), (L))
H=T+U

FIREBIENC ZO W BE, et FE S WML, & um L& O R E L TR biLs.

Mar. 9. 2010



Proposed Method

‘ [.ambert’ s Problem '

i Canonical Transformation
Hamilton—Jacobl eq.
(Nonlinear PDE)
- The key observation we made is that F3
Step 1 generating funtion solves the associated nonlinear
. . optimal control problem.
Nonlinear Optimal Control
Step 2 Successive Approximation
. ;l;
Linear PDE |

e— T

Spectral method
(Chebyshev Galerkin approximation)

Step 3

Linear ODE {
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4 types of Generating Functions

Fl :Fl(Qf7Q7t) F2:F2(Qfap7t) F3:F3(pf7Q7t) F4:F4(pf7p7t)

H/ equation Boundary condition
8£1 H(q, -~ 6F1 ,t) =0
6314;2 o (an o t) = Fa(as,p,t5) = a5 p
a;z?’ + H(q, %,t} =0  Fs(ps.a.t;) = —pta
8£4 H(—ai,p,t) =0

e F1, FARFBIBU T IR L (t=tn) CREF L7578, T2, F3REBIRUTE A 2
£, BER SRRSO,
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Hamilton-Jacobi equation for

F3-generating function

F3REEIEc D Hamilton—Jacobi 7 2=

FEREAER D 7= IR o7 J7RE = A B S A /e /IMbE 9 D R
Hamilton—Jacobi T &=\ i 10 Il ) i A
1 AT I r = B ,
H(q,p) = 5p *+U(q) = f@)+ o
e (7] [
EE T L —+ R T LT R L — g L u
0 (1 0
aF . aF f(&?) — , B =
—3+m [ oA+ Az U(a)]=0 1A B %K [0] = 1]
o ! Sz = [ Lul? U@
BF aF: u; T =/ —||u|” — t—prq
— W:S_E(ag,) ~Ulg) =0 o 2 wETr
q .
[Lagrangian

o 3, FARPEIEUIE T 73 2 i BE S a2 i /M3 Dpaskd D b &
I TN TEA.
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Successive Approximation

Saridis, G. N. and Lee, C.-S. G.,, IEEE Transactions on Systems, Man and Cybernetics 1979, vol.9 no.3 (152-159)

/J”\LUODnﬂﬂﬁst”;&l
7 () ) / lu® @) + L)t + g(a(t))

( 1 :
GHJB: @ f+Bu<’f> +L(x)+ s Ju®|>=0 <+ Linear PDE

(k—1) f[successwe approximation]
70V
uF) —

Oz 1. For k = 0, define u(9),

N N

[P JE) (k1) > JE41) (k)

2. Solve GHIB eq. to compute V (¥),

(k)
3. Update u'*) by k) = — T(‘?V :
Oox
k — oo 4. Set k = k + 1 and repeat Step 2 and 3.

» HJB: + L(z) — B +—Nonlinear PDE

INIIVRET U T TRV — TR EIND GG, BRI X0 Ee b g ~o
I AMEDMRFES LS.
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Spectral Method

The spectral method is based on the idea to assume the solution can be
approximated by a sum of N+1 basis functions.

Region of convergence

X_mMax

L X_min .
Taylor series solution Spectral method
* Inthe limit N —oo, the approximation must converge exponentially fast to

the exact solution.

By using spectral method we can obtain the solution in the arbitary region.

Var. o Zof)\nd approximation error is expect to be uniform in the region.



Chebyshev Polynomials

n—th order Chebyshev polynomial

cosnf = T,(cosO)=T,(x), x =cosl

The Chebyshev polynomials form a complete orthogonal system on the interval
| =1, 1] with respect to the the weighting function.

o)t | =@

To(x) =1,

T (x) = x,

To(x) = 22% — 1,

Ts(x) = 4x° — 3a,

Ty(x) = 8x* — 8z +1,
Ts(z) = 162° — 202> + 5z,

BT 0 05 1
Chebyshev Polynomials
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Proposed Method

I [Lambert’ s Problem l
Step 3 l

[Linear ODE

Generating Function F

F(d¢,0.T)
F(ds,p.T)
F(ps.a,T)
Fo (Pt P T)
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Simulation: 1-dimensional problem

Consider 1-dimensional motion described by
Hamiltonian

2
p
H(Q7p7t) — 7

|

The equations of motion

. . 1
=P P=——">
q2

We solve two—point boundary—value
problem by finding F3 generating

function.
OF3 ory 1
qr = _(9—pf’ (Final position) ot 2
O, (k)
P=—5" (initial momentum) k
q ot

(

Vig)

gt qo

' q
OF5\ 2
8—q) —U(q) = 0(pj eq.)
oF k) )2 1
OFy "y o P27, 1 _

dq 2 q

(GHJB eq.)



F3(q,pf) for 1-dimensional motion

B (ps, O, )k - s

, ©50S8 cooo
— 0TI TN —

0 002 004 006 008 01 012 014 016 018 02

L
0.025 .
0.02 [
~ 0015}
z
0.01 + vi=0
0.005 -

0

0 OJOZ O.IO4 O.IO-S U,IOS Ol.l O.Ilz O,Il4 O.I16 O.IISO,Z
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Ex) F3(q,pf) for 2-dimensional motion

), &5 €[-0.5, 0.5],t =0.3

(Av +Av, )?

4 05

04 4037 %
y Lgs gt X

Taylor series solution about circular nominal Proposed method with Chebyshev
trajectory. polynomials with N=2.

C PR FETIILIDIIAWVEE TH RV S 57,
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Multiple Flyby Design

o TERETORBEBREEDIHIER

QR DEIER T CHRLETHMETIIH LN ORI RN EE ST,
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Multiple Flyby Design

o NERFTORYERTE FHE S

O T TA NN LRI DB RGN THDI-0, H— D7 T4 R E SRR L H S

3@6
R E D Z—F b S O LR RSDITIZL D EEZ VB LT
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Assumptions

o HWELTOX =S NONIEIZIEHEIZ DD DET 5.

o« HX—HyNIEELLTH oM, HEEITEB L.

o HBEEBITIZEDOAL 7 ILATITOHDET 5.

o AL VIVAIZKOBRERIOEEE TNV AT AL DET A,

o A& HMHATIZODOEELVITEE LR,

o BEEDH—FIMABLL CERSLETRNEDET 5.

o MLOHALAEIBNIZ, +3E2<DF—7 Y IPFETHHDET S,

t=t, t=t, t=t
Asteroid N3

_. Asteroid N1
NO LT RTOX—7 o DI
Mar. 9. 2010 N 77944 TFT25%—7 v D



Problem Statement

/° wiz) tyz T (L) =g L= ik I OGBS D 2 — 7 D)
L EHOZ =N MZEE L RERMERT T 743 (217987 5.

IR =

i/ NeT D= RO B E DT LK T TA NSRRI R FEAE AL
ma RO L.

t=t, Geeeeee——) (=i, {EEEE——————) =

T (e LR ) T ([ L= )
Asteroid N3 Asteroid N2 AV, (t,) O

-

-
Asteroid N
NO L T RTOX—T VRO

: TTANAT DI =T v DI

Avnz (tz)

Mar. 9. 2010 N



Multiple Flyby Design

 Analytical expression for total velocity change AV

F, generating function: F(9;,q,T)

Initial and final velocity: v, =i;1(,T)
él:

Vi =%, @OT)
f

Total velocity: AV =3| AV, (t;) EX|V, (t.1) —V, ()]

BERZTZANDIEICLY, BREGEREEREER, T34\ 1DRZTOLE DB
ELTRSND.

[> — &, R B (9, T THITIE, TR TOMAEDE TUERHE BN
IR TED.
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Simulation Results
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Data of Asteroids

e The MPC Orbit (MPCORB) Database S o
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Data of Asteroids

e The MPC Orbit (MPCORB) Database

(June 8, 2009)
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Optimal Multiple Flyby
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Conclusions

o EENOREIHE MW B iR O fRE IR R L.

o JERBRIBDKIGRING, DIgWRNENEE THEET 74 /A Z KT D72
(ZEDE—7 NN D T TANNA T HEDNILNDDIRE T DO DERE
B ERR L.

o i
— Low—Thrust
— Formation flight

— Space situational awareness

Mai Bando and Hiroshi Yamakawa, "A New Optimal Orbit Control for Two-Point Boundary-Value Problem Using
Generating Functions”, Advances in the Astronautical Sciences, Vol. 134, pp. 245-260, (2009).
Mai Bando and Hiroshi Yamakawa, “Orbital Design for Multiple Flyby Mission,” 27th International Symposium on

Space Technology and Science, Tsukuba, 7+2009.
Mai Bando and Hiroshi Yamakawa, “A New Lambert Algorithm Using the Hamilton-Jacobi-Bellman Equations,” AIAA

Journal of Guidance, Control, and Dynamics, (accepted).
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Conclusions
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