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~ Fuelless FF Control Concepts

m Tethered satellite formations
m Electro-magnetic interaction
m Atmospheric drags

m Solar pressure
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Momentum exchange

FF Control Concepts

m One satellite creates
momentum by ejecting
an additional separable
mass

m The other one then
captures and redirects
It back

m The repulsive force is
obtained




m The momentum from lasers for

repulsive force

Y. K. Bae. A contamination-free ultrahigh precision formation
flying method for micro-, nano-, and pico-satellites with
nanometer accuracy. In Space Technology and Applications
International Forum- Staif 2006, volume 813, pages 1213
1223, 2006.

Continuous stream of mass
travelling between the satellites

S. G. Tragesser. Static formations using momentum exchange
between satellites. Journal of guidance, control, and dynamics,
32(4):1277 —-1286, 20009.

Liquid droplet streams
exchange

T. Joslyn and A. Ketsdever. Constant momentum exchange
between microspacecraft using liquid droplet thrusters. In 46th
joint Propulsion Conference, volume 6966, pages 25-28, 2010.




Single mass exchange
control concept

m By command the single
mass separates from the
satellite

m The separated mass
moves to the other
satellite and impacts it
absolutely inelastically

the thrower before exchange

m After the whole mass "

) e separable mass
transfer the resultlng the thrower during exchange
relative trajectory changes = (hefhrowerafier exchange
In adjustable way .







Boundary problem:

What is the initial relative velocity of the mass requir

Initial conditions:

Xy = X(t0)1 Yo = Y(to), Ly = Z(to)’
Thefinal position:

X = X(tl)zo, Yi = y(tl):O’ 4= Z(tl):O'

Hill - Clohessy - Wiltshire equations:
X+ 2w =0,

V+w’y=0,

7 —2w%—-3w°72=0

The exact solution:

Xx=C, —3C,wt +2C, coswt — 2C, sin wt,
y=C;sinwt +C, cosat,

z=2C, +C,sinwt + C, cos wt

‘“The Problem Formulation

- 2,
to hit the thrower” The thrower

] 17

®
X The separable mass

The catcher z

C :Zz(t)+wC :z(t")
1 0 W 12 W '

2X(t,)

22(t,)

C3=—3Z(t0)— ;C4 =X(t0)—

C; = y(tO) ,Ce = y(to)-
w
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m Analytical Problem Solution

Throwing mass relative velocity:
1 :
OX=—X, —2Z,0+ X[xoa)sm u+2z,m(cosu—1)],

: : cosu
Oy ==Yy = Yo,
sinu
1 :
0l=-1,- X[2xoa)(1— cosu)+ z,w(3ucosu —4sinu)],
where u = o(t,, —t,), A =3usinu—8(1—-cosu).
The resulting thrower satellite velocity after mass throwing
m
Vi =V, —Mév.
The resulting catcher satellite velocity after mass catching

m
v (t,)= Y +mvs(tm).

For instance, the final relative trajectory C, constant:

61:(2204-)(0 +k(k+22).X0C_OSS_ZZoS|nS_
o) (k+1)? 8sins—6scoss .




Example: Obtaining a closed
relative trajectory

Let C,, =C,, for the closed relative trajectory, Solution of equation with respect to s=a(t, —t.)/2
then obtain equation is a time required for mass exchange.
%) k(k+2) x,c085—2z,sins Consider an example with C, =10m,
2o : _ :
(220 + a)j (K+1)7  8sins—6scoss 0 then obtain t,, =8070s,|5v|=0.85m/s.
m— g axchante
-100 — " o
| e . "‘ T ‘J ~1 Relative trajectory
) ‘ 0 200
-500 -400 -300 -200 -100 0 100 200 300 400 -200 y, m
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Reconfiguration

Let C, . =C,,=0 for the final relative trajectory, Solution of equation is a

then obtain equation time required for mass exchange.

u . u3u__u . u Consider an example -
xocosg:2205|n§,?cos——4sm—¢0.

circular relative trajectory

X +y° +2°=8a°

150 B A o : ‘ the thrower before exchange
: : : . the separable mass

the thrower during exchange

the thrower after exchange

the catcher after exchange

100

50

200 300 400

400 00 200 -100 0 100

Relative trajebtory 10



Optimization problems

Trajectory parameters C,...C,(t,,t ) are functions
of the time of throwing t, and time of catching t_
Consider following minimization tasks:

The trajectory shape is closest to the initial one

@, (t,,t )=(A-A)?+(B-B)’

where A=/CZ +CZ, B=/CZ+C!

The energy - optimum exchange

D, (t,t )H Ml =% +6Yy° +67°

The time - optimum exchange

CD3(te1tm) =1, -t

Demand to be the final trajectory closed C, =0.

Wiy
i

GOl

A
i

il

The problems are solved numerically.

e,
i \‘\“’:‘% i

LN
i
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Consider an example

X, =242m,y, =67m, z, =140m, x, = —0.2244m/s,
Y, =0.11m/s, z, = 0.11m/s,w = 0.0011s ™,k =1/ 20,
then

A=100.7m,B =120.4m,C, =76m,| v |=1.30m/s.

The trajectory shape is closest to the initial one
t, =4380s,t =5286s, At =9065s E
v|=1.3m/s, AA=0.5m,AB =4.6m

The energy - optimum exchange

t, =1806s,t  =2424s,At =618s

|v|=1.25 m/s

The time - optimum exchange

t, =925s,t =1025s, At =100s

|v|=2.86 mis.

400+

200

¥ f ‘
-

Optimization problems: Examples

time-optimal
energy-cptimal

closest to the initial one

500

X, m

Relative trajectory
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Errors analysis

Assume errors in mass ejecting mechanism.
Consider a manipulator capable to catch

the mass in a sphere with radius R.
Errorsintime

If the mass is ejected at time t =t, + &,

then for previous example ¢, <1.13s, if R=1m.
Errorsin velocity

Let separation velocity be oV +&,

then the ellipsoid of errors is

R°w” = A’ + ng +Ce’ +2D¢, ¢,

where

A=8(1—-cosu)+12sinu(sinu —2u) +9u?,

B =sin®u, C =5+3co0s”u—8cosu,

D =6(sinu —u)(cosu —1).

For previous example g, <0.11cm/s, iIf R=1m.

13
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Conclusions

& =

m Formation flying control by mass exchange is
proposed

m A set of optimization problems of concept Is
presented and solved

m The errors in ejecting/collecting mechanism
could be estimated and accounted

m S0, the mass exchange control concept could
be applied successfully to solve a problem of
relative motion maneuvering
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