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1. Introduction

Tethered satellite system (TSS) refers to two or more end bodies connected by flexible tether flying in space.

> space debris capture and removal With the advancement of TSS, these endeavors will most likely

> orbit transfer require systems capable of executing multiple deployment and
» space elevator projects retrieval.

Three dynamic phases: ® Coriolis acceleration. :

> deployment ® External disturbances and uncertainties. How to achieve stable tether
> station-keeping g deployment and retrieval?

> retrieval



1. Introduction

/ How to apply the control action to the system? \
» thrusters at the main/sub-satellites

(large amount propellent; pollution)

» the tension in the tether

(positive tension constraint)

How to address the positive tension constraint?
» constrained optimization strategies

» analytical control laws:

« fractional-order control

« fuzzy-logic-based control Concentrated on single instance of

deployment or retrieval

 sliding mode control

\° /

How to design control schemes for multiple deployment
and retrieval by utilizing the task repeatability?

Sub-satellite

Tether
Thrust

Tether Sub-satellite

Tension




1. Introduction

I T Multiple deployment a@ Tension constraint

a5l e » (_Repetitive work > < Saturation function
Iterative learning control (ILC)

» simple structure

» model-free
> learning from the past control experience | An ILC-based saturated@

- | ™

ey contributions:
1) Based on the studies on ILC for systems with input saturation, an ILC-based saturated controller is developed for

repetitive deployment and retrieval of a TSS, which is a underactuated system.
2) Compared with the past analytical control schemes for deployment or retrieval, the proposed controller can well deal
L with the problem of tension disturbances utilizing past control experiences. 5
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Orbit trajectory
-

—

e —

Tether Sub-satellite

Tension Thrust

2. System description

The dynamic equations:
F.+d

m

0" + 2(17)(0)0 +6')+ % w’sin20=0

I"-1[0" +20'w, +3w; cos® O] = — d — disturbance

F. —tension in the tether

1 E=1/1,u=F,/(ma’l), d(.)/dt=wd(.)/dr

The dimensionless form:

. , ~ & .. >0 to avoid the singular problem
E—E(1+6) —1+3cos’ ]=—u+d

é+2(§)(l+9)+3sin9c056’=0

The control input should be a symmetric domain

. .- . ~ u
satisfied the positive tension Uu=—"""=—uy | |
constraint 2 ne(-—u,_ ,—u_ )
g 2 2
ueO,u__ )

which is equivalent to a
saturation requirement. v
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3. ILC-based controller design

ILC-based tension control law:  #,(z) = sat(F7(&,(2)) =k, (&, (1) + SE, (1) =k, (£, () + &E, 1 (2))

8y the damping force

u,(r)=g,,+8,, +¥(, (7)) — 82, the restoring force

—L+(M—-1L) tanh(
M
sat(A) = A —-L<ALL

L+(M—L)tanh(ﬂj A>L
M-L

\ 4

sat(A) is monotonically increasing with respect to 1

_ w(S,(7) the constant force

g, =sat(p (&, (D) =k, (& (1) +E (D) =k (&, (r)+ L&, (1))
—sat(F(&,(T)—k,(E(1)+ & (7))
g, =satW(&,(0)—k, (&, () + L&, (1))

—sat(y(s,(7)))

§0,j590,ja§0,j39

0,/

Initial condition

4R
. . N N
0,260,150,/ 90’{ ILC-based tension | ) Tethered satellite
control law system
A A
a(7) d
Desired tether Repetitive
length disturbance

gj (T)’ ééj (T)



3. ILC-based controller design

[T heorem 1. Under Assumption 1, the control command governed is stable in the sense of L,[0,7;] norm. ]

Assumption 1. £ ;(7) and £ ;(7) have the same signs for V7 e[0,7;].
Proof.

—

E (7)= %;%néf(r) + % £2(r) —%éf (7)c0s* 0,()

U, (& @)=].""35d5 =V (@)=E,(@0)+U,,(0)+U, ,(0)

0

— E()+¢E 1 (7)
U, (& @) =]

0

V(r)=E (t)+U, (&, () +U, (E(r
/ () / ) b (51 (@) 2J (5] @) Assumption 1. There is no tether rebound in each iteration.

=& (o), (7) —”mTau d)+3&,(r)E (1) +... ) £ (1)g,, <0
E(OW(E (D) +LE, (D) —sat(F(E,) —k,(E(0)+(E, (7))
=&, (1)(gy, +d 368, (0)

(g, +0)—sat(y(s,)—k,0);do

When d—3¢&_(7) has the opposite sign of & (7), we can obtain V(1) <0.
10



3. ILC-based controller design

Proof.

V()0 @VJ (r)=0 , éj =0 O = Let W, be the largest invariance set within the set defined by é (D).
(7)f0=> : .
’ @Vj’o 2V, (), otherwise @ = $.(7), &;(r) and 0,(7) are bounded. &,(7) is unbounded.

1)Dynamic equations £ =0 x, =(&,,n7,0,0)
. J - .o . n7z'
To obtain the set W, » 2)Energy function and its differential —> ¢, =0, 6,0, 0, = By » x, =(&,.(n +%)7z, 0,0)

3)ILC-based controller
Equilibrium points

@ = sat(%umax =3¢, -k, (&,(r)+ gf_jfl(f)))de~ =y(s;,0))

1 — — ~ 1 )
= Eumax - 3§d - kp (5] (T) + ;é:j—l (T)) + d = Eumax - 35] C082 Hj /

=3¢, +k (E,(r)+¢E (1)) —d =3& cos’ 0, !

If cos@, =0, @ doesnothold. Wy 6, =nz W k, >3, & =¢ ‘

@ To limit the pitch angle within 90 deg: V(&) =U, ,(£,)+U, (&)< V|9_i;r \

v (& — — Vs V4 S ’
é:fﬂ i =5t =36, K, 5) > 0 W V() Us O0=E) Wy =5<0, < TV <V (6) e
J



3. ILC-based controller design

Theorem 2. For tethered satellite system studied in this paper, by using the ILC-based tension control law (9), §_J will

converges to 0 along the iteration axis.

Assumption 2. Tn each iteration, the initial conditions X, , = (&, .6, .4, -6, ;)" have the same value.

Proof. Step 1). Address the non-increasing property of the energy function along the iteration axis.
AE ()= E(T,)-E,_(T,) Note: E,(Ty) =V (T,)-U, ;(T,) - U, ;(1;)
‘ According to Assumption 2
D = AE,(T}) =jT° V(T)dr—jToU.(r)dz-

= [ &N+ g e =365 [ 36+ 7(8) = sallF(E,) ~ k, (6= £,)dS

() U

i BN satly (&;)—k,(6 —&,)]}do
V020 " sall 7€) -k, (5] 20

@ = AL,(T) <[ " —satlif(£,) ~k, (6~ £)11d5 <0

oy st B tnoshmsshg tgitsis e & N



3. ILC-based controller design

Step 2). Prove the uniform convergence of gj .

E,(7) has the opposite sign of &, .

&, 1s first increasing and then decreasing in the sense of L,[0,7;] norm. Correspondingly, £,(7) is first

decreasing and then increasing.

E, (1)) 1s also lower bounded because & j(r),f (7),0,(7) and éj (r)are bounded in the sense of L,[0, 7] norm.

‘ According to Assumption 1

D= £,() = £, + Y AE) < BT~ [ 1158 o176~ (0,110
®:}ggz Ji o ol () k(5= £,)}d5 =0

¥

[ 9?](73) will converge to zero in the sense of L,[0,7,] norm. }

13
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4. Numerical simulation

» Simulation parameters of TSS

Parameters

Values

The dimensionless time domain of deployment phase
The dimensionless time domain of retrieval phase
Learning gain
Initial condition of the case

Parameters of saturation function

Velocity gain

Length gain

7 €[0,3 orbits)
7 €[3 orbits, 6 orbits]

£ =0.08

x, ;= (0.1,0,0,0)"

M=5,L=499
k =4
k =3

15



4. Numerical simulation

., dimensionless tether length

06, pitch angle

» Case with external disturbance [  —_ .. —=0] ]
09 ‘7" — r- =1 0.4 /,—-
— ] D e i=5 \
d =0.01sin(77/2) i // | T - o
o7l 1 \\ ] }
1.05 [ \ y
oof | \ <
W \
] 0.5 i 7/ l§\ /
Pl Sk D 0.4 / ! L -
A e R et et o RO W/ i ]
1.00 Fa— 03 / ! Sj=5
I3 ',/ / o2l \.‘\ =10
/". 1 {\\'\ |
/ / o1 - 1w}
0'950.'8 12 * 16 * 20 0 0 | 1 | 2 | 3 | 4 | 3 . 6 ~, e 3 . 4 . 5 . 6
Orhits | | e ’ Orbits
04 dimensionless tether length rate — |, 06 pitch angle rate
03k ‘ j=0 [ 04t A
» (EEEESrEEE
02 UL\ """ j=5 ] 02 \
, ——-j=10 | , L '\ N ,
L P AN
The proposed ILC- "% A U VAN
. : I N\ 1 : I i |
based controller achieves 0.0 X g 02 o8
4 L / ] !
the desired length faster o 7 04 Yo —i=0]
. --—j=1
than the results in OH : A / 1 e ES R R S e N s
5 3 0.2 ’“\\/’ -0.6 =10
iteration. , Y] | / ,
03— ‘ ‘ ‘ ‘ ‘ 0.8 — : : : : :
0 1 2 3 4 5 6 0 1 2 3 4 5 6

Orbits Orbits



4. Numerical simulation

> Case with external disturbance v Assumption 1. fj_l(f) and f.j (7) have the same signs for vre [0,7,}
d =0.01sin(zz/2) 10
51 dimensionless tension ‘ —T e —
i —J= 0 | > There 1s no tether rebound
(1) - /=l 0s vl in each iteration.
4 J=3 A
i —-—-j=10] | / | ue(0,10)
\ /
3 P (
4 %90 0.1 ‘ 02
> ] 1
5 ,i/ | v" The tether can hold the tension mutation under the proposed controller.
i \
\
f i
\\ 42 ‘
lé “.\ \\ T:3:§d:1_)5d20'01
\ ] | \ ]
%-—}r \\
CO ‘ ‘ nhll ‘ 36 \ MG(O,IO)
0 1 2 3 4 5 6 N\
Orbits \

3.0

29 3.0 3.1 32 17
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5. Conclusions

1) The ILC-based tension control law is proposed for the multiple deployment and retrieval of TSS with input saturation.

2) Stability of the controller is validated using Lyapunov function and LaSalle’s invariance principle. The learning

convergence of the closed-loop system is proved based on the system's energy function.

3) The control scheme can enhance the controller's performance during repetitive missions.

\

/
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