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The Research Background

Fig. 1 Image of TISS-1 Fig. 2 Image of STARS Fig. 3 Scheme of tethered
(USA & Canada) (Japan) spacecraft system




The Research Background

STS orbit

Fig 4. Scheme of space tether system.




Motivation

Velocity filter overestimated the
speed in the first minute after
ejection, leading the controller to
command additional braking,
which lead to a decrease of
velocity.

Fig 6. YES2 on Foton.
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the Kalman filter algorithm
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System Description

The dynamic equations of the space tether system during
the deployment

I~ 1|(0'+ Q) +Q (3057 0-1)| = I

m,

PO"+ 20 (Q+0')+ %mz $in260 =0

Define the following nondimensional variables:
A=1fl,, T=T/(m},Q%), r=Qt, 5 =ds/dt )

The nondimensional equations of tethered system (1) can be
presented as following

}1'—/1[(9.+1)2—1+300529} =T

,129'+2/1/i(1+9)+312 sin@cosf =0

Center of mass orbit

—

Fig. 6 Schematic diagram of STS




System Description

System Description

Dynamic system equation

Nondimensional variables

Nondimensional equations

l

Euler-Lagrange Formulation

Change of coordinates

4
State-space form

Furthermore, the system can be described in Euler-Lagrange by
M(q)§+C(q.4)q4+G(q)=u

where ¢=[2 0] u=[-r 0] M(q)=M"(q)>0

Then, a factorization of the generalized inertia matrix is used as

M(q)=T"(q)T(a), T(q)

And the change of coordinates (¢ ¢ )T - (x y)T
where x=T(q)q,y =4
Define the mapping and as L(q)=T"'(q).F(q.u)=T""(q )(u -G (g )) (6)

Therefore, the system (3) allows to be converted to a state-space form

y (7)
* ®)



System Description - Velocity Observer Design

[ Main Result ]

Proposition 1. An exponentially convergent speed observer is designed for the STS (2) as follows, and are the
observer states.
0B Of

n=S8(n+p.y)(n+B)+S,-(m+B)+F (yu)- %L ) @+8) P

L {%L(y)} e~ L (y)e,

And the observer state 7,% € R” obtained from the filter
y=L(y)(n+B)-pe, (13)

5=8,(n+B.y)-(n+ B)+S, - (n+B)+F (vu )—%ex—r{%L (v )} e~rL'(yk, (14)

where ¢ :R°xR, >R, and ¢,:R’xR, >R, are gain functions, the mapping g e R*** — R’ is an intermediate
variable, which is defined below, and e€,,e, are the error of the system state .




System Description

[ Observer Design ]

Observer Design

Define a manifold for system

7 ={(nx0,0,%):n+ (3,5, %)-x=0}c R (15) Manifold M4 {x]x=7(£)}

Then give the off-the-manifold coordinate

Z:U_X‘Fﬂ(yaf/,f)
r

Differentiate the aforementioned equation, yields

(71 =5+B(3.5.8)|r—#[n—x+B (1.5.%)]

2
7

== (x,y)x—Szx—F(y,u)+Vyﬂ-L(y)-x+VyﬂyA+VxﬁxA
r

(17)




System Description - Velocity Observer Design

Assigning

op

. . Observer Design
1= F ()= L L () (0 )=~

5 6£x+S2-(77+/3)

(18)

Manifold M= {x|x=7(¢)}

+8,(n+B.y)-(n+B)-r* [%L(y)T e,.—r’L" (y)e,

Meanwhile, defining the errors of the states x and y l
I_ -the-manifold coordinate -I
(19) Off-th fold coordinat

(20) n-x+p(y.3.%)

Replacing equation (18) in (17) , and using the lemma 1, yields

n-=5, (x,y)-x—Sz-x—F(y,u)+Vy/3L(y)‘x+Vyﬂ);;+Viﬂ);c 2 elocity observer

z = —Z

r r
T 7,
Sl(x,y)-z+§l(77+ﬂ,y)-z+S2-z—%L(y)-z—r[%L(y)} \

—rL" (y)ey —iz
r




System Description

Differentiate equations (19) and (20), respectively,
P=L(y)(n+B)-oe,
x=n+pL-rz (22)
meanwhile, substituting * (14) and 7 (18) in differential (20), yields

. i . 5 0
=i p=T L) 20,

sC oty

The error system can be expressed in general Hamiltonian frame, with [ H (Z e,,e

oH | - | )
—_— - r
Si(xy) LT (y) (VAL (y))T ;2 =S,(n+B.y)=S,+V AL (J’)+; 0 0
L 0 0 — 0 0
(y)r aey b,

V pL 0 0 0 0
yﬂ (y)r ol @,




System Description

Define the partial differential equation (PDE) {:1'?
Zyﬂ V.B=58(%7)L(p)+kL (D)

B=S5 (%)L (yA)-y+k1U ()
let the error mapping A=A (y.%e, ( )

:§(77+ﬂy _32)? )+ [ S, (8.59)+kd J[LT(p)-L'(F) L (v )+ S,
)=0

which are satisfied with A, (7,%0)=0, A (y,%,0

the Hamiltonian function (24) can be transformed into

S(xy) L' (y) -r (VyﬂL (v ))T
L(y)r 0 0
Vy,BL(y)r 0 0




System Description - Velocity Observer Design

| Stability |

Proposition 2. Assume the scaling factor

;> :—%(r—1)+2Lkl||A % r(0)21

and notice the factor r satisfied {r € R|r > 1} and &, >0
Proof:
Step 1. (proof of stability of the general Hamiltonian function)

H(z,ey,ex):—ZT (kll—A+£jz—eyTgoley —e! pe, (30)

satisfies the property of  kJ-A+7/r=0

get H(z,ey,ex)SO 31)

when {Z,ey,ex eR” H(z,ey,ex):O}z {z,ey,ex |z=0,ey =0,e, :0}

Stability

Scaling factor
r

Hamiltonian -
Function

PDE l 2}6 e [}

Desired Hamiltonian
Frame

Y

Differentiate the ‘ Differentiate

Hamiltonian functon ‘ the functon
>

Y

Lyapunov candidate function




System Description - Velocity Observer Design

Select the positive-definite function m and its derivative is

Vi=—z2" [kll —-A+ ij =—kz'z+z Az~ qz ‘2
r r

According the Young’s inequality, yields z'Az < %|z|2 + i”A”2 2f
1

Therefore

V1 =—z' (kll -A+ ZJZ =—kz'z+z Az~ ﬁlz |2
r r

k 1 g k
-t o[£ o S aF BF - S =
1

gy "1_(”‘_1).|Z|2 -

S ) i,
2 4 - %ﬂmbb...wwum

: r
H(z,ey,ex)z —z' (kll -A+ ;)z —eyTgoley —el pe, =V, —eyTgoley —elpe <0




System Description - Velocity Observer Design

Step 2. (proof of stability of the extended system) Select the proper Lyapunov
candidate function for the extended system such that

V (sipeor)=H (200 ) s =32 Te 4 el el 45

Then, the derivative of the function
V(z,ey,ex,r) < —%|z|2 —eyT(oley —ejgozex +rr
k| k r?
B e el - (- L

k k 2 2
< _ZI|Z|2 — e — e - Zl(r2 —r)+ ’;{—I“Ay H2+ ’;{—1 A, ?

k

Stability

Scaling factor

<_k|Z|2__ez__ez__1 7‘2_}/ T : v | 3 =
==K pe,—P,e, 4 n Differentiate the Differentiate

Therefore [V(z,ey,ex,r) < OJ

» | Hamiltonian functon | the functon

A

Lyapunov candidate function




System Description

System Description Observer Design Stability

Scaling factor

Dynamic system equation Manifold M={xlr=7(¢)} #

: .|  Hamiltonian
l X n Function

Nondimensional variables

: : PDE s
i . I_ Off-the-manifold coordinate _l . y
: : v

Nondimensional equations n—x+B(y.3.%)

Desired Hamiltonian
Frame

F

A 4

Euler-Lagrange Formulation ; v v

i f| r : Differentiate the Differentiate
Chilic ol eotigmales : ] Hamiltonian functon the functon

Stabilisation via I&I is related to passivity-based stabilisation methods, with suitable storage function.




Contents

The Research Background

System Dscription

Simulation Results 4

Conclusions and Future Work




Simulation Results

Proposition 1. n=8n+p.y)m+B)+S,-(n+p)+F (y.u)- %L ) @+p)

.
op . Op op
—a—f;y—gx—r{gL(y)} ex—rzLT(y)ey

y=L(y)(n+B)- e,

)é:Sl(n+,B,y)-(n+,B)+S2-(77+ﬂ)+F(y,u )—gozex—r{%L (y)} ex—rZLT(y ky

Simulation parameters and initial conditions

k =5,k =10 ? =p,=0.175
u=[—T O]T =0. x1(0)=0.5,x2(0)=0
=[-3y,cos’y, 0] 7.(0)=0.05,4 £(0)=0.75,%,(0)=0
r(0)=1.5




Simulation Results
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Fig. 7 Dimensionless time

histories of comparison
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Simulation Results
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Fig. 2 Dimensionless time histories of the error between the real velocities and the
estimated velocities




Simulation Results

Fig.8 Dimensionless time
histories of the comparison
between y=g=(4 H)T

R . A AT
and y=q=(/1 0) .
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Conclusions

A nonlinear velocity observer to estimate the in-plane deployment velocities of the space
tether system has been presented in this paper.

A crucial PDE

The stability analysis of the proposed velocity observer can be demonstrated based on the
Hamiltonian principle

Future Work

0 Add perturbation to the the measured signals.
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