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Abstract: For satellite proximation with non-cooperative target, uncertainties and state-
dependent disturbances, this paper is concerned with an adaptive finite-time (AFT) six degrees
of freedom (6-DOF) control. First, to ensure the accurate relative maneuvers, the 6-DOF coupled
system of the satellite is constructed. Then to realize high precision proximity control, an AFT 6-
DOF coupled control strategy with a self-adjustment function is developed. The self-adjustment
function is exploited to improve the convergence performance. Coupled adaptive update laws are
developed to estimate the unknown mass, inertia and disturbance. Comparisons of simulation
are provided to discuss the properties of the AFT 6-DOF control.
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1. INTRODUCTION

Satellite proximity operations play the role of a critical
skill for numerous space missions, such as satellite navi-
gation, junk cleanup, maintaining, space target capturing,
repairing, fueling and space exploration (Oestreich et al.
(2021); Zhao and Duan (2023)). Proximity operations
require precise 6-DOF control technology which include
attitude and position control, it is crucial to space mission
success. The naturally coupled characteristics between at-
titude and position are strong. Traditionally, the control
schemes of attitude (Lee and Gallucci (2023); Zhu et al.
(2020)) and of position (Wang et al. (2021); Zhuang et al.
(2021)) are developed independently, it may result the
satisfactory control performance cannot be realized. The
6-DOF control with considering of the strong couplings
has become a severe challenge.

Various results about 6-DOF control has been proposed
in recent years. Artificial potential function based 6-DOF
approach strategy was presented to simultaneously control
the position and attitude (Wang et al. (2022)). A pose
tracking control structure was constructed for satellite
regardless of inertia and mass uncertainties, employing
the prescribed performance control methodology (Shao
et al. (2020)). A nonlinear feedback 6-DOF controller was
designed with a disturbance observer (Li et al. (2018)).
In practical applications, the uncertainty and disturbance
may decrease the system stability, the aforementioned
works (Wang et al. (2022); Shao et al. (2020); Li et al.
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(2018)) only consider one aspect affect. A 6-DOF con-
troller based on backstepping was developed for satellite
proximation (Zhu et al. (2024)). Based on neural net-
work, a controller was constructed with taking into ac-
count uncertainty and disturbance, where the parameter
uncertainty and disturbance are bounded (Wang et al.
(2020)). For proximity operations with the disturbance
and uncertainty, an 6-DOF sliding mode control which is
essentially PD-type Hoo control was investigated (Kasiri
and Fani Saberi (2023)). The 6-DOF control methods (Zhu
et al. (2024); Wang et al. (2020); Kasiri and Fani Saberi
(2023)) can only accomplish bounded or asymptotic sta-
bility.

For the sake of faster convergence and better robustness for
satellite, the finite-time (FT) 6-DOF control has attracted
widespread interest. A neural network-based prescribed
performance appointed-time control algorithm was con-
structed to satisfy the requirements of the relative posi-
tion and attitude with system uncertainty and external
disturbance (Zhang et al. (2022)). A FT relative motion
controller by employing sliding mode was built for regulate
the relative motion (Liu et al. (2021)). A FT controller
was presented to regulate the satellite to track setting
states with unknown disturbance (Chen et al. (2023)). It
is well known that the disturbance is time-varying and
affected by the aerodynamics, namely, the disturbance is
state-dependent. In aforesaid works (Zhang et al. (2022);
Liu et al. (2021); Chen et al. (2023)), the bounds of the
disturbances were considered to be unknown constants.
Moreover, the system (Zhang et al. (2022); Liu et al.
(2021)) of the modified Rodriguez parameters model exists
the singular point. As far as I known, the AFT 6-DOF con-
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trol problem for chaser to approach a non-cooperative tar-
get with mass uncertainty, inertia uncertainty and state-
dependent disturbance still be an open problem.

Due to the lack of a solution of the open problem, an AFT
6-DOF coupled control algorithm is proposed with consid-
eration of the non-cooperative target, system couplings,
mass uncertainty, inertia uncertainty and unknown time-
varying state-dependent disturbance. This study contains
the following contributions:

(1) Unlike the works (Zhang et al. (2022); Liu et al.
(2021)), a new nonsingular relative motion system
model is constructed, which can avoid the geometric
singularity.

Compared to the above mentioned works (Zhang
et al. (2022); Liu et al. (2021); Chen et al. (2023)),
a coupled AFT 6-DOF tracking controller with a
self-adjustment function is constructed to accurately
restrain the influence of the unknown uncertainties
and the unknown time-varying disturbances related
to states. Furthermore, the proposed self-adjustment
function can enhance the convergence performance.
In contrary to the aforementioned works (Zhu et al.
(2024); Wang et al. (2020); Kasiri and Fani Saberi
(2023)), the proposed coupled AFT 6-DOF tracking
controller can implement the finite time stability with
faster convergence and better robustness.

(2)

2. PRELIMINARIES

Notations. For vector b = [by,ba, -+ ,b,]T € R" and
real number «, ||b|| represents the 2-norm of b, L(b) =
by 0 0 0 b3 by

0 by 0 b3 0 bl]’ b = [b§, b5, -+ ,b2]T and sig®(b) =
0 0 b3baby O

[ign(b1) b1, sign(ba)[bal*, - , sign(b)ba]*]" with sign(b;)
is the standard sign function. For a,b € R**! and skew-
symmetric matrix operator *, a*a = 0, ||a*|| = |la| and
a”*b=—b%a.0, =0 I, =1 and 0,,x, = 0™*"™.

2.1 Control objective

The finite-time 6-DOF control puzzler that the satellite
proximation operations with non-cooperative target, mass
and inertia uncertainties and state-dependent disturbances
is investigated. The control objective is to achieve the
chaser attitude and the chaser mass center synchronized
with the target attitude and the fixed position P respec-
tively within finite time for Fig. 1.

2.2 System model

The coupled 6-DOF system model are given as (Zhu et al.
(2024))
1)

r=v—w r

= 2)

[q] B %(qX +¢l3)w
S _% T
mo = —mw* v+ f +dy (3)
Jw=-wJw+T1+d, (4)
where r € R3 [¢%,¢]Y € R, v € R® and w € R?
represent the chaser position, attitude, linear and angular

Inertia frame

Fig. 1. Space frame and vector

velocities with ¢Tq + ¢% =
Ju Jiz Jig
J =

1, respectively. m € R and

Ji2 Joa Jos

Jiz Jaz Js3
f e R, T€R? dy € R® and d, € R® denote the force
and torque with the physical actuator and the external
disturbance, respectively.

are the mass and inertia matrix.

The model of the target is

’I;'t:Ut—th’l"t

1
{qt} 5@ + G l3)w

2 (6)
1
St _§thwt
mtdt = —mtwtx V¢ (7)
Jywy = _th Jrwy (8)

Furthermore, the vectors
Tpt =Dt + Tt
Vpt = Wy Py + vy
where p, € R? is a constant vector. Then,
fpt = Upt — WtTpt
Upe = Wi Py + 0y
The response error are described as
X
Qe | _ <tq—§(h;% q
Se SS+4a; q
re=1—Nry
We = w — Nwy
Ve =V — Ny,

(13)
(14)
(15)
(16

X

where ¢Tqe + <2 =1, N = (¢2 — ¢Xqe)Is + 2¢eq} — 26.q.
with ||N|| = 1.

In virtue of No* = (No)*N for any o = [01, 09, 03]T and
N = —wX N, one has

Nips = —(w — we) v + (W — we) “ve

17
+(w_we)x(w_we)prt_Nthwt ( )
bl}t = _thlwtx tht (18)

= —J M INT(w = we)) TN (w — we)

then, the relative motion system is modeled as
qe 1 q>< + gel?)

Cl==1"° e 19
e w
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'f’e = Ve — wxre (20) where k17 k2a k3a k47 0 <ac< 17 P15 62 and 65 are
T = —w* Jw — Ju*w positive constants, x = 1 + o1 — €2t is a self-adjustment
¢ 1T ¢ o T 91 function with two positive constants o7y < 1 and o,
HINJTH (N (W = we)) " Je N7 (0 — we) (21) Y = —w*L(w) — L(w*we), 0, m, ¢é1, ¢2, ¥ and 7 are
+7+d, the estimate of 6 = [J]_l,J22,J337J327J31,J21] m, C1, C2,
mie = —mw v, — m(w — we) ™ (w — we)* Npy (22) = ||J|\||Jt 1H||Jt|| and n = m||J¢||, respectlvely, P =1+
— mNp (W — we) SN (w — we) + f + dy |w|| , Y2 = 1+ ||v]|?, e3 and e7 will be introduced in the
design of adaptive update laws which are
Assumption 1 (Zhu et al. (2024)) J and J; are uncertain A T A
constant matrices, m and m; are uncertain constants. The ) 0 =b1(Y we — b20) (25)
state-dependant d, and dgsatisfy ||d,|| < ¢1(1 + |lw||?) and m = =010 (W — we) ™ (w — we)* Np; — 6162100 (26)
llds]l < e2(1 + ||Jv]|?) with unknown constants ¢; and cj. % .
A f tion 2 (S d Huo (2014)) { } and = Bulllw = well we tenh(fyse) = ) 27
ssumption un and Huo 7,q,S,V,w} an 2 B 2 T A
{Tes qesSe, Ve, we } can be directly measured by the chaser. 1= Ballpelllew — well"ve tsnh(ﬁwe) Boih) (28)
Moreover, the target satellite is non-cooperative, in other b = —ey8y 4 &2 ||lwe [|*1)1 & (29)
words, {r¢, qt, ¢, v, w } can not be obtained. L= lwell +e3” % 14+
L 1 (Hardy et al. (1952)) F stants x; and ; L gsllvell*y £
emma (nar y et a SL )) For any constants z; an by = —e5dq + 6/|vell 2 pp= B (30)
[vel| + €7 1+

n
0<a <1 (L frl)” < 3l <0t (X |l
1= 1= 1=

Lemma 2 (POLYCARPOU and IOANNOU (1996)

) F
any 8 > 0 and z € R, there exist 0 < |z| —ztanh(fz) <

where ¢ = e~ (®*1)_ namely, ¢ = 0.2785.

Lemma 3 (Zhu et al. (2011)) Suppose that the Lyapunov
function V(x), constants [ > 0,0 < a <1 and 0 < § < 00
satisfy V(z) < —IV*(z) + 6. Then, the closed-loop system
is practical finite time stable and the convergence region
. 0 V(z(0))
s V(@(T) = a0 W —a)’
where x(0) is the initial value and real number s satisfies
0<k<Ll

or
¢
B’

with reach time T <

3. AFT 6-DOF CONTROLLER DESIGN

An AFT 6-DOF proximation control problem with nonco-
operative target will be carried out as shown in Fig. 2.

Adaptive law of Adaptive finite-time
—pp| AdIP > control force -
1,8, /
@l i d,
Directly measure Self-adjustment 6-DOF “‘{“P““{I' inite-time Chaser spacecraft with
relative variables | | function controller | unknown inertia and
1040 S0sVer @, 7 /T distrbances 4.
v,
A Adaptive finite-time
Adaptive law of
Ly Adaptivelawo > control torque ot
6,9.,¢, T

Fig. 2. Control strategy

The AFT 6-DOF controller is designed as
7= —ki(q) + cel3)"qe — xhosig®(we) — YO

A % (23)
— V||w — we|[*tanh(Bowe —M
o = el Pranh ) — 72T
f = —P1Te — kBSiga(Ue) - k4ve
) o X o X
+Mm(w — we) ™ (w — we)* Np; (24)

621)@1/12

~ 2
—n w — W, tanh K’)) v, _—
Hpt”H 6” ( 5 6) HveH e

where b; > 0 and by > 0 with b1by > 1, 51 >0, 52 > 0,
0162 > 1, 81 >0, B3 > 0, 1S3 > 1, By > 0, Bs > 0,
Bafs >1,e1 21,69 >0,e4>0,e5 > 1,66 >0, g8 > 0.

Remark 1 Due to t > 0, x is a self-adjustment function
with o1 < x < 1+ 1. According to Eqs.(21) and (23), x
can reduce the amplitude of w, and further enhance the
convergence procedure of the we, ge, v and 7.

Theorem 1. For the coupled 6-DOF system (19)-(22) un-
der Assumptions 1 and 2, the system will be practical finite
time stable under AFT 6-DOF controller (23)-(24).

Proof. Defining estimate errors 6 = 6 — 0, m =m-—m,
19:’19—19,77:77—77, 61 :él—Cl andégzég—CQ,a
Lyapunov function is

1 1
V= awTJwe + qu;rqe + 2vgmve + %TTTE
1 1 1
—HTH — — 9?4 —?
+ 3 +261m + 35 +25477 (31)
L o L
+ 26261 + 26662
Let
V=WVi+W (32)
with
1 1
== e +ki1grqe —GTG —192 —&
W1 5We TJwe + k1, qe + +251 +2€2 (33)
1 P11 1 Lo,
V = = T e o e oc YR 9. 34
5 2vemv+2rr+25lm +254 + 2 (34)
Step 1. Analyzing the derivative of V;.
From (19), (21), (25), (27) and (29), one has
. 1 ~p 2 1 ~= 1 .
Vi = wlJbe +2k1qt e + —070 + —99 + —é&1¢4
by b1 )
= wl(—wXJw — JwXw,
+ INJ7HNT (W — we)* TNT (w —we) + 7 (35)

+dy) + k1T (@ + cols)we + 07 (Y Twe — b))
+ &(HW - W6H2wgtanh(52we) - 5319)

€2Hwe|| ¢1)

+1~( 1+
—C1(—€&1C
c 1 1C1 H+53

2 [l
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Because
Jw = L(w)b (36)
Jw*we = L(w*we)b (37)
Eq. (35) can be expressed as
Vi = wl(—w* L(w)f — L(w*w.)
+ JNJ; YN (w0 — we))* TNT (w — we)
+74dy) + kiR (qF + sel)we + 0TV Tw,
— 12070 + J)|w — we?wl tanh(Bowe.)

2
—ﬁg'lg’l? 71~1A1 + ClHUJE” ’(/)1
||w6H + €3 (38)
<wl—w*L(w)d — L(w*w)0 + 7 + d>)

+ kg (0 + sels)we
H T T NIN P o = wel® lwell + 67 Twe
— 12070 + U)|w — we?wl tanh(Baw.)

. = 2
— Bedd — e + &1 [|we[*41
€2 llwell + €3
Under Assumption 1 and 2, using ¥V = —w*L(w) —

L(w*we), ¥ = | JI[IJ7 [l el and [ N]| =1 yield
Vi Sw YO0 +w.+ ||lwellern + Olw — wel|*||ue |
+ kgl (qF + selz)we + 0TV Twe — 52070
+ 9||w — we| 2w tanh(Baw, ) (39)

&1 [lwe*t

— 3300 — ZLéyey +
63 P Cc1C1 Hw5||+53

Applying controller (23), Eq.(39) can be rewritten as

Vv, < W, ( k(g + §e.[3) — xkosig™(we) — Yo
Crwetn
_ 19||w — weH tanh(Bowe ) — 7“60 T+ 53)

+wlV0 + |wellerthr + 9w — wel|?||well
+ kgY@ + seI3)we + 07V Tw, — 2070
+ 1§||w — we|\2wgtanh(ﬁ2we) — ﬂ31§1§

e, ¢ |lwe P
6
€ lwell + €3

(40)

With [lwel[e1yp < % +ezaithr and ez < ey,
Eq.(40) turns into
Vi < —xkawlsig® (we) — U]jw — wel| 2w tanh(Bow, )
_alwelPyn | enllwel*yn
[well + &3 lwell + &3
+0|w — we|[*[|we || = Il|w — we[*w; tanh(SBawe)
+ V|w — we || *w? tanh(Baw,)
+ 9w — we|[PwT tanh(Bow, ) (41)
61”"“’6”2¢1
[well + €3

+e3c1U

— bgéTé — 531§1§ — ?5161 +
2

< —xkow? sig®(we)
+eger + 0w — wel? (Jlwe || — w tanh(Bawe))
— o070 — B30 — ey

€2

By Lemmas 1 and 2, one has

3
Vi < Xk;g(w we) * +eqcr + 5—(1)19||cu weHQ

— bQéTé — 63 19 — —clcl

+a

<275 xkz( w] weﬂ — (k1qTqe) ="

(in”<wWW“
42%_203)12“ (k107 ge) = + <2b19T5>l+a
(ﬂ#)w + (2%2@1?‘ — 52070 — B9
_ %5161 +eq01 + :;i)ﬁHthz
< —KlVllga (TleTg) (Eﬂg)lm
n (27;53) 5 by0T0 — B0 — 55161

3
teaer + 220w
Ba

where Ky = min(21+Taxk2, 1).
According to

a1 - -
010 = 5(H9ll2 —161* + 116+ 6]1*)
1 - -
9 = 5(192 — 92 + (¥ +9)?)
1
&161 2(0% —C% + (61 +81)2)
if LGNTGN > 1, one has
1 =~ by~
L aTh T H < iT o 2 2
(2b19 6)" =" — 1,070 5010 =510

by ~
+ 5||9||2 - —||9+0H2

< (g, - *)||9||2 H6’II2

if%éTégl,onehaS
1
1 ~pz lta AT b2\ 5
— 079 — 0T <1 — 20|
(2b1 )2 2070 < 2||||
by by  ~
Z16[12 = =116 + 0))?
+2HII 2H+||

ba 19
<1+ —|0
<1+ 2)|
then,
~T A b
(= eTe) —bfTh<1+ £||e\|2
2b;
(g2 _pdd <14 2 ﬁg’
261
1 g 1te &1 9
— _ <14 —
(26201) ’ 620161 + 26261
With (47)-(50), Eq.(42) can be transformed into
1+

< -K3V, 2+
where C; = g4¢1 + %—fﬂ”thQ +3+ %2”0”2 + %192

(46)

(47)

(51)

2
262 Cl
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Step 2. Analyzing the derivative of V5.
From (20), (22), (26), (28) and (30), it follows that
S —
o1 Ba

—mw ™ ve — m(w — we) (W — we)* Npy

3 . . ~ A 1 ~ X
Vo = vgmve + plrgre + nm + E—CQCQ
6

= v, (
—mNp (W — we)* N (w —we) + f +dy)
+ p17“g(’Ue —wXre)
+ (=0T (W — we)* (W — we) X Np; — da11)
+7([[pe ]| |w — wel|*v tanh(Bsve) — Bei)

1 =
+ %cz(—ascz + el + &7 )
= v, (—=m(w — we) " (w — we) * Npy
—mNp; (W —we) TN (w — w)
— p17e — k3sig®(ve) —
J’_m(w _We)x(w _We)XNpt

(52)
k4ve

A 2 CoVe2
— w — we|[“tanh(Bsve) — ————
T]HptHH 6” (65 6) ||Ue|| +€7

+dy) + plrgve — ThveT(w —we)(w— we)Npy
— dgmn + 77||Pt|| lw — we*v; tanh(B5v. )
Callve| 42

_ﬂ 7
6771 [vell + &7

C2 Co +
€6

Under Assumption 1 and 2, it shows that
Va < [JvellmllJell|pelll|lw — well? = ksvy sig® (ve)
= l|pell|w — we|[*v¢ tanh(Bsve)
Ealve*2
— ——— + ||ve|le
||Ue|| + &7 || 6” 2¢2
— dyriin + illpe o — we P  tanh(Bsv,)
g5, Coflvell*vo
— —(CoC + - - =
s - |lvell +e7

T
— kqvg ve

(53)
— Benn

m||JtH7 ||'Ue||c2w2 S

2
% + 7099 and 7109 < €3, it follows that

By Lemma 1 and using n =

Vo < —ks(vTve) = 4 llpelllw — wel2(lve|
Eol|ve*ee
[vell + &7
— 7illpelllw — we[*v] tanh(B5ve)
+ 7llpe| ||W — we|*v. tanh(Bsv.)
&al|ve|*2pa

|lvel + €7

— v tanh(Bsv.)) — + esco

— dom

(54)

— Bem) — Cz Co +
€6

< —ks(vFve) T 4 nllplleo — wel 2 (leel|

— v, tanh(ﬂwe)) + egcy — Gy
N €5 .
— Bei)f) — —Cala
€6

With Lemmas 1 and 2, Eq.(54) can be expressed as

. lta 3
Vo < —KaVy ™+ Sl o P
a 1 o
+ egco + ( TTTe)% + (z==—m?) 5
) 2 ) 25 (55)
2 nga 2 1+2(‘z - (5 ~
o5 + () — i

€5 . .
— BeM — —C2é2
€6

where Ky = min(21+Tak3, 1).

With the similar analyzing procedure of Egs.(43)-(50), it
follows that

1

1+o¢ (S 2

52 _ <

(251m) domiin < 1+ 2m (56)
1 5 1ta . Be o

_ _ <148

(2647’) == Bemi) < 14 ) (57)
1 5 1te €5 . €5 2

— 7z — = <1 58

(25602) 660202 +oc (58)

Thus,

¢
nllpelllwe] + eses
Bs

. 5
+ (&r;rre)% +3+ 2m

. lta 3
Vo <KoV, + —

4 Po2y & 2 (59)

2 2 2 g 2
< K2V2 +CQ
where Ca = 2n|pellwe > +escat(GrTre) 2 &
"7 + 25 02

Step 3. Analyzing the derivative of V.

From Eqgs.(32), (51) and (59), one has
V=V+V
1ta lta
<-K1V)? +C1— KV, 7 +Cy (60)
~KV +C

where K = min(K1, K3), C = Cy + Cs.

By Lemma 3, the coupling relative motion system (19)-
(22) with 6-DOF controller (23)-(24) is practical FT sta-
ble, i.e. the control objective can be realized.

Remark 2 The adaptive update laws (25)-(30) are con-
structed to accurately compensate the effect of the un-
known terms included the uncertain inertia and mass and
unknown time-varying state-dependent disturbance.

Remark 3 From the analysis of the theorem 1, the
proposed 6-DOF adaptive finite-time control laws (23)-
(24) can also accomplish the FT convergence of the sys-
tem (19)-(22) with the state-independent disturbances
bounded by unknown constants.

4. NUMERICAL SIMULATION

To show the performance and superiorities of the proposed
coupled AFT 6-DOF tracking controller, numerous com-
parison simulations are studied. The initial state values
are given in Table 1.
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Table 1. Initial state values

State variables

Initial values

r
v
g% <]"
w
Tt
Ut
[q? s Cz]T
Wt

[10,10,10]T m
[0,0,0]T m/s

[0.06,0.69,0.06, —0.72] T

[0,0,0]T rad/s
[3,3,3]T m
[0,0,0]T m/s
[0.2,0.1,0.3,-0.93]T
[0.2,0.2,0.2]T rad/s

The following physical variables are selected as m = 200

75.0 —28.1 —28.1
kg, J = [—28.1 75.0 —28.11 kegm?, m; = 300 kg, p; =
—28.1 —28.1 75.0
50 0 0
[0,5,0/Tm, J; = [0 275 0 1kgm2.
0 0 275

In addition, the parameters of the proposed AFT 6-DOF

controller and the designed adaptive update laws are set
as k1 = 700, o1 = 0.03, 02 = 0.1, ks = 300, k3 = 500,
ks = 500, p1 = 500, « = 3/5, 61 = 100, 02 = 10,
bl = 17 b2 = 17 61 = 057 62 = 10) 63 = 20, 64 = 057

Bs 500, Bg = 10, €1 1000, €2 = 500, ¢4 = 0.5,
€5 1000, €g 500, eg = 0.5. The initial variables
0(0) = [07070707()’0]’ ml(o) = 07 191(0) = 07 ﬁl(o) = 01
61 (O) =0 and 62(0) =0.

The advantages of the AFT 6-DOF controller (23,24) is
illustrated by compared with the PD-type Hoo controller
(Kasiri and Fani Saberi (2023)) f = — = (kp7e + Kaive)
and T fi(quqe + Kgowe), where ag = by = 1,
kpl = 500[3, Kdl = 500[3, qu = (§EI3 —le)sz—f'kpg(l—
§e)13, Kp2 = 700[3, kipg =50 and Kdg = 300]3.

Case 1. For spacecraft state-dependent disturbances dy =
(1 + ||v]|?)[0.2 cos(t),0.5sin(t),0.3sin(t)]T N and d.
(14 ||w|*)[0-2 cos(t), 0.5 sin(t), 0.3 sin(¢)]* N-m, the system
state tracking error curves are shown in Figs. 3-6 under
the AFT 6-DOF controller (23,24) and the PD-type Hoo

controller.

Fig. 3 depicts the attitude errors. The absolute values
of attitude tracking error g.(i) under the AFT 6-DOF
controller and the PD-type Hoo controller converge to less
than 5 x 1073 at 11s and 9 x 10~3 at 23s, respectively,
where ¢.(i) denotes the ith elements of the vector g.
Fig. 4 gives the angular errors. The absolute values of
we (i) using the AFT 6-DOF controller and the PD-type
Hoo controller converge to less than 2 x 1073 rad/s at
16s and 5 x 1073 rad/s at 18s, respectively, where w,(7)
denotes the ith elements of w.. Figs. 5 and 6 plot the
position errors and velocity errors, respectively. Using
the proposed controller, the absolute values of r.(7) and
ve (i) converge to less than 0.09 m and 0.05 m/s at 12s
and 13s, respectively. Meanwhile, using the PD-type Hoo
controller, the absolute values of r (i) and v, (i) converge to
less than 0.30 m and 0.20 m/s at 15s and 14s, respectively.
re(i) and v.(i) denote the ith elements of r. and v,
respectively. Table 2 detailed describe the convergence
time and control precision with ¢ = 1, 2, 3 for Case 1, which
shows that the AFT 6-DOF controller provides higher

control performance.
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Fig. 3. g. using the AFT 6-DOF (a) and PD-type Hoo (b)

controllers.

Case 2. For state-independent disturbances with big
upper bounds dy = [1.5cos(t), 2.5sin(¢), 1.5sin(¢)]" N and
d; = [1.0cos(t),2.5sin(t), 1.5sin(¢)]" N-m, the response
errors are depicted in Figs. 7-10.

Fig. 7 gives the attitude tracking error curves and Fig. 8
depicts the angular tracking error curves. The up bounds
of the errors of Figs. 7(a) and 8(a) are 5 x 1073 at 12s and
2 x 1073 at 16s, but the up bounds of the errors of Figs.
7(b) and 8(b) are 0.01 at 22s and 9 x 1072 at 18s. Figs.
9 and 10 plot the curves of position tracking and velocity
tracking, respectively. It can be seen that the error bounds
of Figs. 9(a) and 10(a) are 0.09 at 11s and 0.05 at 13s,
while the error bounds of Figs. 9(b) and 10(b) are 0.30
at 12s and 0.12 at 18s. Using the AFT 6-DOF controller
and the PD-type Hoo controller, table 3 with ¢ = 1,2,3
gives the convergence time and control precision for Case
2. Table 3 shows that the AFT 6-DOF controller provides
higher control performance.
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Table 2. Convergence time and control precision for Case 1.

Tracking error

AFT 6-DOF controller

PD-type Hoo controller

time(s) precision  time(s) precision
lge (3)] 11 5x 1073 23 9x 103
|we ()| 16 2x 1073 18 5x 1073
Ire(3)] 12 0.09 15 0.30
ve (i) 13 0.05 14 0.20

Table 3. Convergence time and control precision for Case 2.

Tracking error

AFT 6-DOF controller

PD-type Hoo controller

time(s)

precision

time(s) precision
lqe (3| 12 5x 1073 22 0.01
|we ()| 16 2x 1073 18 9x 1073
|7e (3)] 11 0.09 12 0.30
[ve (3)| 13 0.05 18 0.12

G === G g e

a9

L . . . .
10 20 30 40 a0 B0
Time(s)

(a)

0,(1] === 0,7 e 0,03)

08

0g

o
=

a_(radis)

e
o
X

L . . . .
10 2 0 40 50 60
Tirme(s)

(b)

Fig. 4. we using the AFT 6-DOF (a) and PD-type Hoo (b)
controllers.

From Figs. 3-10 for satellite under Case 1 and Case 2, the
tracking error curves are smooth, i.e. the system geometric
singularity is avoided, and the influence of the unknown
uncertainties and the unknown time-varying disturbances
can be restrained accurately by compared with the PD-
type Hoo controller. Combining Lemma 3 and Remark 3,
the proposed coupled AFT 6-DOF tracking controller can
implement the finite time stability instead of bounded or
asymptotic stability.

Considering the Case 1 and Case 2 and to analyse Figs.
3-10 and Tables 2 and 3, the advantages of the proposed
AFT 6-DOF control algorithm are very obvious and it can
be observed as follows: 1) The absolute values of attitude
tracking error ¢.(7) with the AFT 6-DOF controller and
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‘— T FE— ;9(3)[

=

L L L L L
0 10 20 ul 40 a0 &0

Fig. 5. r. using the AFT 6-DOF (a) and PD-type Hoo (b)
controllers.

the PD-type Hoo controller can converge to less than 5 x
1073 at 12s and 0.01 at 23s, respectively. 2) The absolute
values of w, (i) using the AFT 6-DOF controller and the
PD-type Hoo controller converge to less than 2 x 1073
rad/s at 16s and 9 x 1072 rad/s at 18s, respectively. 3)
Using the proposed controller, the absolute values of (%)
and v.(i) converge to less than 0.09 m and 0.05 m/s
at 12s and 13s, respectively. Meanwhile, using the PD-
type Hoo controller, the absolute values of r.(i) and ve (%)
converge to less than 0.30 m and 0.20 m/s at 153 and
18s, respectively. Thus, the proposed coupled AFT 6-DOF
tracking controller can implement the faster convergence
and better robustness by compared withthe PD-type Hoo
controller.
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Fig. 10. v, using the AFT 6-DOF (a) and PD-type Hoo
(b) controllers.

5. CONCLUSION

In this study, for satellite proximation operations with
non-cooperative target, uncertain mass and inertia and
state-dependent disturbance, an AFT 6-DOF control
problem of the pursuing satellite is studied. The coupled
dynamics of relative motion are modeled with consider of
the coupling. An AFT 6-DOF coupled control strategy
with a self-adjustment function is constructed to realize a
good control performance. The comparison of simulation
results show that the AFT 6-DOF control scheme has nice
convergence rate and precision.
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