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Abstract: This paper addresses an integrated relative position and attitude control strategy for a pursuer spacecraft flying to a
space target in proximity operation missions. Relative translation and rotation dynamics are both presented, and further integratedly
considered due to mutual couplings, which results in a six degrees-of-freedom (6-DOF) control system. In order to simultaneously achieve
relative position and attitude requirements, an adaptive backstepping control law is designed, where a command filter is introduced to
overcome “explosion of terms”. Within the Lyapunov framework, the proposed controller is proved to ensure the ultimate boundedness
of relative position and attitude signals, in the presence of external disturbances and unknown system parameters. Numerical simulation

demonstrates the effect of the designed control law.
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1 Introduction

By virtue of growing space activities worldwide, au-
tonomous spacecraft proximity operations have received in-
creasing attention in recent years. Especially, their great
application prospects and importance have been gradually
shown in missions including space debris removing, in-orbit
satellite maintenance, spatial refueling, spacecraft forma-
tion flying, and space station installation. Furthermore,
several programs have been brought forward and even devel-
oped as technology demonstrations, such as NASA’s DART
programm, SSC’s Prisma projectm, and Orbital Servicing
Limited’s CX-OLEVE!. 1t is noticeable that, to ensure
these missions’ success, autonomous rendezvous with pre-
cise position and attitude control is the key technology™.

The background of this paper accounts for the problem of
forcing an active spacecraft, namely pursuer, to approach a
target spacecraft in proximity, and simultaneously enabling
the attitude of pursuer synchronize with the target.

In view of space operations, the kinematics and dynam-
ics of the spacecraft always perform highly nonlinear. Early
studies usually separately considered the translation and
rotation maneuvers of a spacecraft®®. However, the or-
bital and attitude subsystems are mutually coupled, which
is mainly due to the dependence of the thrust orientation
for translation control on the spacecraft attitude and the
thruster configuration. Therefore, different from the sep-
arated control strategy, the proximity operations in con-
sideration fiercely necessitate a systematic precise control
strategy for 6-DOF coupled position and attitude motion of
a maneuverable pursuer spacecraft. This challenging prob-
lem has been increasingly focused on in recent years[7713].
Reference [7] proposed an adaptive nonlinear tracking con-
trol law to ensure the global asymptotic convergence of the
relative translation and attitude position tracking errors.
Using the same model, an output feedback tracking con-
trol to achieve the same goal was put forward in [8]. A
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nonlinear integrated position and attitude suboptimal con-
trol method, namely 6-D technique, was presented to cope
with spacecraft proximity operations, including space de-
bris capture!® and tumbling target approach!'® . Refer-
ence [12] designed a globally stable chattering free sliding
mode robust controller to enable both position and attitude
tracking error converge to equilibrium, where a thruster
layout was considered. Reference [13] utilized three non-
linear state feedback controllers, involving passivity-based
PD-plus controller, sliding surface controller, and integra-
tor backstepping controller, to solve the problem of tracking
relative 6-DOF motion in a leader-follower spacecraft for-
mation.

Owing to the recursive use of Lyapunov functions, in-
tegrator backstepping is regarded as a powerful nonlin-
ear control method leading to a wide application[w*w].
Nevertheless, it is important to note that the standard
backstepping technique easily suffers from “explosion of
terms” caused by repeated differentiations of desired vir-
tual controllers!’®=2°).  To surmount this flaw, a dy-
namic surface control (DSC) technique was proposed and
developed!™®~19 where a first order filtering of the synthe-
sized desired virtual control law was introduced at each step
of the backstepping design procedure. Reference [20] came
up with a command filtered backstepping method, where
a second-order filtering of the command signal was used to
obviate the need for the analytic computation of the desired
virtual control and its differentiations. Moreover, the rigor-
ous analysis of the command filter on closed-loop stability
was stated with Tikhonov’s theorem.

In this paper, based on the 6-DOF translational and ro-
tational dynamics of the pursuer spacecraft relative to the
target spacecraft®, taking thruster layout into account, an
integrated position and attitude control strategy is designed
by using adaptive backstepping technique and singular per-
turbation theory, where a command filter?” is used to over-
come the “explosion of terms”. It follows that, by using
Lyapunov theorem[22‘23], the proposed control law guaran-
tees the ultimate boundedness of the relative position and
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attitude signals, in spite of unknown parameters and exter-
nal disturbances; moreover, the corresponding bounds can
be made arbitrarily small by adjusting parameters appro-
priately. A numerical simulation illustrates the effect of the
designed control law.

The rest of this paper is organized as follows. In Sec-
tion 2, the translational and rotational coupled dynamics
of the spacecraft are stated. Then, an integrated trans-
lational and rotational adaptive backstepping control law
is developed for the coupled system in Section 3. Next,
numerical simulation results applying the proposed control
law to a scenario of forcing a spacecraft to pursue a space
target are presented in Section 4. At last, Section 5 draws
the conclusions.

2 Problem formulation

In the scope of this study, a pursuer spacecraft is con-
sidered to approach a space target in proximity with si-
multaneous attitude maneuvering. Hence, to precisely con-
trol the relative position and attitude of two spacecraft, the
relative translational and rotational dynamics modeling is
necessary. To this end, several frames are described first,
and then based on [21], the relative position and attitude
coupled dynamics are formulated.

As shown in Fig. 1, the inertial frame is represented by
the standard earth-centred inertial (ECI) frame F;. Addi-
tionally, the orbit frame is the standard local vertical/local
horizontal (LVLH) frame F; centered on the target with the
basis vectors of the frame being defined as e, = r;/r:,e9 =
en X er,ep, = h/h, where h = r+ X 7+ is the angular momen-
tum vector of the target motion orbit and h = |h|. The
relative position vector between two spacecraft is denoted
by

pP=71p, —T, =€ + Yyey + zey. (1)
iA )
AN €
., "‘Target
-------------------- P
>,

rP

Pursuer

Fig.1 Coordinate frames

Moreover, the body frames of the pursuer and target, Fp
and Fyyp, are also respectively formulated with origin in the
corresponding center of mass and unit vectors coincide with
their principal axes of inertia.

According to the basic equation of the two-body problem,
the nonlinear relative dynamics can be represented in frame

F: as
mpp + Ce(V)Pp + De(V,%,7p)p + ne(rp,7e) = Fa + Fa (2)

where my, is the mass of the pursuer; v is the true anomaly
of the target; F, € R? is control force vector, while Fy

denotes disturbance forces; C¢(¥), D¢(V,%,7p), ne(rp, )
yield

0 -1 0
Ci(y)=2mpy| 1 0 0 3)
0 0 0
R S B
Tp
. . B2
Dt(77’777np) = mp v rg v (4)
0o A
r3
P
Tt 1 T
mrpr) =m| o 0 0L @

On the other hand, the relative attitude kinematics can
be expressed as

q=T(q)w (6)

where qu[ qo qE } is the unit quaternion represent-

ing the relative attitude of two spacecraft, satisfying the
constraint4

@ +9,9, =1 (7)
with g0 € R, q, € R?, and

—q;

gl +S(q,)

=

T(q) = 5 T@'T@ =7 ®

where S(q,) = g, % is the cross product operator.
The relative angular velocity between frames Fpp and Fyp
expressed in frame F; is governed by

__ . pb pb tb
w=w; ., — Ryywi 9)

where w’®, denotes the inertial angular velocity of

i,pb
frame Fpp expressed in frame Fpp; while wff’tb denotes that

of frame Fy, expressed in frame Fip. Rff represents the
transformation matrix from frame F, to Fpp and yields

R = (¢) —q.q,)] + 24,4, —2q0S(q,).  (10)

Furthermore, the relative attitude dynamics can be ob-
tained in frame F;, as

Jpw + Cr(w)w +nr(w) =74 + 7o (11)

where T4, T, respectively denote the control torque and the
disturbance torque; Cr(w),n,(w) yield

C.(w) = JpS(R?:Wz?,btb) + S(ngwf,btb)*]p -

S(J ,(w+ R witw)) (12)
nr(w) = S(ngwf?tb)Jprfwatb -
JoRY TS (W) T ewit, (13)

where J, and J; are inertia matrices of the pursuer and the
target, respectively.

Define
cofteft]
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and combining (2), (6) and (11), the integrated model can
be expressed as

xr1 = AZQ
{ Mp¢2:F+W*C$27Dx17’n (15)
where
1 o0

A_ 0 T( :| :Mp |: :| I
o_| e 0 ] b [Dt(v A7) 0}7

0 C.( 0

nr( Td

As mentioned in Section 1, the major coupling between
position and attitude dynamics results from the depen-
dence of the thrust orientation for translation control on the
spacecraft attitude and the thruster configuration. There-
fore, for integrated control, the thruster layout should be
considered. According to [12], suppose the pursuer space-
craft shows a cuboid shape with total six thrusters fixed
as shown in Fig.2. Considering each thruster generates
a force fi, i = 1,2,---,6, and defining thrust vector as

T
f= { fi fo fs fa fs fe ] , the control input F in
(15) can be thus expressed as

p_ | Fa | _| RuRi
Ta 0

where Rib denotes the transformation matrix from Fyp, to
Fi, and the thruster installation matrix Ajayous is given by

; ] Avonf =Af (16)

Alayout:
0 0 1 -1 0 0
0 0 0 0 1 -1
1 -1 0 0O 0 0 (17)
L L L L
R Y o 3 3
0 o -7 -7 3 7
)
Js
H 5oL
‘;:Lz
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L

Fig.2 Thrusters installation

Meanwhile, it is worthy noticing that, considering some
of targets are non-cooperative, the inertia matrix of the
target J: may be not measurable, which incurs the term
JRI TS (w ) Jiwlh, in (15) is unknown. To facilitate
the parametrization of the term n in (15), with the defi-
nition of a linear operator £ : R®> — R3*® acting on an

T
arbitrary vectora = | a1 a2z as } such that

ar O 0 0 asz a2
[,(0,) = 0 a2 0 as 0 al
0 0 as az ail 0

the transformation!®
J sz?Jt 15(% tb)Jt% w=U0 (18)

where

0=U.0; € R**, U =U,Us € R****,

T 6
9t:[Jt11 Jioo Jizz Jiaz Jus Jt12:| eER’,

- AT
U= . €R324><6’
| Al
[ s «+ Oixs
A= : : RV i=1,2,---,18,
L Ol><3 51

51' =TO0W; (U2)

ERP U, =U3J;!
0,  Osx1 Osx1
Us=| Osx1 0 Osx1
| Osx1 Osx1 O

18x3
€ R°%°,

18x3
e R"™*7,

T
9p=[Jp11 Jp22 Jpaz Jp2s Jpi3 JplQ] €R°,
U4:[ L(R)) L(R:) L(Rs) ] € R¥®,
Ry =col,(RY) € R’ k =1,2,3,

¢ Ol><18

Us= : - : € R
O1x18 -+ ¢

o=| of @3 o of of of | eRV,

6; = coly (S(ih)L(wil)) € RS, j=1,2,+ 6
transforms the nonlinear term n into
n=no+ N0 (19)
where

ny (Tt, Tp) 0

’ [ S(RYywity) TR wily, } ’ { U
Besides, for the bounded disturbance W, including gravi-
tational variations, atmospheric drag, solar radiation, and
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third-body effects*"?%! satisfying
W]l < duw (20)

where the bound d,, is a known constant.

Since we aim to make the pursuer have no relative motion
with respect to the target, the desired relative position and
attitude quaternion should be, respectively,

p.=0,q.=[1 0 0 0

Then, the relative position error and attitude error can be
respectively obtained as

e,=p—p.=p, d=4q, 0og=q.

It is worth mentioning that, the relative attitude error

it =47 = [ g qr } has two equilibrium points, i.e.,

T
+1 0 0 O ] , representing the same physical orien-

tation. To facilitate the following controller design, the
equilibrium point of g should be determined first. Accord-
ing to [13], to minimize the path length, the selection of
equilibrium point can be determined by the given initial

T

condition. Specifically, choose [ 1 0 0 ()] as equi-
T

librium point when ¢o(0) > 0, while [ -1 0 0 O } is

chosen for ¢go(0) < 0; meanwhile, it is further assumed that
the scalar part go does not change sign, i.e.,

sgn(qo(0)) = sgn(qo(t)), Vt >0 (21)
which leads to that
l—q<1l-q¢=4q4,. (22)

Without loss of generality, this paper only considers the
T

case ¢o(0) > 0, equivalently, [ 1 0 0 O ] is chosen as

the equilibrium of ¢ and qo(t) > 0.

Let
G| % |eR, e=| 1] (23)
eq ’ qv

Meanwhile, define
= T 117 6
zi=[p" a | €R (24)
and according to (22), one has
Z1d <z D 'E, (25)
and another useful property
ATz, =T7, (26)

where I' =diag{ Isx3 %ngg }. Then, combining (16),
(23) and (24), the coupled dynamics (15) can be rewritten
as

é1:A$2 (27)
M,zs = Af + W — Czx, — Dz1 — no — NO.

Recalling that we aim to make the pursuer approach the
target with simultaneous attitude maneuvering, the prob-
lem can be formulated as follows.

Problem 1. For the coupled relative translation and at-
titude error dynamics (27), design a control law f such that
the states Z1,x2 converge to zero as closely as possible in
spite of the bounded disturbance W and the unknown term
6 in (18).

Remark 1. In view of the thruster configuration, it
should be pointed out that the configuration shown in Fig. 2
is not unique. However, any thruster layout should ensure
Alayout is invertible. To this end, for the 6-DOF dynamics
in (15), it is necessary to assemble at least six thrusters. If
possible, more thrusters may be expected; as a result, the
column of Ajayout may be larger than 6, yet it is noticeable
that the following rank condition should be satisfied

rank(Ajayout) = 6. (28)

Thus the inverse of Ajayout can be obtained using pseudoin-
+ .
verse Alayout.

A+ - (AEa‘youtAlayout)ilArlIe‘xyout' (29)

layout

3 Controller design

To deal with Problem 1, in this section, motivated by
singular perturbation theory, an adaptive backstepping con-
troller with a command filter is proposed; meanwhile, the
ultimate boundedness of relative position and attitude sig-
nals is guaranteed by Lyapunov theorem.

In view of the error kinematics in (27), i.e., T = Azxo,
using the standard backstepping methodm]7 the desired vir-
tual control can be easily obtained as

z9. = K1\ %, (30)

where K1 is a positive definite matrix to be designed; then,
it can be easily derived that, the first order derivative of
desired virtual control &3, will be contained in the final
control f, which is not anticipated. In order to eliminate

this “explosion of terms” and make the controller simple,

the following second order filter, namely command filter(,

{ 2':1 = WnZ2 (31)

22 = 72(‘“-’7122 + wn (mgc - $26)

is used to estimate terms x5, &3, by using €a., 2. given by

{ Loc = 21 (32)

Toc = WnZ2
where (,w, € R are filter parameters. Meanwhile, define
Zi:z = T2 — T2c. (33)

Next, let € = 1/ws,, then the command filter (31) can be
rewritten as

€2y = —2(2z2 + (23, — 21).

{ Eil = 22 (34)

According to singular perturbation theory[23], at e =0, the
unique roots of equations (34) can be obtained as

z1|a:0 = mgcv 32|5:0 =0. (35)
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Moreover, the following change of variables is used to make
the equilibrium point of the filter (34) as zero. Let

L] w
0 (34) is equivalent to
{ 591 =y, — ek, (37)
€Yy = —2(Y> — Y1
In order to simplify (37), noticing that
Ty =& + 21 = &2 +y, + T, (38)

and utilizing the property (26), one can thus obtain

Ty, = 7K1Fi1 =
—Kero.’L‘z =
K\ TAoK A", — K\TAoZs — K1T Aoy, (39)
where
I 0 I 0
Ao = 1 < 1. . 40
"L 0 5 (I +SG,) 0 I (40

Then the command filter (37) can be simplified as
ey = Aoy — ch (41)

where

0 I

Ao =

0 [ -1 -2 } ’
h: K1FA0K1AT5:1 —Kero.'I:Q —KlFAoyl
0

Therefore, (27) and (41) constitute a full singularly per-
turbed system. To control this system, an integrated con-
trol strategy is put forward in the following theorem.

Theorem 1. For the system (27) in conjunction with
the command filter (31), given scalars k, kq, kn, ko, o, 3,
¢, wn > 0, and matrices

kI 0 1
K1:|: 0 8kI:|,K2:(k+2)16><6 (42)

_| € 0
Po=| U 0} (43)
G=| (C+3)1 3] (44)

if

1 2
wnBhy = 2kkgB]|Poll = — (5 + V1+ kkBIGI) >0
(45)
then, the following adaptive control law
fZA_l(C$2c + Dz1 4+ no +Né+Mp¢2c —
A% — Kos) (46)
6= —aknN &, — kb (47)

ensures that the system signals Z;,x2 are ultimately
bounded; moreover, the corresponding bounds can be made
arbitrarily small by adjusting parameters appropriately.
Proof. In view of the filter (41), substituting the control
law into the system (27) obtains the closed-loop system

= 7AK1AT571 + Azo + Ayl
M,y = —AT# — K&y + W — CZ, + NG
ey = Aoy — eh
0 = —ak,NTZs — ko).

(48)

Then, by defining the estimate error as 6 = 6 — 60 and letting

~ T
e=|al a5 y" 07] er® (49)

a composite Lyapunov function V is constructed as

V() = 25T, + 2aTM 32 + By Py + L grg (50)
2 2 2kn

where the matrix P > 0 is selected to satisfy the following
Lyapunov equation

ATP +PAy = —Q (51)

in which @ € R%*% is a positive definite matrix chosen
as @ = kqI. Moreover, let the solution matrix P to the
Lyapunov equation (51) be

. | Puu Py
P_[ P, P, ] = { P P } (52)
which results in
kq kq kq
P11—(k C-i— C)I Py, = I sz—? (53)

Taking the derivative of V' with respect to time gives
V—aiT3 + azTM, 5, + 8y Py + Sy" Py + kiéTé _
h
ozt (—AK ATE + AZy + Ay,) — aiy CEa +

aiy (—A"Z — Koo + W + N§)

ﬂ y" (ATP + PA))y—28y"Ph + — k i) <

—a:i:lTAKlAT:izl — a@y KoZo + aia W + (54)

aFT Ay, — gyTQy — 28y Ph + kiéT(éJrakhNT@Q).
h

By using (52) and (53), one has

Ph = Py (K:\TAcK 1A &1 — K1T'Aos — K1TAoy,)  (55)
and thus
B, r ko 5v
V< —aZ ITK\TE) — azy Kois — Y TQy - % =076+

oz Ay, — 79T0+ ais W —
QﬂyTP1K1 (FAOKlA .’171 — FA().’%Q — FAoyl) (56)
Noting that

5T lery 1,7 ~T 1 7. 1 9

and utilizing (25) and (44), transform (56) into
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~ T ~
T T
Zo S O o
V < +
y O -3 ||
0 0
ko v a o
v ~d? <
Zkhg 0+ de =
ETHE+n <KV +1 (58)
where
o A (H).
G2
a 1
g2—max{§, §AmaX(Mp)7 ﬂ)\max(P), m}a
o [ S Si2 ke T Q o
Si Slg 522 :| 777 o Qkh maX{o 9}+2dw7
—akl 0
S11: 0 —a (KQ—EI) )
L 2
5 [ % { A O ] — BAKAITK, PT
I BATK PT ’

SQQ:—§Q+25[ P.K.TAy 0 }

Then, with the gain matrices K1 and K> in (44), one has

511 = —OCICI,
—1aT B 1 T
S22 — 81287 312:72Q+25[ P.K.T'Ao 0 ]+@sms12
and
_a| AO AK, T T
Sio = 5 [ 0 0 Jé] I ATK.1P; =
al|l A O AK
Sl ol =B8] 7| ATE [ (e hr fr | =
al A O AK T
1o ol kBl ]AOG.

According to Shur complement lemma, S < 0 is equiva-
lent to

811 <0 (59)
S22 — 81281187, <0. (60)

Hence, noticing that
[ PrE2TAo O [ <K|[[ Py O ]|[ = kkql|Pol|

and

[[S12]] < % + V' 1+ k2kk, 8|G||

if condition (45) holds, then S < 0. Furthermore, by the
comparison principle®®, it is easy to derive from (58) that

V(t) < V(0)e™ — g (1—e™). (61)

Therefore, #1,%2,y,0 are ultimately bounded and so is
the state £z due to (38). In addition, the bound —n/k

can be made arbitrarily small by choosing appropriate x,
which concludes that the ultimate bound of the states
%1, %&2,Z2,y,0 can be made arbitrarily small. O

Remark 2. Compared with the standard backstepping,
the designed control law (46) no longer requires the ana-
lytic computation of virtual controls. Meanwhile, it should
be noted that, even if the exact analytical expression of the
virtual control can be derived, it is lacking of robustness
since the designed model is essentially an approximation of
the real plant>”), Instead, the linear command filter (31) is
not only easy to realize, but also capable of overcoming the
above defect.

Remark 3. It can be seen from (61) that the ultimate
boundedness of the system states is achieved by the pro-
posed controller, which also can be considered as practical
stability!?®. Moreover, although the ultimate boundedness
of system states is given, yet the exact bound is hard to be
computed out owing to the existence of the unknown term
max(076) in 1. Hence, if the bound of unknown parameter
vector 0 can be estimated in advance, then the bound of %,
can be exactly computed out from (61), i.e.,

- 1%
2] < (/= < y/——L (62)
S1 KGQ1

where ¢; = min { 2 L Amin(Mp), BAmin(P) L }; further-

202 " Bhy,
more, the bound of the state 2> can be obtained by using

(38) and (50)
< 4k ] < 4ky [~ (63)

4 Numerical simulation

llz2|l < ’562 +y, — KiA&,

In this section, a simulation scenario is considered to
demonstrate the effect of the proposed control strategy. The
scenario aims to make a pursuer approach an in-orbit space-
craft in need of repair or refueling, and meanwhile makes
the attitude of the pursuer perform nearly stationary rela-
tive to the earth. This proximity rendezvous and docking
operation is extensively reflected in most of space missions,
such as refueling a nadir-pointing communication satellite
on a geosynchronous orbit (GEO), capturing a spatial de-
bris or constructing the international space station. Fig.3
gives the whole structure of the closed loop system. Assume
that the target space objective is flying in a low round orbit
with the altitude 250 km. Orbit inclination is considered to
be 30°, while the argument of perigee and right ascension
of ascending node is 0°. Then, the orbit angular velocity
of the target is obtained as w; = \/p/r3. Suppose that the
target is nadir-pointing, so the transformation matrix R%,
from the target body frame Fyp, to the LVLH frame F; poses
a constant matrix. Without loss of generality, consider that

w=1.

Suppose the size of the pursuer spacecraft is L1 = Ly =
L3z = 2m; the mass is set m, = 10 kg; the initial inertia ma-
trix is J, =diag{10, 10, 10} kg-m?. To show the effectiveness
of the proposed adaptive control, the mass and inertia ma-
trix of the target are respectively assumed to be m; = 10kg,
and
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Desired relative state x;,

—» Adaptive law 0 Rt

y
> X : R Command
Target —> ma®, > Controller control i
+
Orbital and attitude .
information of the target L3/ Command filter ]2 M, Thrusters
ital .
Orbital and attitude Pursuer f
information of the pursuer
Disturbances
Fig.3 Structure of the closed-loop system
attitude control is achieved for the current system, in spite
10 25 3.5 of external disturbances and unknown system parameters.
Je=1 25 10 4.5 kg-m>. These figures also show that the variations of the system
35 45 10 states perform similar with different w,, except for first sev-

For relative information between the pursuer spacecraft
and target, the initial relative position, velocity, attitude,
and angular velocity are respectively set as

p(O):[IO ~10 10]Tm

5 —4 4} m/s

0=
[ 0.3772 —0.4329 0.6645 0.4783 ]
[O 0 0] rad/s.

According to [27], the disturbance forces F'y and torques
T4 in (15) can be lumped as

Fy=F4 + Fy,sin(wit) + Fgc cos(wit) N
Td = Tdo + Tas sin(wet) + T4 cos(wet) N-m.

Suppose that

T T
Fao = [ 0.05 0.01 0.04 ]  Fa — [ 01 0.2 0.03 } ,

ch

T T _3
[0.02 0.08 0.04] ,m:[z 1 3} %1072,

T _3 T -3
TdSZ{l 2 3] % 10 ,TdC=[2 3 1] % 1073,

Taking the integrated control law into account, we choose
k=015 k, = kg = 1, k, = 1 x 10°; then, to ensure the
condition (45) holds, set « = 0.5, 8 = 1. Consequently, for
any wy > 4, the condition (45) will be satisfied. As for the
command filter (31), let ¢ = 1/4/2 and respectively select
wn = 4,10, 50 to observe the influence of the command filter
parameter w, on the system response.

Figs. 4-7 show the relative position and attitude maneu-
vers with the command filter parameter w, = 4, 10, 50,
respectively. Figs.8 and 9 illustrate the thrust histories
with the corresponding w,. From the simulation results,
it can be seen that fast and precise relative position and

eral seconds, which reflects that the tracking ability of the
command filter is nearly the same fast when w, > 4. In
other words, the parameter w, > 4 is able to guarantee the
high bandwidth of the command filter such that the output
of the filter can fast track the states x93, and #3., as the
tracking error curves show in Fig.10. However, Figs.8-9
state that the control input varies greatly when w,, changes.
Larger value of the parameter w, requires more control
power, which would need higher requirement for the propul-
sion system, especially the maximum thrust. Specifically,
as can be seen from Figs.8 and 9, when w, = 4, thrusters
with the maximum force 30 N may be satisfying; while for
wn = 50, thrusters should afford maximum power nearly
360N, which will result in higher payloads and other diffi-
culties. Hence, based on the considerations of both control
input and system performances, a small value of w,, satis-
fying the condition (45) may be preferable in practice.

Figs.11 and 12 illustrate the variations of estimate

vector @ and estimate error § for the case wn, = 4. As
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Fig.10 Command tracking error zgc — X,

figures depict, with the effect of the adaption law (47), the
components of the estimate 6 converge to a neighborhood of
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zero, and meanwhile the components of the estimate error
6 are bounded. Nevertheless, the estimated parameters do
not converge to their true value, which is mainly due to suf-
ficient frequency components in the tracked states are not
guaranteed, i.e., the persistent excitation (PE) condition is
not satisfied®®.

Another important thing should be noted is the selection
of design parameters. According to Theorem 1, the param-
eters kq, o, B, ¢ can be first chosen with small values to
make the condition (45) easily satisfied. The selection of
the parameters k and w,, should not only ensure the condi-
tion (45) to hold, but also takes into account that: 1) the
filter parameter w, could guarantee enough tracking abil-
ity of the command filter; 2) the gain parameter k can be
adjusted to guarantee a higher control accuracy according

o (61). Subsequently, a large value of kj, and a proper kg
can be set to get a small ultimate bound of system states
due to (61) and meanwhile adjust the dynamical response
of the estimate vector 6.
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Fig.12 Estimate error 7

5 Conclusion

In this study, a command filter-based adaptive backstep-
ping control law is developed to deal with the relative trans-
lation and attitude motion of a spacecraft in space prox-
imity operation missions. Based on the 6-DOF coupled
translational and rotational dynamics of pursuer spacecraft
relative to the target[m], using backstepping-based adap-
tive technology and singular perturbation theory, an inte-
grated position and attitude control strategy is designed,
where a command filter is introduced to overcome the “ex-
plosion of terms”. Within the Lyapunov framework, the
proposed control strategy is proved to guarantee ultimate
boundedness of the relative position and attitude signals, in
spite of bounded disturbances and unknown system param-
eters; moreover, the corresponding bounds can be made ar-
bitrarily small by adjusting parameters appropriately. The
numerical simulation illustrates the effect of the proposed
control law; meanwhile, the influence of the command filter
parameter on the system is discussed in detail as well.
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