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Abstract

The capture or docking of a spacecraft with a target spaftésran important component of future space
debris capture and orbit servicing missions. One proposedeapt includes using a robotic arm mounted on
the chaser spacecraft to connect and manipulate the grgetion. This paper focuses on the post-capture
attitude control of the target which will bring the targetrést and then control it in a prescribed way. The
attitude control can be achieved by designing a robust abimrthe known chaser reference frame and
treating the dynamics due to the uncertain inertia as anamkiisturbance. However, this can lead to poor
performance since this uncertain torque can be large. $rptper, it is shown that the in-situ construction of
the chaser-target dynamics can lead to improved perforex@ased on the combined re-constructed model,
a new disturbance observer based control with robust dyneonitrol allocation is developed. This approach
is robust to the uncertainties in the re-constructed modelemables the prescription of convergence and
stability properties. The proposed approach is demoiestrttrough numerical simulation of an actively
controlled 12U CubeSat that has captured an inactive 12\¢Satspacecraft.

Keywords: attitude control, dynamic surface control, nonlinearutisance observer, robust dynamic

control allocation, actuator saturation, combined spadtec

1. Introduction

New space mission scenarios include the requirement of seclspacecraft to dock [1, 2], service or
capture a target spacecraft [3, 4]. One possibility for iserand capture is to use a robotic arm to grasp

the moving target [5, 6]. The next phase is then to de-tunitdecbnnected chaser-target and re-orient the
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combined system in a prescribed direction. One approac8] [far the attitude control of the combined
system is to model it with respect to the original body framh¢he chaser, while treating the connected
target as a disturbance torque. However, since the targeesmft could be of comparable size to the
chaser, this will lead to a significant disturbance thatndtiely reduces the control performance when using
robust control [9]. In addition, the combined chaser-tasystem may experience large external disturbance
torques since the original thrusters used for orbital ainthich originally were aligned with the centre-
of-mass of the chaser spacecraft, will now st from the new centre-of-mass [10]. In this paper, the
dynamics and thruster configuration matrix are determiniétd espect to a new reference frame defined at
the new centre-of-mass of the combined system. This en#iesontrol to be defined based on the true
dynamics of the spacecraft and actuator configuration. iéws model can then be used to design a robust
control and dynamic control allocation method with sigrafidy improved performance.

The development of a new model of the combined chaser-taagebeen addressed in [11], but in this
case the direction vectors of the thrusters were assumesl kadwn in the new body frame. In this paper,
the configuration matrix of the thrusters is determined m tlew body-frame of the chaser-target system
using only knowledge of the centre of mass. However, even aitimproved in-situ model there will still
exist an estimation error in the position vectors of the $kets in the new body frame. To address this
problem, a robust control allocation is presented that raapg&leal’ virtual control to each thruster. In [12]
and [13], a robust control allocation (RobCA) strategypiatated as a min-max optimization problem, was
proposed to redistribute a virtual control signal to the agrimg actuators when an actuator fault occurred.
However, dynamic properties during the control allocatiwocess were not considered. Dynamic control
allocation depends on the distribution in both current areipus sampling instants [14], which could
allow different actuators to produce contrdfaets at diferent frequency ranges. In [15], a constrained
gquadratic programming-based robust dynamic control atlon was implemented to manage the use of the
redundant actuators. A dynamic control allocation algponithat incorporates both actuator saturation and
rate constraints was proposed in [16] and [17]. In this papesbust dynamic control allocation (RobDCA)
method that considers both the amplitude and rate conti@ithe low-thrust propulsion is proposed which
also accounts for thrust vector uncertainty.

The ‘virtual’ control that is the input to the RobDCA is deségl such that prescribed performances
in terms of convergence time, stability and accuracy canrksgpibed a priori. The ability to prescribe
performance a priori even in the presence of disturbance$ ssgnificant practical importance since it

negates the need for extensive monte-carlo numericahtestrhe first prescribed performance controls
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were developed in the mathematical control literature bgHlieulis [18], [19] where the control scheme
guarantees a prescribed performance for a class of feedibaekizable nonlinear systems. Moreover, for
this class of system the control designer can prescribelaimaaily small residual set for the tracking error;
a convergence rate no less than a prescribed value and ailpeelsmaximum overshoot. A number of
prescribed performance controls usingelient techniques have been proposed such as sliding mottelcon
[20], adaptive feedback control [21, 22, 23], disturbanbserver based control [24] and neural network
based control [25, 26, 27]. Also, the influence of the contosistraint on the system performance needs to
be considered in the control design. Such practical conssrean be dealt with using a command governor
[28] or anti-windup compensator [29]. In addition, the bstelpping control [30] is one of the most popular
design tools for a systematic nonlinear control synthesig, has been successfully applied to prescribed-
performance attitude control. However, the main drawbddiackstepping is that the resulting control law
becomes highly non-linear and complex since the relatiggeteof the system is high due to the need to
repeatedly dterentiate nonlinear functions, a problem that has beeedalh ‘explosion of complexity’
[31]. In this paper, a disturbance-observer-based dynamri@ce control method is used to develop the
virtual attitude control. This approach enables the cdmngineer to prescribe closed-loop performances
in the presence of input saturation, inertia uncertairaies external disturbances. Significantly it is shown
that this control can deal with the parasitic torque induiegdhe shift in the centre of mass of the system
post-capture.

The main contribution of this paper is a prescribed-pergmoe attitude control for a combined chaser-
target system, with significant internal and external utaeties, where the chaser spacecraft is actuated
using low-thrust propulsion. The key components of thegmesd prescribed attitude control synthesis are:

1. The development of an approach to define the attitude dipsawith orbit control torque of the
combined chaser-target system, by using the knowledgeegddkition of the new center-of-mass which is
estimated in-situ. This is in contrast to [11] which reqgsitiee direction vectors of the thrusters to be known
and does not consider the orbit control torque.

2. A nonlinear disturbance observer in which only one patameeeds to be tuned to estimate the
lumped uncertainties. This simplifies the implementatioocpss compared to the prescribed controls in
[13, 21, 25, 27].

3. Arobust dynamic control allocation scheme that takes@ctount the uncertainties induced by post-
capture of the target, where an optimal solution can be obthby simple LMI-based programming. In

contrast, only the dynamic situation of control allocatisconsidered in [14, 15, 16, 17].
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This paper is presented as follows: In section 2, the a#itdghamics of combined spacecraft with
orbit control torque is established under external distndes, inertia uncertainties and actuator saturation.
A disturbance-observer-based dynamic surface contr@rsehs developed to ensure that the closed-loop
system response satisfies prescribed performances iars8ctin section 4, a RobDCA method is presented
for saturated thrusters. Finally, numerical simulationsvjled in Section 5 illustrate the performance of
the control law and RobDCA, and the necessity to use a new ic@alolynamics and thruster configuration

model.

2. Attitude kinematics and dynamics of a combined chaser-tget system

The combined spacecraft system consists of a rigid chaseesmft and a rigid, uncontrolled, target
spacecraft connected with a rigid manipulator. Once thgetdras been captured, the combined chaser-target
system can be considered as a rigid body [32, 33] as showmgurd-iL with the following assumptions: (1)
The chaser spacecratft is driven by a continuous low-thmegiydsion. (2) The space manipulators of the
chaser are locked rigidly to the target spacecraft. (3) Binget spacecraft is inactive and captured by the
chaser. (4) Thefeect of plume impact is neglected. (5) The position of the ntasger of the combined
spacecraft is known. This assumption is based on the pp#theacentre-of-mass estimation technique

proposed using in-situ least squares estimation [34].

Manipulator j é
AW Y N
VR V4

Target spacecraft

Chaser spacecraft

Figure 1: Before and after capture of target using spacetrobo

To simplify the description, we define the body frame of thasgr spacecraft g8 Os which is located
at the centre-of-mass of chaser space@afthe body frame of the combined spacecraft is defined &
which is located at the centre-of-mass of the combined gpaft®©.. Also, we define the attitude rotation

matrix from frame}’ Og to 3, O asRg; and define the position vector fro®y to O. asr. expressed in the
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frame} Os.
In this paper, the Modified Rodrigues Parameters (MRPspvect= etan(/4) = [o71, 02, 03] € R3
with Euler’s principal rotation axi® and angled is used to represent the combined spacecraft’s attitude
orientation in the framé&’ O.. The kinematic model of combined spacecraft in terms of theP§IRan be
expressed as
o =G(0w 1)

whereG(o) = 3[(1 - o70)l3 + 20 + 200"], w € R is the angular velocity of the combined spacecraft
expressed in the framg O.. Here,o* € R®>3 is the skew-symmetric operator that carries a B vector

into a 3x 3 matrix

0 —03 ()
X
o= o3 0 —01
—02 g1 0

and satisfies™b = o x b for anyb € R3. If ¥ — 360 deg, the corresponding MRPs will go singular. It is
possible to map the MRPs vecterto its shadow counterpast® througho® = —#— by switching the MRPs
to o wheno'o > 1. In this way, the MRPs vector remains bounded within a ystitese, and a global
representation is ensured [35].

The configuration of the orbit control force is shown in Fig@r We assume that the orbit control force
is a constant vector focusing on the body pdigtvhose position vector idgy expressed in the frame Os.
Then the orbit control torque generated by the orbit-cdletd@ngine is defined as; expressed in the frame
> Osand

Ust = foAst (2)

wherefy is the magnitude of orbit control force and
Ast = dg X €9 (3)

with the unit orientation vector of the orbit control foreg. For thedsy andeg are in the same direction,
we can get thatig; = [0, 0, 0]".
From Figure 2 and using the attitude matiRy., we can find that the position vector ©f expressed in
the frame}. O, can be denoted as
do = Rsc(dso — T¢) (4)



(a) Four thrusters with orbit control torque (b) Six thrusters with orbit control torque

Figure 2: Thruster configuration with orbit control torque

where ther. is the vector from positiol®s to O, expressed in framg, Os andey expressed in the frame
> O¢ can be denoted as

& = Rsew 5)

Then the control toque generated by the orbit-controllegirenexpressed in the fram&Q, is
Uy = foAr (6)

where

AtZdoer (7)

In this paper, we consider that there &réhrusters in the attitude control system, with> 4 required for
controllability [36]. Figure 2 shows two particular caséshouster configuration, i.e. four and six thrusters
with orbit control torque. We assume that the position vectehei-th thruster expressed in the frafieOs
is defined asls, i = 1,2,---, N. We also define the unit orientation vector and control fonagnitude of
thei-th thruster aresi andf; (i = 1,2,--- , N) expressed in the frame Os, respectivelyFrom Figure 2 and
using the attitude rational matrRsc, we can find that the position vector of thrusters express#ttiframe
> O¢ can be denoted as

di = Rs(dsi—r¢), i=1,2,---,N (8)

and the unit orientation vector of tlieh thruster expressed in the frafieO. is

Q:RSCeSi»iz:L’Z»“"N (9)



95

100

Defining the control torque generated by the thrusters aspietin the framg O; asu., we have

Uc = AcF (10)
with
Ac=[ag, @, -, an] (11)
F=[fsf -, ] (12)
and
a=dxeg,i=12---,N (13)

Thus the dynamics of the combined chaser-target systenmonthcontrol torque can be described as:
Jw+ @ Jw = Uc + Ut + Ug + d (14)

whereJ € R>3 is the inertial matrix of combined spacecraft expressel, i@, d € R? is the bounded

external disturbance.

Remark 1. External disturbance torques in Low Earth Orbit are due ttas@adiation, gravity gradient
torque, the interaction of the Earth’s magnetic field witk 8pacecraft's on-board electronics, and aerody-
namic drag. The magnitude of these external disturbancesvithin the orders 010° Nm and10-4 Nm.
This djference in magnitude depends critically on thset of the centre-of-mass of the spacecraft from
its geometric centre and on the sizing and positioning ofshlar panels. In this paper, a disturbance of

magnitudel x 10~4 Nm is chosen to account for the “worst case” environmentstutbance torques.
And ug is the gravity gradient torque computed by [11]
Ug = 3w3R5(0)IRs(0) (15)

wherewy is the orbit angular rate valu®s(o) € R? is the third column vector of the direction cosine matrix

R(o) expressed as [11]

80103 —4o(1-o'o)
80’20’3+40’1(1—0’T0') (16)

Aoi-05-0)+(1-0T0)?

Rs(o) = Aroo)
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The inertia property of the combined chaser-targetfisadilt to obtain from the ground but can be estimated
by on-line identification[11]. However, the estimationalghm will naturally have errors between the true

inertia matrix and estimated one of combined spacecraftlwtéan be expressed as
J=Jo+AJ a7)

where Jo denotes the estimated value of the inertia matrix of the énetbspacecraftAJ denotes the
estimated error of the inertia matrix of the combined speafeand is bounded. The inverse matrixbfs
written as

J1=0+Ad (18)
whereAJ = —J5%AJ(13 + J5%AJ)135 [37]. The kinematics and dynamics of the combined chasgeta

system can be written as

{ o = G(0)w 19

o =-J5'w*Jow + Buc + Buy + Ug + 6

whereB = J;* and

Ugo = 3w3J o R5(0)JoRs(0)
6= -AJw Jw - I3 Adw + Adug + AJu,

+ 3w3 I Rs ()AIRs(0) + Adug + J71d

3. Control system design

In this section, a dynamic surface ‘virtual’ controller tiprescribed performance is proposed. This
control drives the error state to zero within prescribedissby compensating the uncertainties induced by
the target capture via a disturbance observer. Furtherrti@stability of the closed-loop system is verified
based on Lyapunov stability theory and a law that assisteértuning of the control gains is given. The

structure of the proposed attitude stabilization schensbdsvn in Figure 3.

3.1. Control law design

In this subsection, a disturbance-observer-based ctartwith prescribed performance is designed for
the nonlinear system (19) with lumped disturbance comagiimertia uncertainties, external disturbance and
actuator saturation. By the prescribed performance cb(®fC) technique, the ‘constrained’ attitude of

system (19) is transformed into an ‘unconstrained’ vec®ased on the transformed vector, a dynamic
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Figure 3: Schematic diagram of the controller design probdescription.

surface method is proposed to achieve good stabilizatidioqmeance for system (19). Meanwhile, a non-
linear disturbance observer is introduced into the cortrop to compensate for thefect of the lumped
us disturbances.
Since there exist significant saturation constraints intlomst propulsion, a disturbance-observer-based
dynamic surface control (DSC) scheme is designed to gentirattotal control command with input satu-

ration. The virtual control torque; = [Uc1, Ucp, Uea] T With constraint is defined as

Uimax  If Ucoi > Uimax
Uei = Ucoi, if Uimin < Ueoi < Uimax | =1,2,3 (20)
Uimin,  if Ucoi < Uimin
whereug = [Uco1, Uco2, Ueo3] T is the control command to be designed latgfax = [Uz max U2 max Usmax | and
Umin = [U1 mins U2 min, Usmin] T are known maximum and minimum values of the control inpugpeetively.
In the real problem of thrusters, there exists a limitetedence between the desired control ingpuénd

the nominal control inputicg which is defined as
AU = U¢ — Ugo (21)
whereAu is bounded, i.e||Aul| < ¢1 with a constant; > 0 without loss of generality [38].
Define the following change of coordinates
€& =w-— Xy (22)
Y2 = Xod — X2 (23)

wheree; is the virtual error surfaceszq andx; are state variable and intermediate control function respe

10 tively which will be given later, ang, denotes the boundary-layer error betwegnandx;.
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Following the idea of [18, 19, 39], the prescribed perforo@nan be described by the following in-
equality
~7iminPi(t) < oi(t) < Fimaxoi(t), 1 =1,2,3, Vi >0 (24)

wherep;(t) : R* — R* is formulated a;(t) = (0io — Pic)€ 7 + pico With pig > pice > 0,7 > 0,1 = 1,2,3.
pio can be set to fulfil-7 minpio < 071(0) < 7i.maxoio, @Ndi.max 77i.min are positive constants. Her@g, pic
denote the initial error bound and the maximum allowed stegbr, respectively, and the constantwhich
is related to the decreasing ratecg(t), influences the convergence rate of the attitude.

To achieve the performance in (24), we can transform thetined attitude into an equivalent uncon-

strained one, Specifically, we define
ai(t) = pi()S[e&i®)], 1 =1,2,3 (25)

in which &(t) is the transformed error, and the transformed func8p(t)] = (17i.ma€™ — 7imin€ )/ (€7 +
e“) is smooth and strictly increasing with the following profes: 1)—nimin < S(&i) < Mimax 2) liMg 5100 S(&i) =
ni.max and lim,, _,_« S(&i) = =i min-

The functionS(-) is strictly monotonically increasing, its inverse furtiexists, and the transformed

errorg;(t) can be written as

&i(t) = SHA() = %m (M) =123 (26)

Mi,max — i
in which 2;(t) = oi(t)/pi(t). In addition, the time derivative of the normalized eragt) is

iy = 900p) p—li(fn ) = pii(lsie(a)w dp)i=1.2.3 (27)

Where|31 = [1, 0, 0] , 3= [0, 1, 0] andl 33 = [0, 0, 1] .

Then the derivative of; is given by

) 4S™t. 1 ( 1 1 .
& =——4i = - Ai
04 2\Ai +nimin A — 7i,max
= ri(l5G(o)w — Aipi) (28)
in whichr; = ﬁ(m;mm - li_;max) can be calculated in terms of andp;(t) fori = 1,2,3. Sincer =

diag{r1, ra, rs} is a continuous function, there exists a positive constgnsuch thatjr|| < ry within a

compact set.

10



Definee () = [er1(t). exa(t). e13(t)] . &(t) = [£1(t). £2(). 23] . p = [pa(t). p2(t). p3(D)]" . A = diagidy, 12, A3}
and the following state transformation

en(t) = () — ~In M 103 (29)
2 1i,max
Then we obtain
e(t) = r(Glo)w - Ap) (30)

Remark 2. We will prove the boundednessas(t) that ensure®; (t) converges to a neighbourhood of zero.
Then according to definition (26) and the transformation)(20will converge to a neighbourhood of zero.

For Ai(t) = o(t)/pi(t), | = 1,2, 3, thenai(t) (i = 1, 2, 3) will converge to zero at a faster rate thar(t).

135 In the following, a design process of disturbance-obsepzsed dynamic surface controller is presented.

Step 1 For (30), it is natural to determine the virtual control lawin the following form
X2 = —(rG(0)) "} (kier - rap) (31)

wherek; is a positive constant. Using the idea of dynamic surfacérobmwe passx; through a first-order

filter with time constant > 0O to obtain a filtered virtual contrody:
TXod + Xod = X2, X2d(0) = X2(0) (32)
Consider the following augmented Lyapunov function caatkd
1.
V, = Eelel (33)

then with (31) and the derivative ®; along the system (30) is given by
Vi =ele
= €] 1(G(0)(e2 + Xaq) — )
= € 1(G(a)(&2 + Yo + X2) - Ap)
= —kieje; + € rG(o)(ez +Y,) (34)

Step 2The control lawug is designed in this step, the derivativessfis
€& = w— Xz

= A+ Bug + 6 + BAUc — Xoq (35)

11



where

A= -J5'w* Jow + Bug + Ugo
Design the control input command for system model (30) as
Ueo = Bi[kae; — G (0)rey — ksBg — A — 6 + y,/7] (36)

where

Bf =B"(BB")* (37)
andg is the output of the following anti-windup saturation compator
;‘ = —k4§‘ + AU (38)

wherek, is a positive constant, art= ¢ +pe; with a positive constart and{ is the output of the following

nonlinear disturbance observer [24]:

{ = —BL - BlA+BUc + Yo /7 + B (39)

Now consider the following Lyapunov function candidate

1 T T3
V2=§(ezez+s‘ s+00) (40)

whered = 6 — §, then the derivative 0¥, along the system (35) satisfies
Vo=l +676+38'6
= el (~koe; — G'(0)rey — ksBg + BAU, + 6)

—kisTe+TAU+ S 6 —35T5 (41)

For the application to the de-tumbling combined spacedtadtgravity gradient torque, is seen as the
part of the lumped disturbance. Then attitude dynamicsettdmbined chaser-target system can be written

as

o = -3 w*Jow + Bug + Bug + 6, (42)
with
8, = ANl Jw - JaleAJw +AJue

+AJug+ 7 tug + J71d

12
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The reduced controller is designed as
Ueo = Bi[~kew — kB¢ + J5 w0 Jow — Buy — 6] (43)

whereks is a positive constand,, = ¢, + Bww is the estimation of,, with positive constang,, and{ is the

output of the following nonlinear disturbance observer
Lo = Buky — Bul- 350  Jow + Buy + Bug + B,0] (44)

3.2. Stability Analysis

The closed-loop attitude dynamics control system of theliined spacecraft with actuator saturation
can be expressed as
a(t) = r(G(o)w - Ap)
et)=A+ Bl_JCO + BAU¢ + 61 — Xog (45)
Yo=—Yo/T =%z
¢ =-ksgc+Au

Then based on the dynamic surface control theory [40], theWing theorem is proposed.

Theorem 1. Consider the combined spacecraft attitude model with @dnitrol torque (19). the parameters
of the controller (36) satisf@ksk, > 3K3kZ, 28k, > 3, 16k; > 3r% 7 with ks = [|B|| which is the Euclidean
norm of the matrix B, then all signals in the resulting clogedp system are uniformly ultimately bounded,
and the attituder converges to a neighborhood of the origin within the presedi performance bound (24)

forallt > 0.
Proof. By using tedious but straightforward calculations, we have

3| < u(er €,8, y2) (46)

wherey is a continuous function. The Lyapunov function candiddtée whole attitude control system is
taken as
V=Vi+Vo+ V3 (47)

whereVs = 3yly,.

13



The derivative oV along the system trajectories is given by
V= Vi + Vs +
< —kiefer + e[ 1(G(o)(ez + ¥»)
+ €y (~ko&2 — GT(0)res — ksBs + BAUG + 6)
—kagT6 + ¢TAU+ Y3 (~Yp/T—Ro) + 8 6 - B5' S
< —ku llexl? ~ ke leal? — kallsil? - % Iyaf* - 81181
+ lleall TG ||y + ezl ||8]] + ks llezll lisll
+ s llezll11Aull + lis lAull + e [[ys]| + 5] [|8] (48)

Now consider the seA = {e1, &, 5, Y, 1 V < p}, thusA is a compact set. And for/4 < ||G(o)|| =
|1+ aTo)/4|| < 1/2, (48) can be rewritten as
. ~ 1
VS—MMQW—kﬂ@W—kumF—me—;H»W
+(rm/2) llewll||y2]| + llexll ||8]] + ksks ez sl
+ ks lleall AUl + ligl 1Al + 1l ||y:| + ||5]]]|5]]

8
= Z 0] (49)
i-1
where

ko ke o 2K
O = 2I|e1|I 4|Iezll 3 llsll

2B yxiz 2
s~ 2 il

02 = Lo = I [y + 0 P
2=-5 [lexl] 2k, Yo +8k1 Yol >

_ k 2keks o KGKE
®3——Z(Ilezll— ko lIsll) +k—2||s‘||

14
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then we can have

where

k: 2 1~ 1~
&=—fmavkﬂwv+—wﬂ3

k 2k z
@vmﬁmw—%mw &MW

ks
O = —E(Ils‘ll IIAUII)2 IIAUIIZ,

k4 Ky
~ 3.
0 = 53]~ 5 Il + 55 ol

1 3r 3r
Qg = —g(”yz” ) lul)® + 7 lul®.

vs—éﬂaﬁ k2 62
NG 3—k5> it - 2 - 2y
4—— HhH(—+Mmmw
+—I l2+—||6||
<—-yYW+e (50)

ki ke 2ke KK 28 1 2 i}

1
2’43 k'3 k'3 &% (51)

kS

=G * e NMH+ﬂm+—WH (52)

Then according to the comparison principle, we he@ < V(to)e™* + /—{e.

BecauseA is a compact set, there exists a maximum valug(ef, e,, 5, Y,) on A, moreoverg is as-

sumed as small bounded signadiis viewed as slowly varying signals with respect to the fastaiics of

disturbance observers under large observer gains.etkeé can be derived with an unknown scafaf~or

anyV(0) < p, if we chooseyp > &, it follows thatV < O onV = p. ThereforeV < pis an invariant set,

meaning that iV(0) < p, thenV(t) < pforallt > 0. Furthermore, assume thgb = £/ko, where 0< kg < 1.

It is implied by (50) that, inside the invariant sét,< 0 for V > p*, wherep* = &/y = kop. Becauseé, can

be set as arbitrarily smalp* can be made small enough. This means that the error syigtand||e,|,

saturation compensatf||, estimation errod and the boundary-layer errnﬂyzu can be made arbitrarily

small ultimately through properly adjusting design partareas — oo .

15
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Furthermore, because the transformed erepiis bounded, then the attitudgt) can be retained with
within a set, that is,

—7iminei(t) < oi(t) < Bimaxoi(t), 1 =1,2,3, ¥t >0

is true [19]. m

Remark 3. An increase iry results ina faster convergence rate. In additionjs related to the parameters
of the controller, saturation compensator and observgikk ks, ks, 8 and 7. An increase in any of the
parameters K ko, ks, B Or a decrease in¥ 7 lead to an increase ity and thus a faster convergence rate of
attitude.

Remark 4. In contrast to the linear disturbance observer in [27] ane tterminal sliding mode observer
in [38], the observer used to estimated the lumped distucban this paper only requires the tuning of one

parameter.

Remark 5. Using the function &;(t)], transforms the problem of guaranteeing the prescribedoparance

of (24) into the problem of stabilizing the system (45). 8ite selection of the controller parameters and
system performance have been decoupled, our only conceradopt those parameter values that lead to
reasonable controlgort. This is a critical property as it simplifies the contrammeter selection process
[19].

Remark 6. By introducing the first-order filter (33), the proposed aohtaw does not involve the gleren-
tiation of the termG(o")~* and thus avoids the ‘explosion of complexity’ inherent milackstepping method
[29].

Theorem 2. Consider the attitude dynamics of the combined chaseetasgstem in (42). For the de-
tumbling of the combined spacecratft, if the parameter ofrodlar (43) satisfie8kok, > 15k§k§ and8g, k, >

15with ks = ||B|| and all the parameters are positive, the angular velogitig uniformly ultimately bounded
Proof. Define the Lyapunov function candidate as

1 e
V, = E(wTw +¢'¢+ 6l6w)

16



whered,, = 6, — 8, then the derivative o, satisfies
Vo= o+¢'¢+ SI,(NYM
= 0'(-J5'w* Jow + Buc + Bug + 6,,)
+ 6T(~kag + AU) + 5,8, — 8.,)
= —ko'w-kig'g —,BMS‘I)(TS&, - ksw'Bg
+ wTsw +w BAU + g‘TAu + SI)(ZU
ke lwl? = Kallgl? = B |8 |” + kaks el s
+ ol [|8o]| + ks llell AUl + s AUl + || |60

where

2k2

O1 = —— |lw|* - 2"“

Lo 5,7
akz

lisll? -
5k3k5

O, = —g(uwu - llsl)? + llsli?,
k: ~ -
D3 = —gz(uwu - 2—k2 ||<'>‘w||)2 + 4—k2 ||6w|| ,

k 5k 5Kz
@4 =~ oll - 3 I8u)? + 222 IAUP.

E(||s~|| 2k4 > aul? + m IAul?,
S 6 - —||6 b*+ 25 ||6 I
then we can obtain that
Vo s 2o - 22 k3k5 sl - (2 - 2y B
k5

) AUl —Swz
+(Ze 32 )|| u||+%|| I

< _ywvw + €

where

2k, 2kq OSKEKE 28, 5

y=2m n{_?_ 4k2’T_4_k2}>0’ (53)
_ 5k§ 2 3 kIR
€= (4_k2 + _k4) lAull* + % ”&u” (54)
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The rest is similar to the proof in Theorem 1, then the re<ardtloe obtainedm

4. Robust dynamic control allocation

In this section, an approach to map the virtual control tdheéhouster over a prescribed time interval is
presented. The robust dynamic control allocation probleciutdes saturation constraints suitable for use
with low-thrust propulsion. Due to physical limitations tusters such as amplitude and rate constraints,
it is crucial to redistribute the controfferts among thé\ thrusters in the framg O.. For simplicity, it is

assumed that the physical limitations of the thrustersteesame, which are expressed by [13] and [41]

F<F <F, |F|<Fae i=12-- N (55)

whereF andF are the lower and upper constraints of force amplitlgig, is the maximum actuator rate of

thei-th thruster. Then, overall constraints are further spetiis
Fmin <F< I:max (56)

whereFmin = [F1min, -+ » Fumin] " @0dFmax = [Fimax -, Fumad " With Fimin = maxE, Fi(t—T) =T Frae)
andF; max = min{F_, Fi(t — T) + T Fae, T is the sampling time, anB;(t — T) is thei-th command actuator
input in the previous sampling instant.

In this paper, the virtual control torqug € R? is designed to specify total attitude control torque. Con-
sidering measurement error in the reconfiguration matrtkeN thrusters after capture of target spacecratft,

the relationship between the virtual contugland the control torque of thrusteffsis expressed by
Uc = AcF = (Ao + AA)F (57)

whereAq, AA: represent the nominal and perturbation matrices of thrsistenfiguration matrix, respec-
tively. Without loss of generality, the unknown matd is bounded bylAA.|| < k with k being a known
positive scalar. In this paper, there is no need to deterthimexact value of since a specific form ok A.
is considered in the following part.
Considering uncertainties in (57), robust dynamic corditmication problem (RobDCA) is formulated
as
F = argminlIFIfy, + IF() - F(t-TI,} (58)
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with

Q= [ — (Ao + AA)FI?
g I A e = (Aeo + AACIF (59)

where||F||§,I1 stands folF " M1 F and the weighting matri¥; = diagimy.mp, - - - , my} with mj >0,i=12

j=12---,N. Furthermore, RobDCA can be rewritten as

_ i 2 _ _ 2 _ 2
F=arg_ min (IFI5, +IF®) - F(t-T)IR, + max hil— (Ao +AAJFIF}  (60)

in

whereh is a known positive scalar.
If the rotation matrixRsc is determinedg (i = 1,2, - - -, N) can be determined. Due to measurement and
computational errors when determine the location of thesncasiter of the combined chaser-target, there

must exists uncertainty in the position vectpiwhere
rc = rco + Arc

with rep = [rco1, Fco2s rcog]T and measurement errar; = [Ar¢, Arco, Arcg]T, then the configuration matrix

A can be denoted as

Ac = A + AAc
where
Ao = [Ac1, 8c2,+++» Acn] » AAc = [Adct, Ade, -+ -, Aden]
with
ai=dixe, Aagg=Adxe,i=12-,N
and

Ad = —RgeAre, dgj = Ree(dsi — o), i =1,2,---,N

Assume that
rig riz2 ris Argy €y
Rsc=1| rp1 ran roz | Arg = Arex |, & =] &y

rax rs2 I33 Ares €3
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fori=1,2,---,N. ThenAag can be written as

Aagi = Adx g = —(RgcAre) X §

€31 — €3if21 €ail32 — E3il22 €2il'33 — €3i123)
=Arc| egrip—eirsn |+ Al2| egrio—ersy |+ Ales| esriz— €ifas

€21 — €111 €122 — eil2 €123 — €il13

thenA A can be represented as

AAc = ArciAct + ArpAcz + ArczAcs (61)
with

» €1l31 — €311 --+ ENIl31—E3nNI21 —
Acl=| esfi1—€uran -+ €nf11— €rnran

| €121 — €M1 -+ €Nl —ENl11 Jaen

| €1l32 — €312 -+ ENI32—E3Nl22 |
A2 =| esrip—€nrs -+ €nf12— einra2

| €uilo2 —€l12 -+ ENIl22 —ENl12 Jaen

| enraz—enrz) - €nraz— einrza)
Ass=| esfiz—enrss - €nf13— €inras

| €112z —€al1z -+ € Nl2z — ENl13 N

Without loss of generality, we assume that satisfies thal\.™ < Arg; < A*. Now define
Ay = [ArelArg € [A7,AT],i=1,2,3)
then the RobDCA problem (59) can be transformed to the faligviorm:
_ H 2 _ _ 2 _ . 2
F= argmegrglsnFmaxmng{llFllMl +[IF(t) — F(t =TIy, + hlluc — Ac(Arc)FII%} (62)

10 and the following result can be obtained.

Theorem 3. If Ar¢ € Aj, the RobDCA problem has an optimal solution if the followiagolved for any
Arc € Ag

minY
F
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S.t.

T1+T2+T3—T<0

1/2
-1 M1/%F
(MZR)T =14l

<0

-1 MIA(F(t) - F(t-T))

<
(M32(Ft) - Ft-T))" ~T>l
-1 Vh(ue - Ac(Argi)F) -
Vh(ue — Ac(Arci)F)T —3l
b (Frmin — F) 0 e 0
0 b3 (Frin = F) - 0
) ) <0
0 0 -+« by(Fmin— F)
b} (F — Fma) 0 = 0
0 b12—(F - Fmax) T 0
) <0
0 0 -+ b{(F = Fmay
whereY > 0,71 > 0,7, > 0,73 > 0,bj(i =1,2,---,N)are unit column vectors and satigfy, by, - - -

In, andAg = {ArclArg = A7 or Af,i=1,2,3)
Proof. Denote
T1=IFII5, .

T2 = IF(t) - Ft-T)I%, .

T3 = hlluc — Ac(Arg)F|I?

To ensure
max{lIFI, + IF() = F(t =TIy, + hilue - Ac(Ara)FIP} < T
c 1
it holds if
Tj_ + Tz + Tg <7T

21
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(64)

(65)

(66)

(67)

,bn] =



and
FTMF < T4,
(F(t) - F(t-T) Ma(F(t) - F(t-T)) < T2,
h(ue = Ac(Ari)F)" (Ue — Ac(Arc)F) < T3
Using the Schur complement Lemma, (68) is equal to
~ My/%F
(MZR)T 4l

<0

-1 MY*(F(t) - F(t-T))
<
(M32(F(t) - F(t-T)" ~>|
-1 ‘/ﬁ(uc - Ac(Arci)F) <
\/ﬁ(uc - Ac(Arci)F)T _T3|
for Ar¢ € A, then according to Corollary 4.3.1 in [42], (65) is obtained.
To add the constraint tB, we have
Fmin < F < Fhax =
Fl min Fl Fl max
F2 min FZ F2 max
< . <
I:N min I:N I:N max
then rewrite left side of (69) as:
l:1 min Fl
l:2 min FZ
< —
I:N min I:N
Fl min — Fl 0
0 Fomn—F2 -+ 0
< 0=
0 0 -+ Fnmin— Fn
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b-{(Fmin - F) 0
0 by (Fmin—F) -+ 0

0 0 bL(Fmin_ F)

Thus (66) can be obtained, by the same way, we can also get67)

5. Simulation and analysis

To study the &ectiveness of the proposed disturbance-observer baseanilysurface control scheme
with prescribed performance and the RobDCA strategy, tinebéimed spacecraft system consisting of two
12U CubeSats and one 3-DOF space manipulator is considenéth is shown in Figure 4. The dynamic
parameters of the combined spacecraft system are showrbia Ta In the Table 1, ;my and my (i =
1,2, 3) are the mass of chaser spacecraft, target spacecrafttatidk of manipulator respectivelyJs,
JiandJy (i = 1,2,3) are the inertia matrix of the chaser spacecraft, targatespraft and théh link of
manipulator respectivelyps, p,, Rsc and Ry are the centroid position vector, attitude rotation madrix
chaser spacecraft and target spacecraft respectigebnd R (i = 1,2, 3) are the centroid position vector
and attitude rotation matrix of théh link of manipulator respectively. Then according to thsult in [32],

the nominal inertia matrix of the combined spacecraft candmeputed as

Jo = Recd sRic+ md[(p ps)ls — PPl
+ ReJeRE + md(p )13 - pp]
3
+ > {RiGiR] + mil(ny m)1s - py P} (70)
i=1
Thus we can gedy = diag(0.49019 1.2089 1.2916 kg-m? and the inertia uncertainty is setas = 0.1Jo.

An attitude control system with 12 thrusters and orbit colisrque is considered in this paper, which
induced by the mis-alignment of the chaser orbital thrusidr the centre-of-mass of the combined system
is shown in Figure 5. The position vectors and orientatiariaes of the thrusters before the target spacecraft
has been captured expressed in the body frame of chasercsfageOs are defined in Table 2. And the
magnitude of the orbit control forck is defined asfy = 5 x 1073 N, the position vectodg and the unit

orientation vectoeg expressed in the framg Os are defined as

dg =[0,0,-0.1]" m, ey =[0,0,1]"
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Figure 4: Model of the docked spacecraft system.
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Figure 5: 12 thrusters with orbit control torque

The rotation matrixRs is set as

0.63708 063708 -0.43388
Rsc=| -0.87855 061925 078026
0.76577 -0.45897 045048

and the vector, is defined as. = [0.05,0.05, 0.05]" m. Then the position vectal, and the unit orientation

vectorey expressed in framg O, are

do = Re(dsg — r¢) = [0.00137 —0.14361 -0.08291] m
& = Reey = [-0.433880.78026 0.45048]
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We can also get
A; = do x & = [0,0.03536 -0.06124] ,

and the orbit control torque
U= foA = [0,1.77x 104 -3.06x 107" Nm

Table 1 Dynamic parameters of combined spacecraft system

Body Parameter  Unit Value
mg(my) kg 10

12U CubesSat Js(J0) kgm?  diag0.2666 0.26,0.1668
Ps m [-0.2;0;0]
o) m [0.2;0;0]
mi1 kg 0.17

Link1 Ji kgm?  diag5x 107°,4.5x 104,4.5x 1074
n1 m [-0.05;-0.02; 005]
mi2 kg 0.17

Link2 Ji2 kgm?  diag5x 107°,4.5x 104,4.5x 1074
Pa m [-0.01;-0.05; 003]
M3 kg 0.17

Link3 Ji kgm?  diag5x 107°,4.5x 104,4.5x 1074
Ps m [0.03;0;Q01]

The rotation matrixRs is set as

0.63708 063708 -0.43388
Rsc=| -0.87855 061925 078026
0.76577 -0.45897 045048

and the vector, is defined as. = [0.05,0.05, 0.05]" m. Then the position vectal, and the unit orientation

vectorey expressed in framg O, are

do = Re(dsg — r¢) = [0.00137 ~0.14361 -0.08291] m
€0 = Reey = [-0.433880.78026 0.45048]
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We can also get
A; = do x & = [0,0.03536 -0.06124] ,

and the orbit control torque
U= foA = [0,1.77x 104 -3.06x 107" Nm

And according to the equation (8) and (9), the position vecémd orientation vectors of the thrusters
after the target spacecraft has been captured expres$eddady frame of chaser spacecigf©. are shown
in Table 3.

Table 2 The mounted positions and vectors of the thrustdteiframe}; Og

Thrusteri  Positiondsi(m) Orientationes;
[0.1,-0.1,0.1]" [0,1,0]
[0.1,-0.1,0.1]" [-1,0,0]
[0.1,-0.1,0.1]" [0,0,1]"
[0.1,0.1,0.1]" [-1,0,0]"
[0.1,0.1,0.1]" [0,-1,0]"
[0.1,0.1,0.1]" [0,0,-1]"
[-0.1,-0.1,0.1]" [0,1,0]
[-0.1,-0.1,0.1]" [0,0,-1]"
[-0.1,-0.1,0.1]" [1,0,0]
[-0.1,0.1,-0.1]" [0,0,1]"
[-0.1,0.1,-0.1]" [0,-1,0]"
12 [-0.1,0.1,-0.1]" [1,0,0]"

© 00 N oo o B~ W N P

N =
= O

Based on (13) and Table 3, we can also get the configuratiotixirathe frame}, O

AC = [al’ a27'.' 7a12]
with
—0.05355 0.03323 -0.12742
ap=| 004341 |.a2=| -0.14800|,a3 =| -0.01778
—-0.01576 —0.04462 —-0.09192
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210

[ _0.05355 | 0.05355 | 0
a,=| 000805 |.a5=| -0.04341|.a=| 0.03536
| 004547 | | 001576 | | -0.06124 |
[ 0.03323 | 0 [ _0.03323]
a7=| -011265 |.as=| -0.10607 |.a =| 0.14800
| -0.10586 | | 018371 | | 004462
0.12742 ~0.16065 ~0.07387
aio=| 008850 |.a11=| 013022 |.,a12=| -0.13190
~0.03056 ~0.04729 0.04632

The low-thrust propulsion FEEP (field emission electricquigion) [43] is selected in this paper and the
limitation on thruster is given as® F; < 3.75x 103N withi = 1,2,---,12[43]. The thrusters are assumed
to have a continuous thrust force. We set the limitatiomd®umax = [1.5x 1073, 1.5x 10°3,1.5x 10°%]"
NM, Umin = [-1.5x 1073, -1.5x 103, -1.5 x 10°%]T Nm (Note thatumax andum, are selected such that

actuatorF is obtained satisfying\:F = u and 0< F; < 3.75x 1073).

Table 3 The mounted positions and vectors of the thrustateiframey, O

Thrusteri  Positiond;(m) Orientationg

1 —008540 -0.05827 012966] »0.63708 061925 —0.45897]T
2 —008540 -0.05827 012966] »—0.63708 008785 —0.76577—T
3 —O 08540 -0.05827 012966] — —-0.43388 078026 045048 ]T
4 004201 006558 003786] » —-0.63708 008785 —0.76577—T
) 004201 006558 003786]T »—0.63708 -0.61925 045897—T
6 004201 006558 003786]T —0.43388 —-0.78026 —0.45048-T
7 —O 21282 -0.04070 0023500] —0.63708 061925 —0.45897-T
8 —O 21282 -0.04070 0023500] »0.43388 -0.78026 —0.45048—T
9 —O 21282 -0.04070 0023500J »0.63708 -0.08785 0765777T
10 000137 —-0.072900 002054] — -0.43388 078026 045048-T,
11 000137 —-0.072900 002054] » -0.63708 -0.61925 0458977]T
12 000137 —-0.072900 002054l »0.63708 -0.08785 0765777
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Remark 7. In the simulation, a 12U CubeSat is used and its parametersgmted in Table 1 are in the
typical order of magnitude, for example see [22], [23] an@]4 The positions and vectors of the thrusters
in the body frame presented in Table 2 are selected accotditige parameters in [11]. The robotic arms
are selected based on the parameters in [11] and scaled tsiteeof the 12U CubeSat (Cubesat robotic
arms have not been developed yet). And the magnitudes obtiwlctorque and thruster force are based

on [43]. In short, all the parameters used are selected basethe actual physical system.

Both de-tumbling of the combined spacecraft and the perdoce of a large angle slew maneuver are
investigated. In each case, simulation with PD controlRD) is used to show the superiority of with
the proposed prescribed-performance based dynamic sucfatrol (DSG-PPC). Then, the ¢lierential
equations related to the mathematical model of attitudalstation control system of combined spacecratft,
the control laws, the nonlinear disturbance observer ahdat#on compensator were integrated using a

fixed-step Runge—Kutta solver.{0s).

5.1. De-tumbling of a combined spacecraft CubeSat

In that case, the initial angular velocity of the combinedgraft isv(0) = [0.45,0.52, 0.55]' rad's and
the initial attitude MRPs of the combined spacecraft is adid zero. Also, we assume that de-tumbling is
considered complete when all of the angular velocities ladgelute values less tharx2.073. The external
disturbance is set ai{t) = 1074 x [1 + sm(125) +15 S|n(200) 2+15 sm(lzs) 2 S|n(200) -1+2 sm(125
155|n(200)]T Nm. By the proposed controller in (43) with parametiers= 0.4, k3 = 0.01, k, = 27 and
B. = 0.5 satisfying the parameter condition of Theorem 2. To shanaitivantages of the proposed control
scheme, the traditiond-controlleru = —k,w with pseudo-inverse-based control allocation is used én th
spacecraft de-tumbling control. The results are shown gurféis 6-8. Figure 6 shows the closed-loop
system performance undBrcontroller with pseudo-inverse-based control alloggtiBigure 7 shows the
closed-loop system performance under proposed contrelterpseudo-inverse-based control allocation;
Figure 8 shows the closed-loop system performance undpopea controller with RobDCA.

It is observed from Figure 7 that the desired states carbstitracked with small tracking errors and a
rapid convergence rate when the proposed scheme is usede&gter performance of the PD controller
with a pseudo-inverse-based control allocation methodtjare 6, due to the inertia uncertainty and external
disturbances, the steady-state of angular velocity isdoli0-2 rad's, which is much larger than that under
the proposed scheme and also not satisfy the de-tumblirgjtcam2 x 10-3 rad/s. This is due to the fact

that the proposed scheme contains the nonlinear distuelzdoserver (44) which possesses strong robustness
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with respect to the considered form of inertia uncertaimy external disturbances. In Figure 8, the proposed
RobDCA is also considered in the closed-loop. We can sedhbatonvergence time is 800 seconds and
the steady-state of angular velocity is less than B, where both the convergence time and magnitude
of the steady-state of angular velocity is shorter than #maescontroller law with pseudo-inverse-based
control allocation method. Moreover, the dynamics and ttagdy in the actuators are not considered in
the pseudo-inverse method. The virtual control signalstanaster forces are shown in Figures 6-8 (b)
and (c), respectively, in which the saturatidffieet is clearly seen. During 1500 seconds, it can be seen
that the PD control requires an accumulated torque of 13({R&9 and an accumulated force of 62.3818
N to perform the maneuver. The proposed controller with gednverse-based control allocation needs
an accumulated torque of 13.6921 (Nm) and an accumulated ffr62.3818 N to perform the maneuver.
The proposed controller with RobDCA needs an accumulategiéoof 15.5539 (Nm) and an accumulated
force of 98.3852 N to perform the maneuver. Comparing withdther two control schemes, the proposed
controller with RobDCA method sees a small increase in theiaclated torque requirement, but with a

significantly improved tracking performance.

. Angylar Velocity (rad/s)
Virtual Control Torque (Nm)

5
1000 2000 3000 4000

0 500 1000 1500 [ 500 1000 1500
Time(s) Time(s)

(a) Angular Velocity (b) Virtual Control Torque (c) Thruster Force

Figure 6: System performance under PD controller with pgenderse-based control allocation

5.2. Large angle slew manoeuver of combined spacecraft

We assume the initial attitude MRPs of the combined spaftesrar(0) = [-0.206 -0.179 0.075] ,
the initial angular velocity of the combined spacecraftéste be zero. The controller parameters are set
ask; = 015 k; = 05, ks = 1, ks = 05,8 = 27 andr = 1, such that Rk, > 3I3kZ, 28k, > 3,
16k, > 3r2,7 with kZ = 4.5 x 10-*2 satisfying the parameter condition of Theorem 1. And theyeters of
prescribed performance are presented in Table 4. To shaadifentages of the proposed control scheme, the

traditionalPD-controlleru = —k,o — k,w [44] with pseudo-inverse-based control allocation is ugdtie
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Angular Velocity (rads)

Virtual Control Toruge (Nm)
Thruster Force (N)
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(a) Angular Velocity (b) Virtual Control Torque (c) Thruster Force

Figure 7: System performance under proposed controlldér paeudo-inverse-based control allocation
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Figure 8: System performance under proposed controllér RitbDCA
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spacecraft slew manoeuver control. The simulation reavéishown in Figures 9-14. Figures 9-11 present
the time history of attitude trajectories by the traditibRd-controller and proposed DS®PC method
with pseudo-inverse-based control allocation, and prep@SCG-PPC method with RobDCA, respectively.
Figures 12—14 present the other closed-loop system peafazeundeP D-controller (PB+Pl) and proposed
control method (PP€PI) with pseudo-inverse-based control allocation, anghpsed control method with
RobDCA (PPG-RobDCA), respectively. In the Figures 9-11, PPB means plest-performance bound.

Table 4 Performance function parameters

i-th  pio Pico Vi Mimin  7imax
1 0.25 x10° 0.025 1 0.1
2 0.28 1.410° 0.03 1 0.1
3 0.095 510° 0.02 0.2 1

As we can see from Figures 9-11, by the method of PR&DCA, the attitude can also converge to
zero within prescribed-performance bounds, whileHPDand PP@PI can not ensure this performance. In
Figures 12—-14, the magnitude of the angular velocity baseRRG-RobDCA is smaller than & 10 rad's
after 200 seconds, while PR@I can only ensure the magnitude of the angular velocityiwithx 1074
better than PBPI after 200 seconds. Also, as we can see from Figures 123Bhb(c), the trajectories
of all the virtual control torques and thruster forces arngragimately the same. The trajectories of virtual

control using the proposed DSEPC method is smoother than the others considered here.

5.3. Necessity to rebuild the new attitude dynamics

In this subsection, we illustrate the necessity to rebhiédtew attitude dynamics of the combined system
rather than using the original equations expressed in thsectirame. In the case that the original equations
expressed in the chaser frame are used the inclusion ofrtiet thynamics is simply added as a disturbance.
However, the target spacecraft has the same size as the spasecraft, so this uncertain disturbance is
considerably large and must be compensated for by the dlemtrélere we use the proposed control of
this paper to both models to demonstrate the need to reraehgihe dynamic equations of motion of the
combined system. Since the thrusters’ configuration matrithe chaser spacecraft has been determined
and there is no uncertainty in the configuration matrix, peeimverse-based control allocation method will
used. With the same proposed method, we have the resultsishokigures 15-17. Figure 15 shows
the closed-loop system performance of the target spatdunragfroposed controller when de-tumbling the

combined spacecraft CubSat. The time history of attitudg¢tories are shown in Figures 16-17. Due to
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large inertia uncertainty, it is observed from Figure 15 tih@ magnitude of the angular velocity exceeds
5 x 1073 rad's during some period, which does not satisfy the de-tumldonglition. As we can see from
Figure 16, based on the attitude dynamics of the target spaftethe magnitude of the attitude exceedx30

at nearly 1000 seconds. In Figure 17, the same result corsesrathe attitude velocity, the magnitude of
the angular velocity exceeds410-3 rads at nearly 1000 seconds. The simulations demonstratef that i
dynamics of the combined spacecraft are not re-constrirctgitl then the control performance can be poor.
Moreover, the control implemented based on the combinedmjmimodel sees significant improvement in
performance.
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6. Conclusion

In this paper, a dynamic surface method incorporating asiotynamic control allocation strategy has
been proposed for attitude control of a combined chasgetaystem. The results demonstrate the im-
portance of reconstructing the dynamic model of the conbsyestem in a reference frame at the new
centre-of-mass. Moreover, developing a robust contrathas a large disturbance to the chaser dynamics,
rather than re-building the dynamic model in-situ, yield®pperformance. A disturbance-observer-based
dynamic surface method is developed, which is robust toreatelisturbances as well as any modelling
errors in the re-constructed dynamics. Furthermore, trigrol allows the performances to be prescribed a

priori and avoids the “explosion of complexity” associateith the backstepping method.
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