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Abstract: In on-orbit servicing missions, the servicing spacecraft typically docks with the target spacecraft to form a
combined spacecraft to carry out subsequent tasks, and the cooperative attitude control between the two spacecraft is
one of the challenging techniques. To address the issues of inertia uncertainty, communication delays, and external
disturbances in combined spacecraft attitude control, a prescribed-time attitude cooperative control method based on
disturbance observer is proposed. Firstly, a distributed control model for combined spacecraft is established, and a
prescribed performance function with directly adjustable convergence time is designed to characterize both the
transient and steady-state behaviors of the system. Secondly, integrating the backstepping method, an attitude
controller based on prescribed-time performance is developed to achieve fast and accurate attitude maneuvering of the
combined spacecraft. Thirdly, a disturbance observer is introduced to estimate the composite disturbance caused by
inertia uncertainty and external perturbations. Meanwhile, based on consensus theory, an attitude cooperative
controller is designed to compensate for the control torque mismatch caused by communication delays. The system’s
stability is then proved using Lyapunov method. Finally, numerical simulations demonstrate that the proposed

controller achieves accurate cooperative attitude control of combined spacecraft within the prescribed time under the
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above disturbances.
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0 Introduction

In recent years, large-scale constellations repre-
sented by “Starlink” have launched numerous satel-
lites to compete for dominance in space-based infor-

]

mation'" , leading increasing demand for on-orbit

servicing of failed spacecraft®. Moreover, with the

increasing complexity of space missions'”

, single
spacecraft can no longer meet operation demands.
Combined spacecraft systems have emerged as a sig-
nificant development trend. Typically composed of
multiple spacecraft modules, such systems enhance
the scalability and reconfigurability, making them

suitable for completing complex on-orbit space mis-

prescribed-time control; disturbance observer; robust
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sions'*’. The combined spacecraft faces significant
technical challenges in achieving stable and precise
attitude control after on-orbit assembly or dock-

! Firstly, factors such as the docking process of

ing
spacecraft formations, the fuel consumption and the
payload movement all contribute to the uncertainty
of the spacecraft’s moment of inertia"®’. On the oth-
er hand, communication delays among modules can
induce dynamic coupling effects between space-
craft, leading to reduced attitude control accuracy.
As a result, control strategies for single spacecraft
are not directly applicable'”’. Moreover, although
numerous methods for spacecraft attitude control

have been developed, practical engineering missions
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often require precise control of state performance
within desired time. Therefore, it is of great theoret-
ical and practical significance to design a robust co-
operative attitude controller with prescribed-time
performance for combined spacecraft.

In recent years, extensive researches have
been conducted on attitude control of combined
spacecraft. Due to fuel consumption and payload
movement, the moment of inertia of spacecraft is of-
ten uncertain. To address this issue, Huang et al.'®
introduced adaptive terms to compensate for system
uncertainties and designed an adaptive backstepping
controller to achieve attitude control of tethered
combined spacecraft. Wang et al."”'”" addressed the
vibration suppression problem of flexible spacecraft
by employing an extended disturbance observer and
a dynamic filter to actively estimate and compensate
for nonlinear flexible disturbances, thereby improv-
ing attitude control accuracy. Zhang et al.'"™" pro-
posed a tanh-type self-learning control method with
variable learning strength, which can achieve the de-
sired control accuracy without the need for an accu-
rate spacecraft dynamic model. Moreover, imple-
menting cooperative control of combined spacecraft
requires each sub-spacecraft to obtain attitude infor-
mation from neighboring spacecraft to determine its
own control torque. However, communication de-
lays during information transmission cause differ-
ence in the received attitude data*. As a key to ef-
fective coordination in multi-agent systems'*, dis-
tributed cooperative control has attracted wide-
spread attention. Han et al.""”’ proposed a backstep-
ping-based cooperative control algorithm for space-
craft formation, enabling multiple spacecraft to
track the attitude of the main spacecraft. Liu et al."""
introduced a queue-based distributed state observer
for multi-agent systems with data packet loss and
communication delays, and designed a correspond-
ing distributed output feedback control algorithm.

It 1s worth noting that above methods mainly
focused on the steady-state performance of the sys-
tem. For certain space docking missions, transient
performance indicators such as overshoot and con-
vergence time must also be emphasized. To this

end, prescribed performance control, which allows

a priori specification of both transient and steady-
state behavior, has achieved significant progress in
spacecraft attitude control since it was proposed by
Bechlioulis et al."'" in 2008. Although traditional ex-
ponential prescribed performance functions ensure
convergence of the controlled system, the state the-
oretically reaches the prescribed steady-state perfor-
mance in infinite time. To accelerate system conver-
gence, Li et al.""® defined the performance envelope
using a prescribed performance function and de-
signed a terminal sliding mode controller to achieve
finite-time prescribed performance control. Similar
studies on finite-time prescribed performance con-
trol can be found in Refs.[19-21]. However, both
the sliding surface and controller design require frac-
tional-order of system states, leading to high design
complexity. To address this, Hao et al."**/ and Gao

et al. %

conducted prescribed-time control studies
based on the backstepping method for attitude con-
trol of a single rigid spacecraft. Nonetheless, few
studies have focused on prescribed-time cooperative
attitude control of combined spacecraft, especially
under inertia uncertainty and time-varying communi-
cation delays.

Based on the above analysis, this paper investi-
gates prescribed-time cooperative attitude control of
combined spacecraft, considering inertia uncertain-
ty, communication delays and external disturbanc-
es. Based on prescribed performance control, distur-
bance observer and consensus theory, a distributed
control model for combined spacecraft is built and a
robust cooperative control method with prescribed-
time convergence is proposed. Firstly, a prescribed
performance function that directly sets the conver-
gence time is proposed. Secondly, a barrier-free er-
ror transformation function is introduced to remove
constraints, providing greater flexibility and robust-
ness in controller design. Exploiting the fast initial
and slow terminal response of backstepping, an atti-
tude controller with prescribed-time performance is
designed to achieve fast and accurate attitude maneu-
vers of combined spacecraft. Thirdly, an adaptive
disturbance observer is designed to estimate the
combined disturbance from inertia uncertainty and

external disturbances, enhancing the controller’s ro-
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bustness. Meanwhile, based on consensus theory, a
cooperative attitude controller is introduced to com-
pensate for attitude information mismatch caused by
communication delays. Finally, numerical simula-
tions verify the effectiveness of the proposed control-
ler, showing that it achieves fast and accurate coop-
erative attitude control of combined spacecraft with-
in the prescribed time under various external distur-

bances.

1 Modeling and Problem Formula-
tion

1.1 Attitude dynamics and kinematics model

The schematic diagram of the combined space-
craft studied in this paper is shown in Fig.1. It is as-
sumed that after the mission spacecraft and the tar-
get spacecraft have completed docking, the inter-
face is locked and the configuration remains fixed,
allowing the combined system to be modeled as a
single rigid body. Each individual spacecraft is
equipped with its own sensors, controllers and actu-
ators, and the two controllers coordinate the atti-
tude control of the combined system via wireless
communication. Based on the structure of the com-
bined spacecraft, the following coordinate frames

are defined: The inertial frame F;, the body frame

Fig.1 Schematic diagram of the combined spacecraft

of the combined spacecraft F,; and the body frames
of the individual spacecraft F, ;.

The attitude is described via quaternions Q as
R
Q=[q q'] (1)
The kinematic and dynamic equations™’ of the

combined spacecraft are described as

1 1| —q'
IR PP T
Jo=—w ' Jo+u-+d

where J=1J,+ AJ, J,€R’"" and AJER*"’ de-
note the nominal inertia matrix and its uncertainties,
respectively. The symbol X represents the cross-
product matrix operator. E; is the identity matrix,
w € R’ the angular velocity relative to the inertial
frame, and d € R’ the external disturbance torque.
7, 1s the control torque provided by the individual
spacecraft and it is applied to the combined space-
craft, given by

u= i Rz, (3)

k=1

where RY € R’ is the transformation matrix from the
F.. to the Fy.

1.2 Error dynamic and kinematic equations

The spacecraft attitude control process can be
described as follows: Given a desired attitude Qg
and desired angular velocity w,, the error quaterni-
on Q. and error angular velocity w. are computed
based on the current attitude information. A control-
ler is then designed to steer the spacecraft from its
current attitude to the target attitude under external
disturbances. Let Q. be the conjugate quaternion of
Q,, then

Qe - Qd ® Q (4)
W, — w — Rcwd
where X denotes quaternion multiplication.

R.€R**?is the rotation matrix from the desired atti-
tude frame F, to the F,, and can be expressed as
R.=(qi—qiq)E;+ 29.q. — 2909.  (5)
Substituting Eq.(4) into Eq.(2), the error ki-
nematic and dynamic equations are obtained as
o1 1| —q
QCZZG(Q@)wo:ZLIEOE3 4 wac
Jo.=—m—w'Jo+Jo,Rwi—JR.w,+u-+d

(6)
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2 Attitude Controller Design for
the Combined Spacecraft
The control process is described as follows:

For the combined spacecraft under inertia uncertain-

ty, attitude error, communication delay and exter-

nal disturbance, a robust cooperative controller
based on prescribed performance is designed. It is
worth noting that controller 1 and controller 2 are

identical in both structure and parameters. The con-

trol architecture is shown in Fig.2.
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Fig.2 Block diagram of the attitude control system

2.1 Design of prescribed-time performance

function

According to the definition of prescribed perfor-
mance bounds in Ref.[25], the attitude error ¢, is
constrained within the following performance enve-
lope

=8 p (1)< gqu(1)<<8,p,(1) (7)
where ¢ , 6,€(0,1], i=1,2,3 denotes the over-
shoot suppression parameter for tuning overshoot
and undershoot, and p,;(#)> 0 the strictly decreas-
ing performance function. In addition, define the
normalized error &, (1)= gq..(¢)/p,(1)E(—2 . ,).

To ensure the system states enter the stability
region within a prescribed time, where the conver-
gence time is directly set by the user, and to differ
from the traditional exponential performance func-
tion, a fasterconverging prescribed-time perfor-
mance function (PPF) is adopted, and defined as
follows

pi(t)=

(pio—pe )L —=t/TH" F+p. 0<t<T,
Pio 1= Ty
(8)

where T, is the prescribed convergence time, % a
positive constant and £€(0, 1), p,, the initial value
of the performance function p,(7), satisfying p,, >
[q.(0)|and p, . the final value of p, (7).

The introduction of performance constraints im-
poses additional nonlinear restrictions on the sys-
tem, increasing the complexity of the corresponding
controller design. To facilitate controller design, the
constrained state variables are transformed into un-
constrained ones by converting the constrained atti-
tude error into an equivalent unconstrained state,
satisfying ¢, ()= h(s;(2)) p,(¢). Dillerent from
the traditional logarithmic-type error transformation
function, this paper adopts an arctangent-form error

transformation function

2 _
— ¢, arctan (5,(¢)) s,(2)=0

s

h(si(1))= 9)

EQlarctan(si(l)) 5:(2)<<0

s
where s;(7) is the transformed unconstrained error,
and the transformation function parameter A (+) satis-
fies

lim A(s,(2))=¢6, lim h(s,(2))=—0
(1) +oo

5(1)>—co

(10)

i
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According to Eq.(9) , the equivalently trans-

formed unconstrained error s, () can be derived as

tan("’y‘(”) 9.(1)=0
25,

s;()=h(9,(1))= (11)

It can be seen that the transformed error satis-
fies s,(z)E(—oco, +o0).

caused by the error exceeding the prescribed perfor-

To avoid singularities
mance boundary, which would hinder accurate eval-
uation of system performance, a “barrier-crossing”
error transformation function is introduced. This
function allows the simulation to continue even
when the error exceeds the boundary, providing

more flexibility for adjustment in controller design.

2.2 Design of backstepping controller based on

prescribed-time performance

Considering the fast initial response and slow
terminal convergence of the backstepping meth-
od'®", this paper proposes a prescribed-time perfor-
mance-based backstepping attitude controller. First,
define the error variables x, and x,

e (12)
= w,.— a
where s=[ s, s, s3] and a is the virtual control
law.

The transformed attitude error dynamics of the
spacecraft can then be expressed as

T =3:
Ji,=Jo.—Ja=C.+u—Ja
where C,=— @ Jo + Jo.R.w, — JR . w,.

For the second-order system, by constructing

(13)

two Lyapunov functions, the controller is designed
as follows
u=—"rax,—C,+Ja—x/ (14)
where £, >> 0 is a gain constant that adjusts the sys-
tem’ s convergence speed, and a is the virtual con-
trol law, defined as
a=—hkx +w.— I (15)
where %, is a positive constant. Since x, and x, are
bounded, choosing an appropriate value of 4, to en-

sure system stability.

2.3 Design of disturbance observer

An adaptive disturbance observer based on the
super-twisting algorithm'*"’ is designed to estimate
the high-frequency compound disturbance caused
by inertia uncertainty and external disturbance
torques, thereby enhancing the robustness of the
controller.

Given the states g and w of Eq.(2), and denot-
ing the nonlinear compound disturbance as D, let

rn=gq, r,=w, Eq.(2) is transformed into

i'IZ%(querrlx)rZ:%g(rl)rz (16)
=B+ Cu+D
where B=—J,'r; ' Jor,, D=J,'(d—rsAJr,—
AJr,), C=J," and the D, composed of moment of
inertia uncertainty and external disturbance torque,
along with its first derivative D, are both bounded,
thatis| D, | <d., | D, |< dwj=1,2,3.
Assuming the observed value of r, is 7, and
the observed value of disturbance D is D , then
r,=B+ Cu+D (17)
Define the observer error as e =r, — r,. Based
on the super-twisting algorithm, the disturbance ob-
server is designed as follows

D= 21,00 6] sgn(e)— | Ao () sgn (e))de (18)

where A,(7) and A,(z) are adaptive gains, with spe-

cific expressions given as follows

s |/11Aj|(|€j|7)() A= A
/11'1_

/Im Al-jgllm (19)
Aoy == pihy;

where A,,y, p are designed positive constants. If

there exists positive constants e,y such that

Eq.(20) holds, then the observer error e will con-

verge in finite time.

(e +y+p*) e
pey 2

Combining Eqs.(16, 17), the first-order deriv-

A, > (20)

ative of the observation error can be expressed as

¢;=D;— A, e_,|”2 sgn(e;)+ J/lz,j sgn(e;)ds  (21)
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2.4 Design of attitude cooperative controller

Furthermore, due to network transmission de-
lays and attitude determination error, the attitude in-
formation w, and Q, received by the controllers of
the two individual spacecraft are different. Based on
consensus theory'™™ , an attitude cooperative control
algorithm 1s introduced to ensure that the output
torques of the two spacecraft in the combination re-
main synchronized. First, the following assump-
tions are made for the attitude cooperative control
system described in this paper

Assumption 1 The communication topology
among individual spacecraft is described by a weight-
ed undirected graph G. In addition, each space-
cralt’s attitude information is measured by its own
attitude determination system and transmitted to the
controller via wireless network with different trans-
mission delays T

Assumption 2 The attitude error information
q. and o, computed by each controller is transmit-
ted to other controllers via the wireless network.
Let T, denote the transmission delay from controller
i to controller j, and its derivative is bounded such
that T,<C 7,

Therefore, based on the above controller, the
combined spacecraft attitude cooperative controller
is designed as follows

r=—ha,— C,+Ja—axf — D+
zazj[c(qeii ch(fi T{j))+h(wei7 wej(ti T,]))]
=1

(22)
where a, 1s an element of the adjacency matrix, and
T, the transmission delay from controller i to con-
troller j, assumed to be time-varying. ¢ and A are
the positive gain parameters.

2.5 Stability analysis

Theorem 1 For the prescribed-time perfor-
mance function in Eq.(8), if po=>p. >0 is satis-
fied, then the performance function p(7) will con-
verge within the T, to the specified steady-state ac-
curacy p...

Proof For the variable p(7)— p.., define its

Lyapunov function as V,(z)=(1/2)( p(z‘)—])m)z.

Combining with Eq. (8) and taking the derivative

yields
Vo()=(p(t)—p.)plt)=
N Y PR
(p(1) pm)_ 7(1—&)Td(1 t/Ty) }—
(1=A)T\ (po—p.)
(Poipw)l ' . BT
(1—kﬂg(ﬂt)p ) =

—22 &)V, 2 (1)
(23)
1%
where function ¢ represents £(z2)=(p,—p..) /
(1—#)Ts. For (k+1)2€(0,1), according to

Theorem 4.2 in Ref.[ 29], when time ¢ satisfies

1—%

( po *Pw)
E(2)(1—4)

Then the variable ( p(z)— p..) tends to zero. In

= T,= (24‘)

other words, the prescribed performance function
p(1) converges to its final value p.. before time T,
and remains equal to p.. thereafter.

For the stability proof of the disturbance ob-
server, assume the existence of two intermediate
HeR', KeR*', Bi=
[H, K;],j=1,2,3. Its specific form is as follows

variables and let

1/2
sgn(e;)

|:H]:| |€j|
ﬂj: K —
7 D]—J/lzj(l‘)sgn(@)d[

Taking the derivative of the above expression

(25)

yields
K, — AIJH]
2| H;| (26)

D,/‘ — A, 5gn(e;)
Since | D, |<d, and there exists a constant 7

such that 0<< 5 << 2d,, D, can be expressed as

) H,
Djzisgn(ej)— 75

== (27)
2 2| H,|

Substituting Eq.(27) into Eq.(26) can obtain
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K;,— A, ;H, where b, 1s a positive gain parameter. From
g = 2| H,| — Eq.(14) and Eq.(15), the derivative of V is given

D;— A,;sgn(e;)

1 —A; 1 .
|: Lj :||:H/:': Fﬁj (28)
2|Hj‘ 77_;{24' O Kj

For the variable £;, design the Lyapunov func-

tion in the following form
+u =
vj=ﬂfPﬁj=ﬂ?P L ]3] (29)
—p

where P is a positive definite matrix.

Differentiating Eq.(29) yields

V]’:B]’TP.B}jLﬂJTPB/::BJT(FTPJrPF)B_/:
1 | 2hy 2w —qg—y— 4
-8 Bi=
2| H,| Ty M 2p
7:81 :8/'
2| H,|
(30)

If appropriate parameters are chosen such that
the minimum eigenvalue of matrix Q satisfies

etmin ( Q )2 ,U then

. /U 2
2|H | 2|Hj|
Similarly, for Eq.(29), we have
2
mm H ﬁ/ ” V/:,B_/'Tpﬂ_/gdetmax(P)H ,Bj H
(32)
Since |H,|<|B;||< Vw/det,mn P), combin-
ing the above equations
. 7 2 u detiz(P)
Vj<—2|7HH B S o Ve 18,1'<
(P (33)
/‘l d€tmm ) 1/2
V’ / < . V 1/2
2 det, (P) OV

From the above equation, it can be seen that
the finite-time stability condition given in Lemma 1
of Ref.[27] is satisfied.

In addition, to prove the stability of the robust
cooperative controller with prescribed-time conver-
gence that proposed in this paper, the Lyapunov

function is designed in the following form

1 1 1 n
V=V, + Vz:7x3$1+5xgjxl+gzz;r]zl+

2

72250J, 2/ (0)z;(0)do

i=1j=

i=1

by
Vi=xld +alJi,=
r(t—w. tx,t+a)tx (Ccru—Ja)=
x (—kax tx)ta (—ka,—x)=
— kol x

—baix,tala,—xl =

—kxlx,— boxs x,<0
(35)
Let 2,=c¢q.,+ hw., differentiating the Lyapu-
nov function V,, related to the attitude cooperative
controller parameter% can obtain

22 Jz,+ — zzbuz Z;

i=1j=

(36)
7zzbq 1] j(I_le)zj(Z_le)
—1j=1
Substituting Eq.(6) and Eq.(22) can obtain
V,=— Ekz z, *Zza,]z z,+
i=1j=
zzangzj(l T;)+— 226,12] z; —
i=1j=1 i=1j=
722[71] T[/)z}r([_T[j)z/([_T[/)
i=1j=
(37)
From the basic inequality, it follows that
. 1 . 1 .
2z (1— T,-j)<§z}z{+5zjl (t—Ty)z,(t— Ty)
(38)
Additionally, considering a; = a;, it follows
that
226,1-2?‘2,2 zz&,-jzfzj (39)
i=1j=1 i=1j=1
Since T'[-jé t;, then
V2<—2/e,z}rz[ 22 ag—by)zlz,—

/1,1

S,

11]1

Li)—ay)z (t— Ty)z;(t—T;)

(40)
Provided that 6,(1 —7;)=a,; and a,;= b, it
follows that
V<> k2l 2 (41)
i=1

Consequently, Vi=V,+ V,<0. It indicates
that the subsystem corresponding to the individual

controller is stable. Construct the overall Lyapunov
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function
V= E v (42)
k=1

Given that the orthogonality of the transforma-
tion matrix R} ensures the boundedness of state
transmission, differentiating V' and substitute the

overall control law Eq.(3) can obtain
V">V N o (43)

k=1 k=1

Connected inter-subsystem communication to-
pology ensures state coordination, prevents error ac-
cumulation in locally isolated subsystems, and ulti-
mately guarantees overall system stability. This

completes the proof.

3 Numerical Simulation and Analy-

SIS

3.1 Simulation parameters

The moment of inertia matrix J, of the combined
spacecraft is given by J,=diag[70 70 50 Jkg+m®
The actual moment of inertia matrix is denoted as
J=J,+AJ, where AJ=0.1sin(0.32)J, repre-
sents the inertia uncertainty.

First, considering the actuator output is bound-
ed, the maximum output torque is set to 0.2 Nem.
The initial attitude angle of the spacecraft is set to
[20° 15" —20°]" with an initial angular velocity of
[0 0 0]"; the target attitude angle and angular ve-
locity are both set to [000 " and [0 O 0 ]". In addi-
tion, it 1s simply assumed that the relative attitude
angle between the two separate spacecraft is
[0 0 0]". The simulation also considers attitude de-
termination errors and external disturbance torques
acting on the combined spacecraft. The specific pa-
rameter settings are as follows. The attitude angle
measurement error is on the order of 0.000 1°, the
angular velocity measurement error is on the order
0f 0.000 1 (°)/s, and the external disturbance torque
is 10* Nem.

For the purpose of simulating a real-world wire-
less network transmission environment, the trans-
mission delays from each attitude sensor to the con-
troller are set as T,=0.02s, T,=0.03s. In addi-

tion, The network transmission delays for data ex-
change between the controllers of the combined
spacecraft are set as

T,,=0.01+ 0.02sin(0.2¢)

Ty =0.01 + 0.02cos(0.17)

The relevant parameters of the disturbance ob-
server are as follows: y=0.2,y=1.5 X 107",1, =
0.003,2,,(0)=10.03,

In addition, the specific parameters of the two

controllers are listed in Table 1.

Table 1 Controller parameters

Parameter Value

Initial value and final value pi0=0.25,p, .= 0.001

Predefined time/s T,=30,40,50,60

Convergence rate constant k=0.4
Controller gain constant k1 =0.05,k,=9.5
Adjacency matrix gain c=1,h=0.2

3.2 Simulation results and analysis

To verify the effectiveness and stability of the
proposed prescribed time attitude cooperative con-
troller based on disturbance observer (PTCDO) un-
der external disturbances such as inertia uncertain-
ty and communication delays, numerical simula-
tions are conducted using the parameters defined
above. First, four different predefined convergence
times are set: 30, 40, 50 and 60 s. The correspond-
ing simulation results are shown in Figs.3—5.
Then, a comparative study is performed with the
proportional derivative (PD) control, the backstep-
ping control (BP) and the prescribed time attitude
cooperative control with adaptive disturbance rejec-
tion (PTCADR) ", The results are presented in
Figs.6—S8.

As can be seen from the results in Fig.3 and
Fig.4, the combined spacecraft can accurately con-
verge to the target attitude at the corresponding an-
gular velocity within the prescribed time in the pres-
ence of inertia uncertainties, communication delays
and external disturbances. All curves remain within
the prescribed performance bounds, with favorable
dynamic performance and robustness, and the spe-

cific control accuracy is listed in Table 2.
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Fig.4 Angular velocity curves

Furthermore, the time response curves of the
control torque presented in Fig.5 reveals a clear cor-
relation between the output characteristics of the
control torque and the prescribed convergence time:
The shorter the prescribed convergence time, the
larger the control torque output by the controller.

This observation aligns with the objective principle

that rapid dynamic adjustment inevitably relies on a
larger control input to provide sufficient angular ac-
celeration. Therefore, the prescribed time perfor-
mance control method proposed in this paper is ef-
fective, which allows users to set the system conver-
gence time according to mission requirements and

thus exhibits excellent engineering application value.
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Figs.6—8 show the comparative simulation re-
sults of four control methods. As illustrated, com-
pared with PD and BP controllers, the proposed
PTCDO controller exhibits superior attitude control
performance under challenging conditions such as in-

ertia uncertainty,, communication delay and other ex-

ternal disturbances. Benefiting from the strict con-
straint imposed by the prescribed time performance
function, the controller not only ensures rapid con-
vergence of the attitude error within a prescribed
time, thereby significantly improving the response

speed of attitude maneuvering, but also effectively
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Table 2 Comparison of simulation results
Parameter PTCDO PTCADR BP PD
Attitude angle accuracy/10 *(°) 2 4 0.1 8
Angular velocity accuracy/ 10 *((*)ss™") 1.2 2 5
Convergence time/s 25 25 48 45
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suppresses the influence of various disturbances, re-
sulting in higher control accuracy. Further compari-
son with the PTCADR controller employing adap-
tive passive disturbance rejection demonstrates
that, by virtue of the active estimation capability of
the disturbance observer, the PTCDO controller
can accurately identify and dynamically compensate
for the composite disturbances arising from inertia
perturbations and external disturbance torques. Con-
sequently, the adverse effects of disturbances on the

control system are fundamentally mitigated, leading

to enhanced robustness and improved control preci-

sion. Detailed comparisons of convergence time and
control accuracy among the considered controllers
are summarized in Table 2.

As shown in Fig.9 and Fig.10, the disturbance
observer based on the super-twisting algorithm can
rapidly estimate the composite disturbance after a
short transient chattering phase. Moreover, the atti-
tude cooperative control term z, effectively compen-
sates for attitude information inconsistency caused
by attitude determination errors and communication
delays, thereby enhancing the controller’ s robust-

ness against external disturbances.
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Fig.10 Cooperative control term

Based on the above simulation results, com-

pared with other three control methods, the pre-

scribed time attitude cooperative control methods
based on disturbance observer allows the conver-
gence time to be directly specified by the user and
exhibits stronger robustness against external distur-
bances, thanks to the combined effect of the distur-
bance observer and the bounds of the prescribed time
performance function. In addition, the system’s
steady-state error is always confined within the ter-
minal value of the prescribed performance function,
resulting in faster convergence and higher control ac-

curacy.
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4 Conclusions

This paper focuses on the prescribed time atti-
tude cooperative control problem for combined
spacecraft under external disturbances such as iner-
tia uncertainty and communication delays. Firstly, a
novel predefined-time performance function and a
penetration-enabled error transformation function
are proposed. Compared with traditional exponen-
tialtype performance functions, the proposed meth-
od achieves faster convergence, allows predefined
convergence time and simplifies parameter tuning.
Secondly, based on backstepping control theory, a
predefined-time attitude controller for combined
spacecraft is developed ensuring that the system
states enter a predefined stability domain within the
desired convergence time. Meanwhile, a distur-
bance observer based on the super-twisting algo-
rithm is introduced to estimate the compound distur-
bance caused by inertia uncertainty and external
torques. A cooperative control term is designed us-
ing consensus theory to compensate for the control
torque mismatch induced by communication delays,
enhancing the robustness of the controller. Finally,
a series of comparative simulations are conducted to
demonstrate the effectiveness and superiority of the

proposed controller.
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