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Abstract: In order to deal with the fast, large-angle attitude maneuver with flexible appendages, a
finite-time attitude controller is proposed in this paper. The finite-time sliding mode is constructed
by implementing the dynamic sliding mode method; the sliding mode parameter is constructed to
be time-varying; hence, the system could have a better convergence rate. The updated law of the
sliding mode parameter is designed, and the performance of the standard sliding mode is largely
improved; meanwhile, the inherent robustness could be maintained. In order to ensure the system’s
state could converge along the proposed sliding mode, a finite-time controller is designed, and an
auxiliary term is designed to deal with the torque caused by flexible vibration; hence, the vibration
caused by flexible appendages could be suppressed. System stability is analyzed by the Lyapunov
method, and the superiority of the proposed controller is demonstrated by numerical simulation.

Keywords: attitude control; fast large-angle maneuver; finite-time control; flexible appendages

1. Introduction

Current space missions, such as push-broom imaging and stare imaging, need satellites
that have the ability to perform fast large-angle maneuvers. However, standard controllers,
such as the PID controller and the sliding mode controller, have the issue of a low con-
vergence rate. It is necessary to develop an attitude controller with a faster convergence
rate. Furthermore, the deformation and vibration of flexible appendages would bring
unexpected torque on the satellite system; hence, the overall goal of this paper is to develop
a satellite attitude controller subject to fast large-angle attitude maneuvers with a better
convergence rate compared to standard controllers. Meanwhile, the flexible vibrations
could be suppressed.

In the field of satellite attitude control, PID control and sliding mode control are the
most mature and widely used methods. They both have the advantage of simple structures
and strong robustness; hence, a lot of work has been performed by researchers. However,
a low convergence rate is the main drawback of these two methods. Li [1-3] developed
PID controllers for satellite’s fast maneuvering with flexible appendages, and standard PID
controllers are modified in his work. Hence, the system could have a better convergence
rate. There is also some work [4,5] focusing on satellite orbit control, and the main goal
of these two papers is to optimize energy consumption. The sliding mode controller is
also a mature method in the field of satellite attitude control. Chakrabarti [6] and Ye [7]
designed sliding mode controllers for satellite attitude maneuvers; the standard sliding
mode for satellite attitude control is modified in these works, and the system robustness is
enhanced. However, the system convergence rate is not taken into consideration in these
works. In order to improve the system convergence rate, Li [8,9] has done some work,
and the standard sliding mode is modified by Bang-Bang logic and dynamic sliding mode.
The system convergence rate is largely improved by implementing the updated law of
the sliding mode parameter. Moreover, Xiao [10-12] has performed some work focusing
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on the modification of sliding mode controllers. The controllers with fault-tolerant and
strong robustness are proposed in these works. Ye [13] also designed a sliding mode control
algorithm for an attitude tracking controller, and his main focus is the system convergence
rate. In his work, it is pointed out that by optimizing the trajectory of angular velocity, the
system could have both a fast convergence rate and low energy consumption. However, the
common drawback of these works is that the system convergence rate is exponential, which
means the system state would reach its equilibrium point with infinite time. The terminal
convergence rate is relatively low in these works, and it is necessary to develop a controller
with a better convergence rate, especially for fast attitude maneuverable conditions.

In order to deal with the exponential convergence rate issue, finite-time control theory,
which could largely improve the system convergence rate to near its equilibrium point,
is developed by researchers. Li [14] developed a finite-time controller with three stage
structures, and a braking curve for angular velocity is constructed. The system convergence
rate is improved by maintaining angular velocity revers to attitude quaternion; meanwhile,
its norm is reaching its upper bound for as long as possible. The singularity issue is solved
by using the property when the angular velocity is reversed to the vector of the Euler Axis.
Liang [15,16], Wang [17,18] and Wu [19,20] also designed finite-time controllers for satellite
attitude control, and their main focus is the structure of the finite-time sliding mode. It is
pointed out that the key to achieving finite-time stability is to construct the fraction order of
the system state properly. However, these works do not consider the flexible deformation of
large flexible appendages, such as solar sails and large antennas, which are very common in
satellites. Noting that when a satellite is on a fast attitude maneuver, the flexible vibrations
can not be ignored; hence, it is necessary to design controllers that are robust to flexible
deformations.

In order to deal with the satellite attitude control issue considering flexible vibration,
some fundamental work [21-24] has been done. Wie constructed the basic structure of a
PID controller for satellite attitude control and some typical methods for stability analysis
is proposed. Some typical sliding mode surfaces are also proposed for satellite attitude
control. Generally, the basic idea to deal with flexible vibrations could be concluded as
following two aspects: 1. treat it as another kind of disturbance with a normal upper bound;
2. design a state observer to estimate it based on its dynamic model. The former is easier
for engineering practice, and the latter has better performance in theoretical research.

In this paper, a finite-time controller for a satellite capable of fast, large-angle maneu-
vers with flexible appendages will be proposed. The next section will give the dynamic
and kinetic models used in this paper, Section 3 is the core of this paper, and the finite-time
controller will be given in this section. Section 4 will demonstrate the performance by
numerical simulation, and Section 5 will conclude this paper.

2. Explanation of the Symbols Used in This Paper

In order to make it easier to understand this paper, the symbols used in this paper are
explained in the following Table 1.

Table 1. Explanation of the symbols.

Inertia matrix of satellite (3 x 3 matrix)

Inertia matrix best estimate (3 x 3 matrix)

Error inertia matrix (3 x 3 matrix)

Angular velocity (3 x 1 vector)

Coupling matrix between flexible appendages and rigid body
Modal coordinate vector

Control torque

Unknown disturbance torque

Norm upper bound of vector r
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Table 1. Cont.
Wy Natural frequencies of flexible appendages
Ci Associated damping of flexible appendages
N The elastic modes need to be considered
r* Product matrix of the three-dimensional vector r
IEd] Euclidean two-norm of vector or matrix r
AM(A), A (A) Maximum and minimum eigenvalue of matrix A
q Attitude quaternion (4 x 1 vector)
q, Vector part of attitude quaternion (3 x 1 vector)
qgo Scalar part of attitude quaternion
sgn(x) Sign function of vector or scalar x
3. Dynamic and Kinetic Model
The dynamic model of the rigid satellite could be written as follows.
yn &
Jo+ 6l = —w* (Jw+6Th) +u+d )

1+ Cp+Ky=—bw

where w is the angular velocity, | is the inertia matrix of satellite, which is a symmetric
matrix, d is the unknown disturbance torque with a normal upper bound ||d|| < d. § is
the coupling matrix between the flexible appendages and the rigid body and ¢ describes
how the flexible appendages influence the rigid body, # is the modal coordinate vector, its
definition could be found in Table 1, C and K are defined as follows.

C = diag(2¢iwy;),i=1,2---N o)
K = diag(w?),i=1,2---N

where wy,; is the natural frequency and ¢; is the associated damping, and N is the number
of the elastic modes need to be considered.
Product matrix ™ of vector r is defined as:

0 —r3 ra
r = r3 0 —n (3)
it ) 1 0

Generally, the inertia matrix J could not be accurately known, and it is assumed that:
J=J+7 )

where J is the inertia matrix best estimate and J is the error matrix. Product matrix has an
important property, which will be used in the latter part that the eigenvalues of * satisfies:

A=) =0, |7
Amax (1) = [|7[|, ©)

Define ¢ and ¢ as follows.

¢ =q+owd=[nT 9T ] 6)

The dynamic model (1) could be transformed to:

Jw=—w* (Iw—i—HlS‘) +Ld—Mw—+u+d
% = Ad + Bw

@)
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where J,H,L,M, A, B are defined as follows.

J=J-6"6H=[0 6T |,L=6T[K C ]| M=5TCs

e[

The kinetic model based on attitude quaternion could be written as follows.

- 1.T T
g — ‘?0 - 29w :| — 1[ o :| 9
1 [ 4, } [ Yol +a)w |~ 2 F % ©)

where F = qolz + gq,; and the eigenvalue of F satisfies:

ME) = |qol, 1
Am(E) =1 (10)

In order to simplify the text, the maximum and minimum eigenvalue of matrix A is
described as Ap;(A) and Ay (A).

Considering that g and —g describes the same attitude, it is assumed that g9 > 0 in
this paper.

Furthermore, it is worth noticing that in engineering practice, system angular velocity
w and control torque u has its norm upper bound, and it is assumed to be ! and # in this

paper.

4. Finite-Time Controller
4.1. Problem Description

The sliding mode control method has been proposed for a decade, and a lot of work
based on this method has been performed on the satellite attitude control issue. The most
widely used and standard sliding mode for satellite attitude control could be written as
follows.

s =w+kq, (k>0) (11)

After reaching this sliding mode surface, the system state has such properties:

w = _kqv

. 12
4, = 3 (90l + g )w = —3kqoq, 12

When the system maneuvers along (11), the angular velocity vector is reversed to the
attitude quaternion vector, and a lot of work has been done based on this sliding mode.
The model uncertainty and unknown disturbance issue could be effectively solved using
sliding mode (11), and it could be concluded that the reverse property could improve
system robustness. However, based on Equation (11), it could be easily found that the
convergence rate of q,, is exponential, which means the system would reach the equilibrium
point with infinite time and the convergence rate needs to be improved.

In order to improve the system convergence rate, a finite-time controller is an effective
method. Generally, in order to achieve the finite-time stability, a fraction order feedback is
used as follows to construct the sliding mode.

x = —ksign(x)|x|",0 <r <1 (13)

Sliding mode (13) would bring another issue, i.e., the singularity issue. Since the
control torque is always related to x, i.e., the second derivative of x, the singularity term
x"~1 would be brought into the controller. In order to deal with the singularity issue, some
typical finite-time controllers are designed [14]. However, the system robustness issue is
not taken into consideration, and the reverse property does not hold in these works. System
robustness needs to be improved to suppress the perturbations, such as inertia matrix
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uncertainty and unknown disturbance. In summary, the robustness issue and singularity

issue should be both taken into consideration to design the robust finite-time controller.
Based on the discussion above, the goal of this paper could be: design a finite-time

controller for satellite stabilization issues and the following properties should be satisfied:

1. Compared with the standard sliding mode, the system convergence rate near the
equilibrium point should be largely improved;

2. Finite-time stability should be satisfied, i.e., there exist positive scalar ¢, ¢ and T to
satisfy following inequality;

g, <& llwll <& for vi>T (14)

3. Thesingularity issue should be solved, i.e., g, 4,, w, w are all bound during the whole
control process;

4. The controller should be robust to inertia matrix uncertainty and unknown distur-
bance torque.

4.2. Finite-Time Sliding Mode

In paper [9], the author pointed out that the fixed sliding mode caused the low
convergence rate, and a dynamic sliding mode is constructed in this paper. The maneuver
stage with constant angular velocity and converge stage with constant angular acceleration
are designed based on the updated law of sliding mode parameter k, and the system
convergence rate is largely improved compared to the standard sliding mode. Inspired by
the method in [3], the finite-time sliding mode proposed in this paper could be written as
follows.

s=w+kq,
_ {0 Is]| > & (15)
k(1 —a)Baolla, | sl <&
1/2 <a<1,B=k(to)/]q,(to)|*" (16)

where the initial value of k satisfies k(tp) > 0, €1 is a small positive scalar, and «, § are all
positive scalars.

A sliding mode (15) has the same structure as a standard sliding mode; hence. the
reversed property could be maintained. Moreover, the same structure could make it
possible to design a robust finite-time controller based on standard sliding mode methods.
Based on (15), it could be found that the maneuvering process is constructed in two stages:
in the first stage, i.e., ||s|| > &;, the system performance is totally the same as that of a
standard sliding mode, and the sliding mode parameter k is fixed; in the second stage, i.e.,
|Is|| < €1, it could be treated as a system that has reached the sliding mode, and angular
velocity vector has been reversed to the attitude quaternion vector. In this stage, the sliding
mode parameter k begins to update. Moreover, based on the updated law of k, it could be
found that k is monotonically increasing to affect the exponential convergence rate. The
key work of this paper is the updated law of the sliding mode parameter k and when the
system convergences along (15), i.e., s = 0, system (5) would converge to its equilibrium
point within finite-time, and during this process, w and w are all norm upper bound.

The next step is to discuss the finite-time stability of the sliding mode (15). When the
system reaches the sliding mode (15), it is defined as follows, and its derivative could be
calculated as:

Vq = ngv = quHz (17)

Vg =247, = —kqoqlq, = —kqollq, | (18)

In order to achieve the goal of finite-time stability, the derivative of Lyapunov function
should satisfy the following inequality:

Vo < —vg0llg, "™, with a€(0,1) ,9>0 (19)
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Compared with (14) and (15), it could be that if there exists a positive scalar v to satisfy
the following inequality, the finite-time stability could be ensured.

k=7lq,I"" (20)

In order to satisfy the finite-time condition (20), the fixed parameter k is not feasible
since the right part of (20) tends towards infinite, and a very large k would cause the control
torque of an angular velocity to exceed the system upper bound drastically. Hence, it is
necessary to design a time-variable parameter k and its update law to satisfy (20), and that
is how the dynamic sliding mode (15) is found. In fact, selecting parameters as follows, it
could be found that:

7 = k(to)/la,(to) I, p =7 (21)
Noting that the structure of the sliding mode parameter update law in (15), it could be
found that: .
k(to) = 7llg,(to) I

- _ d : a—1
k= k(1 —a)Baolg,|* " =

Based on (21) and (22), it could be found that finite-time condition (20) is satisfied, and
(19) could be transformed to:

(22)

’ : 2 1
Vo = 2050, = —kqol|4,|I* < —Baollq, | = —paoVy T/ (23)
The system converge time satisfies:

2V (1) o)
(t

= Bao(i) (1 — )

The next step is to improve on sliding mode (15), w, w are all norm upper bound. It
is obvious that angular velocity w satisfies following the property and is the norm upper
bound.

lwll = l=kq, || = lla,/1* (25)

Calculating the derivative of angular velocity, it could be found that:

w = 7kqv - kqv
= —k(qols + ;) (—kq,) — 5(1 — a)Baollq,|* g, 26)
= qok*q, — 5(1— W)ﬁqol\qvll“‘
= %ﬁ2||%||2“ fe—3(1- fx)ﬁz%H%HZ“ '

where e is the unit direction vector of attitude quaternion, which is defined as e = ¢q,,/|q, .
Noting that1/2 < a < 1, hence, w, w are all norm upper bound during the whole maneuver
process, and the demand control torque is also the norm upper bound, i.e., the singularity
issue is solved. However, it is also worth noticing that on sliding mode (15), the system

parameter k tends towards infinite since k is not the norm upper bound. In order to avoid
this situation, we rewrite the sliding mode as follows.

s =w+kq,
i {0 otherwise (27)
k(1 —a)Baollg, "™ sl < e1 &g || > e2

where g1 and ¢; are all small positive scalars. The difference between sliding mode (15)
and (27) is simple when the system approaches the equilibrium point, the sliding mode
parameter stops updating, and the singularity issue of k could be solved, and the system
state could converge to the field of ||q,|| > €, within finite-time, hence, if a small enough
parameter ¢, is selected (in fact, considering the disturbance system could not reach the
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absolute equilibrium point, hence reaching the field near system equilibrium could be
treated as reaching equilibrium point), the systems finite-time stability could be ensured,
and this property will be proven in next section.

4.3. Finite-Time Controller

After the finite-time sliding mode surface is derived, the next step is to construct a
finite-time controller to ensure the system state could converge to the proposed sliding
mode surface within finite time and could converge to its equilibrium point along this
sliding mode surface. Furthermore, the proposed controller could resist the disturbance
torque caused by flexible appendages.

u = —kssig'(s) + w*Jw — $kJFw — I;sign(s)
otherwise
u = —kssig'(s) + w*Jw — 1kJFw — lpsign(s) (28)
—k(1 —a)Bqoll,||" "' Ta,
if sl <e1 &llg,] > e

where k; is a positive scalar, r is a positive scalar which satisfies 0 < r < 1, sign(x) is the
sign function of vector x, vector function sig"(x) and /; is defined as follows:

sig” (x) = x/ ||| (29)
~h :23+)t||w||2+§/\|]w||+v (30)
o =d+Mw|*+ §A[lw] + kA1 — a)Bqollg, " + v

where A is a positive scalar which satisfies A > Ay (7) with Ay (7) as the maximum

eigenvalue value of the error inertia matrix J. Furthermore, v in (30) is a positive scalar,
which is meant to resist the disturbance torque caused by flexible appendages, and the
method to select this parameter will be given in a later text.

The next step is to discuss the system stability governed by the controller (28). We
select the Lyapunov function as follows
Ir

=s'Js (31)

V =
2

It is obvious that Function (31) is a semi-positive definite when and only when s = 0
Function (31) equals zero. Except for the condition that ||s|| < &; &||q,|| > €2, we calculate
the derivative of (31) and the substitute controller (28), and it could be found that:

Vv =sTJs
=sTJ (@ +kq,)
=sT (=T — w* (Jw+6T) +u+d) + LsTJFw (32)

= —[|s]*" = sT (=875 — w*8Tip +v)
+sT (Tw — JFw + d) — I1sTsign(s)



Symmetry 2022, 14, 45

8 of 19

Similarly, we calculate the derivative of Lyapunov function at the stage of ||s|| < &1 &
llg,|l > €2, it could be found that:

Vv =sTJs
= sT (@ + kg, + ko, )
=sT (=0T — w* (Jw + 6T) + u+d) + s JFw
+5(1—)Bgollq,|* ' s"Ja, (33)
= s> = s (=0T — w*Tiy + v)
+sT gfw — R0+ 51— )Baoll g, Ta, +d)
—Iys" sign(s)
Noting the definition of I; and /5 in (30), it could be easily found that the last two terms
in (32) and (33) are negative definites, i.e.,:

sT (Tw — Fw + d) —I1sTsign(s) <0
T (Jo — §JFw + 5(1 = a)pgolla II* 'Ta, + ) (34)
—~I1sTsign(s) <0
Hence (32) and (33) could be transformed to:
V< —||s||2_r—sT<—§Tij—wX5Ti1+v) (35)

It is obvious the first term in (35) satisfies the finite-time stability condition, and if the
last term in (35) is a negative definite, the system could converge to the designed sliding
mode surface within a finite time. Moreover, it could be found that the term that needs to
be suppressed is the flexible vibration; although, its modal state is hard to get by sensors
on satellite, its dynamic model is known; hence, the modal state could be estimated by a
state observer. We define # and its update law as follows.

i+ Ch+Kfj = -6t (36)

where: _ )
sz—l (u—wxfw—wXJTﬁ—JT@ (37)

It could easily be found that the estimation variable # has the same dynamic model as
the modal state 7. We define the estimation error variable # as follows.

H=1n-1 (38)
Substitute models (1) and (36) into (38), and it could be found that:
i+ Cj+Kij= —&(w—7) (39)

Obviously, the only differences are the terms T and w caused by model uncertainty
and disturbance torque. Noting that C and K are both positive definite matrices, the
error variable 7 is typical of the Lagrange system and # would track — (@ — 7) by an
exponential rate. Furthermore, noting that —& (@ — 7) is a relatively small term, it could be
treated that estimation variable 77 could track modal state #, but there exists a small tracking
error. Hence, the auxiliary term v could be defined as follows.

v=—6Th— w*6TH — vysign(s) (40)
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The function of the last term, vy, is to offset the effect caused by the model error
—J(w — 7). Noting the ith modal estimation error could be described as:
T+ 28iwnilf; + Wil = (—8 + 67), (41)

The analytical solution of (41) could be written as follows.

7i(t) = (—0w + 87),(t) — e Cinit sin(wyt + ) /4 /1 — T

wy = Mwmﬂp = arctan( 1-— g}/gi) (42)

if 0<&<l1

7i(t) = (—0w + 87),(t) — e~ “nil (wy;t +1)
if ¢i=1

7i(t) = (=86 + 0T) () + e GFVE Dt/ (2\/@27—1(&' + \/5127_1))
_e*(éf*\/é,fl)wmi/ (2 /g2 —1 (Ci — \/5127_0) (44)

if ¢i>1

Noting that (—dw + d7).(t) is a relatively small term, the major part is the transient
term, i.e., the second term in (42)—(44). The idea to offset the transient term is to design vy’s
envelop function, as Figure 1 shows.

(43)

15
vy needs to be
designed

10

-5

vg's envelope
curve

-10

15 ‘ ‘ ‘
0 500 1000 1500 2000

Figure 1. Envelop function.

The basic idea to design vy is to ensure its norm is larger than the norm of #;(t), and
noting Equations (42)—(44), vp could be designed as follows.

00 = Ti(to) exp(—wyt)
wy < min(\/(:?i—lwni, Whyi, — (Cl + \/{,‘;27—1) wm-) (45)

By selecting the initial value of 7;(to) (in this paper, 7; (o) is selected five times larger
than the model error and w,, is selected 1/5 times less than the minimum value of w,;), it

could be found that:
sT(=6T — w* 8T+ v)
= sT(—(STﬁ—wX(?Tﬁ—ﬁi(tg)exp(—wvt)sign(s)) (46)
<0

Hence, the derivative of V in (35) satisfies:

V< —|s|* = (2v)* 2 47)
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Hence, the sliding mode state s could converge to zero within finite time, and based on
the previous discussion, the system state could converge to the field near the equilibrium
point within finite timem and the systems finite-time stability has been proven.

Moreover, it could be found that the sign function terms in (40) and (28) (except the
disturbance term d) tend to zero as the system converges to its equilibrium point and would
not cause high-frequency vibrations.

5. Simulation
Comparing Group

Set the system parameters as follows.

J = diag(100,75,50)kg-m?, ] = diag(98,77,49)kg-m?
w(0) = [ 001 —0.02 0.03 Jrad/s
q0)=[0 v6/6 v3/3 V2/2]
w,=[07 1 18 25],

F=102x[56 86 128 252" (48)
7 12 22
~12 09 -17
11 25 —08
12 —26 -11

o=

Set the disturbance d as Gauss white noise and its norm upper bound as follows.
d =5x10"3randn(3,1)Nm,d = 5 x 1073 (49)

Group A
In order to demonstrate the superiority of the controller in this paper, the standard
sliding mode controller (50) is compared.

s =w+kq,
u=—kss +w Jw — 3JFw — Isgn(s) (50)
1= A(llwll + 3kl ) +4

Select the control parameters as follows.

A=23ks=2k=0.15 (51)
T =300s,t_sample =0.1s

The simulation results of the standard sliding mode controller (50) are given as follows.
Based on Figures 2 and 3, it could be found that the system convergence time is more
than 300 s, and the steady accuracy of angular velocity and attitude quaternion is about
8 x 10 *rad/s and 4 x 10~%. A system governed by a standard sliding mode controller
could converge to its equilibrium point, but the convergence rate is relatively slow. Fur-
thermore, based on Figure 4, it could also be found that the modal state also converges to
zero as the angular velocity converges to zero, and the maximum vibration is about 0.1
according to numerical simulation.
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Curve of angular velocity
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Figure 2. Curve of angular velocity.

Cunwe of attitude quaternion
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Figure 3. Curve of attitude quaternion.
Curve of modal state
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Figure 4. Curve of modal state.

Group B

The next step is to demonstrate the performance of the finite-time controller proposed
by Li [14] in 2017. In this paper, the author pointed out that by designing the trajectory of
angular velocity properly, the system convergence rate could be largely improved compared
to a standard sliding mode controller. Moreover, finite-time stability, as discussed in this
paper, is proven in Li’s work; hence, this method is compared with the method proposed
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in this paper. The finite-time controller proposed in Li’s work could be written as Equation
(52) and select controller parameters as Equation (53) [14].

—k|[sl|”se + prw — lisgn(s) lq,|| > «
—k||s||Pse + @rw —zlzsgn(s) B<llg,ll <a
K 2r—1%
—Klls[se + @sw + Fraolla, " Te 0 < g
~lzsgn(s) o
@1 = W] — 8jeX (I + cot §e*)
@2 = wx]—%fl-"
- @3 =w”]
h=d+ M| +5A(1+cot)|w|
b=+ Aol + 4wl
—_ K _
l3 =d+ )\HWHZ + 737/\|¢70|H%H2r !

(52)

A=3,kf =01,k=5
«a=1=02r=2/3,p=05 (53)
T =200s,t_sample =0.1s

The simulation results of the finite-time controller (52) are given as follows.

Based on Figures 5 and 6, it could be found that the system converges to its equilibrium
point and the convergence time is about 100 s, which is largely improved compared to
a standard sliding mode controller. Furthermore, based on Figures 5 and 6, it could be
found that the system accuracy at the steady stage is about 1 x 10 #rad /s and 1 x 10~°
of angular velocity and attitude quaternion, which is also improved compared to Group
A. The only drawback of this controller is the flexible deformation. Based on Figure 7,
although a modal state could converge to zero along the converge of angular velocity, the
maximum modal state is about 0.35, and its frequency is also much higher than that of
Group A. The high-frequency vibration causes system state chattering near its equilibrium
point (based on Figure 5, three axes of angular velocity all have a chattering issue).

Cune of angular velocity
0.03 -

0.02 -

0.01

Angular velocity (rad/s)

-0.06

1980 1990 2000

. . . . . . . . . )
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Figure 5. Curve of angular velocity.
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Figure 7. Curve of modal state.

Group C
The PID control algorithm is also a mature and widely used method in satellite attitude

control, and the set control parameters are as follows.

u = —kyw —kpq, — ki [ q,dt (54)
kg =10k, = 2,k; = 0.1

The system performance is governed by PID controllers and are shown as follows.

Based on Figures 8 and 9, it could be found that the system governed by a PID
controller is stable, and the convergence time is about 200 s, which is slower than the
standard sliding mode controller, but the structure is the strongest and most robust. It
could be easily found that the shock of the system state near its equilibrium point is much
relieved. Moreover, based on Figure 10, it could be found that the PID controller could also

suppress the flexible vibration.
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Figure 8. Curve of angular velocity.
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Figure 10. Curve of modal state.

Group D
The final step is to demonstrate the performance of the controller proposed in this

paper. We selected the control parameters as follows.

A =3,k(tg) =0.05k; =2
g1 =& =0.001,r =2/3 (55)
T =200s,t_sample =0.1s
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Moreover, we assume the initial modal state estimation error as follows.

iity) = [ 001 —001 002 —0.02]"

. 56
i(ty) = [ 005 —0.01 001 —0.005]" 6)

We selected the auxiliary term as follows.
vg = 0.2 x exp(—0.01¢) (57)

Generally, the larger parameter k() and r could bring a better system convergence
rate; however, the system control torque and angular velocity is increased. The parameter
ks determines the rate the system converges to the desired sliding mode. The parameter
vg determines the suppression for the estimation error; when the initial estimation error,
disturbance and model error are relatively large, this parameter should be selected to be
larger.

The simulation results are given as follows. Based on Figures 11 and 12, it could
be found that the system converges to its equilibrium point and the convergence time is
about 45 s, which is the fastest of the three groups, and the system accuracy at a steady
stage is 1 x 10 *rad/s and 4 x 1078 of angular velocity and attitude quaternion, which
is also the best in the three groups. Moreover, it could be found that the initial value of
the sliding mode parameter is 1/3 of Group A, but the system convergence time is about
1/8. This proves that by enlarging the sliding mode parameter, the system convergence
time could be largely improved. Based on Figure 13, it could be found that the modal
state converges to zero, and its maximum value is about 0.2, which is largely improved
compared to the finite-time controller in Group B. Comparing the simulation results of
Group D with Groups A, B and C, it could be found that the upper bound and frequency
of flexible vibration is suppressed. Hence, the chattering issue is largely relieved (seen in
Figure 11, the shocking of angular velocity only exists on the Z-axis and its frequency is
much lower). Based on Figure 14, it could be found that although there exists la arge initial
estimation error, the state observer could also track the real modal state, and the estimation
error tends to zero. Based on Figure 15, it could be found that the sliding mode parameter
stops updating when the system state nears its equilibrium point; hence, the system does
not have a singularity issue.

Curve of angular velocity
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Figure 11. Curve of angular velocity.
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Figure 15. Curve of sliding mode parameter.

The performance of the three groups of controllers is summarized in the following
Table 2.

Table 2. Comparison of the three controllers.

Standard Sliding Mode Finite-Time Controller PID Method in This Paper
Controller
Convergence rate Slow Medium Slow Fast
Steady accuracy Low Medium Low High
Chattering issue Weak Strong Weak Medium
Flexible vibration suppression Small Large Small Medium
Singularity issue None Exists None None

Based on the comparison in Table 2, it could be found that the major advantages of
the method proposed in this paper are its convergence rate, steady accuracy and none
singularity issue. Although the updated law of the sliding mode parameter would cause
relatively large flexible vibration, the modal state estimation algorithm and auxiliary term
could relieve the effect.

6. Conclusions

In this paper: a finite-time controller based on the dynamic sliding mode is proposed,
and the system convergence rate is largely improved compared to the standard sliding
mode and existing finite-time controller. It is proven that by implementing the updated law
of the sliding mode parameter, the system could converge to the field near the equilibrium
point within finite time, without causing the singularity issue during the whole control
process. Furthermore, it is proven that the key to improving the system performance is to
design an angular velocity trajectory properly, and the method proposed in this paper is the
updated law of the sliding mode parameter; by implementing this method, the drawback
of dropping too fast of angular velocity is avoided. Moreover, a state observer is designed
for flexible vibration, and an auxiliary term, which is converging slower than the system
state, is designed to suppress the effect of the estimation error. The simulation results prove
the effectiveness of the method proposed in this paper, and future work could focus on the
modification of the sign function in controllers to avoid high-frequency vibration near the
system’s equilibrium point.
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