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Adaptive Quasi Fixed-Time Orbit Control Around Asteroid with
Performance Guarantees

Renyong Zhang!, Caisheng Wei> " and Zeyang Yin> "

Abstract: This paper investigates a novel quasi fixed-time orbit tracking control method
for spacecraft around an asteroid in the presence of uncertain dynamics and unknown
uncertainties. To quantitatively characterize the transient and steady-state responses of
orbit tracking error system, a continuous performance function is devised via using a
quartic polynomial. Then, integrating backstepping control technique and barrier Lyapunov
function leads to a quasi fixed-time convergent orbit tracking controller without using any
fractional state information and symbolic functions. Finally, two groups of illustrative
examples are employed to test the effectiveness of the proposed orbit control method.
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1 Introduction

With the fast development of space explorations, small celestial bodies such as asteroids
and comets have attracted wide attention. This is because that the asteroids have potential
scientific significance and practical ap plications such as the mining of asteroid resources
and navigation for interplanetary flight (e.g., [ Jee, K hatib, M uellerschoen et al. (1988);
Broschart and Scheeres (2005); Dai, Jing, Wang et al. (2018)] and references therein). In
this sense, considerable research works on the small celestial bodies have sprung up in the
existing literature. For example, Wie [Wie (2008)] investigated the dynamic modelling and
control for the gravity tractor spacecraft used in the asteroid deflection. Kumar [Kumar

(2008)] proposed a three-axis attitude control scheme for spacecraft rotating asteroids in
an equatorial eccentric orbit. Vetrisano et al. [Vetrisano, Colombo and Vasile (2016)]
presented a robust control law for the chaser spacecraft in the proximity motion to an
asteroid with consideration of deflection acceleration and solar radiation pressure.

In order to obtain precise information about the surface characteristics, density, and
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rotational rate, the chaser spacecraft is required to run around the target asteroid. Generally,
the spacecraft is needed to track a closed orbit or hover over a fixed point around the
asteroid [Ceriotti and Sanchez (2016); Guelman (2015)]. In this sense, efficient orbit
and attitude control systems are pretty important. For example, a fuel-optimal control
law for soft landing on an asteroid was developed by an improved homotopic approach
by Yang et al. [Yang and Baoyin (2015)]. Zeng et al. [Zeng, Gong, Li et al. (2016)]
analyzed the feasible hovering regions over spinning elongated asteroids. To enhance the
robustness of the controller with respect to uncertainties and external disturbance, sliding
mode control (SMC) technique has been widely utilized in the existing reported works
such as adaptive control scheme for orbit tracking around asteroids by Lee et al. [Lee
and Singh (2019)]. To accelerate the convergence rate, finite-time or fixed-time control
via using improved SMC technique has attracted considerable attention (e.g., [Liu, Zhang,
Sun et al. (2019); Yin, Luo and Wei (2019); Yang, Bai and Baoyin (2016)] and references
therein). Wherein, finite-time hovering control laws around asteroids were devised by Lee
et al. [Lee, Sanyal, Butcher et al. (2015); Yang, Bai and Baoyin (2016)] via using terminal
SMC technique. Although the convergence time can be guaranteed, there are two inherent
limitations required to tackle. The first one is the complex fractional state information used
in the relevant controller design. This increases the computational load dramatically, which
renders the corresponding control scheme ineffective in practice. The second one is the
usage of symbolic function. This makes the relevant control scheme discontinuous, which
is difficult to be implemented in practical systems. Thus, it deserves further investigations
on the computationally simple orbit and attitude control methods with fast convergence
rate.

Apart from the foregoing convergence rate, the rest transient and steady-state performance
(like the undershoot, overshoot, tracking accuracy and etc) is also very important for
orbit and attitude system. Thanks to Bechlioulis et al. [Bechlioulis and Rovithakis
(2008)], an effective methodology, prescribed performance control (PPC), was proposed
to quantitatively characterize the transient and steady-state performance of the controlled
systems. Up till now, PPC has been widely used in many research fields including the flight
control of hypersonic vehicle, constrained control of Euler-Lagrange systems, vibration
suspension of half-car system, and image-based control of servo system [Wei, Luo, Dai
et al. (2017b); Zhao, Song, Ma et al. (2017); Wei, Luo, Dai et al. (2017a); Hua, Chen,
Li et al. (2018); Bechlioulis, Heshmati-alamdari, Karras et al. (2019)] and references
therein). In the traditional PPC control schemes developed in aforementioned works,
exponential performance function is used, which makes the relevant controlled tracking
system exponentially convergent. To improve the convergence rate, combination of PPC
and SMC technique was investigated by Li et al. [Li, Luo, Wang et al. (2018) and Liu, Liu
and Jing (2018)]. Although effective, the inherent limitations of traditional finite-time or
fixed-time control method cannot be avoided [Yin, Suleman, Luo et al. (2019); Yin, Luo
and Wei (2019)]. Thus, more attention should be paid on the finite-time or fixed-time PPC
without the foregoing twofold limitations.

Inspired by the above observations, this paper investigates a novel adaptive fixed-time PPC
method for orbit tracking around asteroids. To the authors’ best knowledge, it is the first
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time to apply a fixed-time PPC scheme to solve the orbit tracking problem around asteroids.
Compared with the existing works, the contributions of this work are twofold: 1) No
fractional state information and symbolic functions are used in the relevant orbit tracking
controller design, which renders the devised control scheme computationally simple and
easily achievable in practice. 2) The fixed-time convergence and prescribed orbit tracking
performance can be guaranteed a priori, which avoids tedious parameter regulations.

The remainder of this paper is organized as follows. The asteroid dynamics and problem
formulation are stated in Section 2. Section 3 shows the quasi fixed-time orbit controller
design. Two groups of illustrative examples are employed in Section 4. Some conclusions
are drawn in Section 5.

1.1 Notations

T is the vector transpose. | e | denotes the absolute value of a real number. o(e) is the
eigenvalue of nonsingular matrix. R" represents the set of n-dimensional real numbers.

Figure 1: Coordinate system of the asteroid

2 Dynamics around asteroid and problem formulation

Before showing the asteroid dynamics, two important coordidate frames are defined.
Namely, we use (X, V., Z4), (Xr1,V1,21) to, respectively, repesent the body-fixed
axes and inertial coordidate frames of an asteroid with irregular shape (illustrated in
Fig. 1). The origin of both the two frames is the center of mass of the asteroid.
Without loss of generality, it is assumed that the asteroid only rotates along the axis
Z,. The relative position between the asteroid and spacecraft is denoted by vector



92 CMES, vol. 122, no.1, pp.89-107, 2020

Tl = [Te11,Te12, Te13]” = [2,9,2]". Then based on Lee and Singh’s work [Lee and
Singh (2019)], the approximate gravitational potential & (r) of the asteroid is obtained by

Gm G

P(r)=——— — = (Ji1 + Joo + Ja3 — 3J,),, .
(r) . 573 (J11 + Joz + J33 ) )
with
1 Ju Ji2 Ji3
Jr=sxhJxe, Jo=| Jiz Jao Joz |, r= Va2 42 + 22, ()
,
Jiz Jaz J33

where G is the universal gravitational constant, m represents the mass of the asteroid. J,
denotes the inertial matrix of the asteroid with J;; (i = 1,2,3,5 = 1,2,3 and i < j)
being the elements. In general, m and J, are unknown. r is the Euclidean norm of x;.
Accordingly, the corresponding gravitational acceleration is

ox .
fo-vom=-| S| v (1) =4 3)

where 7, = (1/r)x. is the unit directional vector consisting of Cartesian vector
components. Substituting (1) into (3) yields

3
G - 3 3G
f =-VZ (T’) = n (23 <Z Jii — ) FJaahl

i=1

3G (Ji1 + Joz + Ja3) & — 5 (Jua® + JaoyPa + Jyzz’a + 201022y + 213222 + 2J03wy2) (4)
=55 (Ji1 + Jo2 + J33) y — 7% Jnz?y + Jagy® + J33z2y + 2J192y? + 2J132y2 + 2J03y2 2
" (Ji1 + Jo2 + J33) 2 — % Juatz + Jooy?z + Ja32% + 2J103yz + 2013022 + 2.J23y22
Gm 3
- ?:Bel 5 Jawel

According to Lee et al. [Lee and Singh (2019)], for (4), a linearly parameterized form of
the gravitational acceleration is obtained as

f=¢"6, (5)
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where 0 = [m, Ji1, J22, J33, J12, Ji3, J23]T S R7, P = [Lpl, P9, ..., 307]T € R7*3 with its
detailed forms being expressed by

@1:—%wda (6a)
o= ot <1 - 57;) wer — o0 [2,0,07, (6b)
03 = —;’—g <1 - 57?22) Loy — i—f[o,y,o]T, (6¢)
¢4:—;g<1—55)wd %gmﬂgf, (6d)
5 = lf—fxywel - i—?[y,x, O]T, (6e)
g = 1f§xzm61 - i—?[z,O,x]T, (61)
©r = 1%Gyzwel - 7?[07 zyl". (62)

Remark 1. In practice, the mass and inertial parameters of the asteroid with an irregular
shape are difficult to obtain. Thus, parameter vector 6 in (4) is known with uncertainties,
which requires to estimate online. In the meanwhile, from (5), one can find that regressor
function ¢ is with respect to the location parameters, which can be measured by the
spacecraft directly. Thus, regressor function ¢ is known.

By defining &cp = 22,1, Te2,2, ZEeg’g]T = &e1 = [T, 7, Z]T, the relative motion equation is
expressed by a strict-feedback form

:i:el = Te2 (7)
Er=f+gtu=¢"0+g+u’
2wy + wiz
where g = | —2woT + w%y is a known function with wg being the rotational rate of
0

the asteroid which can be observed by the spacecraft. u € R? is the control input of
the spacecraft to be determined later. Accordingly, the control objective of this paper
is to devise an efficient controller to enable the spacecraft to track the desired orbit
reference command with guaranteed transient and steady-state performance. Without loss
of generality, the desired reference command is denoted by =, = [z, y, zr]T € R3.
To facilitate the following controller, a common assumption is imposed on the reference
command x,, namely,

Assumption 1. Reference command @, and its first-order derivative are known and
bounded.

Remark 2. Assumption I is reasonable owing to the fact that the reference command can be
designed by the users. Meanwhile, if the orbit reference command «,. is constant, then the
spacecraft hovers over a fixed point of the asteroid. Otherwise, the spacecraft will move in
a closed orbit around the asteroid.



94 CMES, vol. 122, no.1, pp.89-107, 2020

3 Quasi fixed-time orbit control with performance guarantees

3.1 Prescribed performance for orbit tracking error system

Based on the foregoing dynamic model of asteroid, a quasi fixed-time orbit control method
is investigated in this part. Before moving, a vital definition is given as follows.

Definition 1. (Quasi fixed-time control) For the relative motion in (6), quasi fixed-time
orbit tracking control can be achieved if and only if the orbit tracking error satisfies
th>1%1 |xe1(t) — - (t)|| < e, for any setting time ¢ (e, is a non-negative constant).

Ztf

Remark 3. In Definition I, according to Liu et al. [Liu, Zhang, Sun et al. (2019); Yin,
Luo and Wei (2019)], when e,, = 0, then the orbit tracking error system will be fixed-time
convergent. In general, ‘quasi fixed-time or fixed-time convergent’ can be also called as
‘“finite-time convergent’. However, In practical space missions, when expected tracking
accuracy is achieved, the mission requirement can be met in the presence of uncertain
dynamics and space perturbations. Thus, quasi fixed-time control is practically useful.

To proceed, define the orbit tracking error € = [e1, &2, 53]T = x,1 — . Then, in order
to guarantee the transient and steady-state performance of the orbit tracking system, the
following performance constraint is imposed

—pi(t) <ei <pi(t) (i=1,2,3), ®)

where p; (t) is the performance function to be determined later. Different from the
traditional exponentially convergent performance function, inspired by Zhang et al. [Zhang
and Duan (2014); Liu, Shao and Ma (2019)], in this paper, a fixed-time convergent
performance function is devised. Its detailed form is given by

4

4 . .
.,04_ Q',‘t77 t<t . j .7.tj—1’ t<t;
pi (t) = Pi ng i, i.f , pi(t) = j;]@w i,f 7 )
Picos t >t f 0, t> tif

where p;0 > pico > 0 (i = 1,2,3) are positive design constants. ¢;  is the upper
bound of convergent time. p;; (j = 1,2,3,4) are constants, which are determined later.
To guarantee the fixed-time convergence of the performance function, namely, V¢ >
ti.f, pi (t) = pioo, parameters o; j (j = 1,2,3,4) satisfy

pi (0) = pipg >0
pi (0) = 0i1 =0
pi (ti.f) = pio + 0iatif + Qz’,2t127f + Qz‘,:«stif + Qz',4t?jf = Pico . (10)
pi (ti,f) = 0in + 20i2tir + 30i3t7 p +40iat] =0
pi (ti,f) = 20i2 + 603t § + 12Qi,4t127f =0
By solving the above Eq. (10), parameters p;;(j =1,2,3,4) can be obtained.
Accordingly, performance function p(t) in (9) can be calculated.

Remark 4. When the parameter p; o, in (9) is set as a sufficiently small value, then
one can find that the orbit tracking error system can be steered to zero around the time
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instant ¢y. However, high tracking accuracy requires sufficiently large control input. In
this case, actuator saturation is easily caused. To deal with this problem, there exist two
potential methods. The first one is the trial-and-error method. Via using this method, the
value distribution of parameter p; , can be obtained with some offline tests when actuator
saturation does not occur. The second one is constructing an auxiliary system to remove
the negative effect of the saturation constraint. Readers of interest can refer to Esfandiari et
al. [Esfandiari, Abdollahi and Talebi (2014); Luo, Wei, Dai et al. (2018)], which is omitted
for brevity. Thus, in practice, p; o, can be chosen based on the task requirement (like the
orbit tracking accuracy) and actuator saturation. According to Definition 1, the relevant
orbit tracking error system is quasi fixed-time convergent.

Remark 5. There are three key parameters, i.e., p; 0, Pi,o0, tf involvedin p;(t). In general,
parameter p; o should satisfy p; o > |g; (0)] based on (8). Parameter p;  is relevant to
the orbit tracking accuracy, which can be chosen as Remark 4 presents. t; r denotes the
convergence time, which can be chosen based on the practical engineering requirement.

3.2 Quasi fixed-time controller design

To facilitate the subsequent controller design, backstepping technique is used to construct
the relevant orbit tracking controller. In the backstepping technique, two steps are involved

in the controller design.
Step 1. Before moving, define the standard orbit tracking error 7y ; = pf(’t) € (—-1,1).
Then, to guarantee the prescribed performance in (8), the first Lyapunov function is
constructed as

1~

17j

i=2) — (11)

2 j=1 L=,

Taking time derivative of V] gets

1 S5 2m157, (1 - 77%73-) + 20} 75

V=l
2 2
Jj=1 <1 - ”%,j)
3 ) .
My . M, gipj (t) —€ipj (1)
:Z ’ 277173‘22 ’ 2 ( — 2(75)1 ’ 12)
j=1 <1 — 77%7].) j=1 (1 — 77%7]') Pj

Define the coordinate transformation 72 ; = xe2; — v (j = 1,2,3) with ~; being the
output of the following filter

Y+ =a; (75 (0) =a;(0)), (13)
where TJ’-k = Hiﬁ with w; being the estimation value for unknown parameter w;, which

is given later. «; is the following designed virtual controller. 7; € (0,4) is a positive
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constant. The filter error in (13) is defined as §; = 7; — «;. Substituting 12 ; = Te2 j —
and 0; = 7; — «; into (11) yields

_— ’ M,j . . gipi (t)
= Z 2 )2 ey T pi (t)
=1 <1 - 771,j> pj (t)

N ) 6/) t
2 <Vj+772,j—$m— ”()> . (14)

3
5 (1=12,) 0 0 i)
2

Ui% . €ipi (T
= <%‘+772,j+5j—33r,j— i )>
(t)

i (t
<1—771]> pj (t pi (1)
Based on (14), the following inequality holds
1 1,
g 2 (m2,5 +65) < ¢ + 1 (77%73' + 532) : (15)
(1 - nij) pi (1) (1 - nf,j) p3 (t)
Accordingly, the virtual controller o; (j = 1,2, 3) is devised as
] € 0: (t M
oy = _kl,jnl,j + Ty 4 + lpl( ) - g y (16)

(¢ 2
PO (L) e 0
where ki ; is a positive control gain. According to Young’s inequality in Dragomir
[Dragomir (2017)], substituting (16) into (14) yields

2
T < _z /<:1,J771,2j Z 772] +62 a7
= (1=m) e

Step 2. In this step, we define the following Lyapunov function

1 1-7 ~
Vo=V + 5775”772 + 59 r—'e, (18)

where @ = 6 — @ denotes the estimation error. Owing to the fact that 8 is constant, then

6=-0.n,= [172,1,772,2,772,3]T € R3. T' € R™7 is a positive-definite diagonal matrix.
With consideration of 72 ; = &2 j — *; and (7), the time-derivative of V5 is

V2:Vl4-772T7'72"‘6TF71‘[j
=Vi+m5 (Be2 — ) + 6'r o
=Vi+nd (f+g+u—%)+6T8
=V1+TI§( T9+g+u_'3’)+éTr_lé
<_Z kl’jn%j +1i (13, +02) + 05 (o0 +g+u—%) — 6 T4,

( mj) pit) =t
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19)

where v = [v1,72,73]7. Accordingly, the relevant actual control input is devised as

1 ) ~
w=—kmy— m+¥ - 0-g, (20)

where ko € R3%3 is the control gain matrix, which is positive-definite. The corresponding
adaptive scheme for unknown parameter 6 is developed as

6 =Ten, 1)
Substituting (20) and (21) into (19) yields

3 2 3
. k17 77 . 1 . T .
V2§—Z d 1’2] —amin(k2)772T772+125]2-+772T<pT (0—0) — 0T '0
=1 <1 - 77%4) pj (t) =1
3 2 3
k1 mi 5 1 - AT 2
=-2 T — ouin(k2)ny my + 125§+n§<pT0—0 r—'4
=1 <1 - ﬁ%,j) pj (t) j=1
3 2 3
k1 gmi 1 - T .z
== g — owmin(k2)m3 1 + 1 D 5+ (emy)"0—-6 176
i=1 <1 - 77%4) pj (t) j=1
3 2 3
k157 4 1
== T — nin(k2)nim, + yDINE
- 2 £
J=1 <1 - 771,j> pj (t) j=1
(22)

Based on the foregoing controller design in two steps, one crucial result can be concluded
in the following theorem.

Theorem 1. The desired orbit reference command can be tracked with guaranteed
prescribed performance under the devised controller and adaptive scheme. Meanwhile,
all the involved closed-loop signals are uniformly ultimately bounded by devising the
following adaptive scheme for the first-order filter:

wj=—P1@+0] (1=1,2,3). (23)
where 31 ; represents a positive constant.
Proof. To prove Theorem 1, the following Lyapunov function is defined

1 1
Vs=Vo+ 000+ 5000, (24)

where 8 = [81, 8, d3]" is the filter estimation error. @ = w — & denotes the estimation
error for unknown parameter w with its detailed meaning being given later. Then, based on
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the first-order filter (13), the time-derivative of V3 is equal to
Va=Vo+6Td+a"Td

3
=Va+ > 6 (3 — éy) +@ &
j=1
2 1+ 704 3 Lo (25)
= V2+Z5Z - (= + o) — & +ijw]
j=1 J j=1
] 3 1 3 3 ]
=V, — Z (T] + w]> (52 Z ((5jééj)+ Z@j(;)j.
j=1 j=1 j=1

Based on (13) and (22), by applying Young’s inequality based on Dragomir (2017), (25)
becomes

: kugni T 11 Y
Vs < —Z S \? _Umin(k2)n2772_z ?j_Z+WJ 0;
= (1-m,) @) =

3 3
) eyt + ) @l +
j=1 i=1

Considering that the virtual controller «; is continuous with respect to controlled states,
thus, its time-derivative is bounded. Namely, without loss of generality, it is assumed that
|| satisfies 0 < |¢j|*> < w; with w; being an unknown constant. Consequently, (26)
becomes

(26)

. 3 k14n3 3 ! :
/R wp PR L R 7 A S (? - Z) g
= (1-n? g) pj (t) =
3 R 2 3 J 3
+ Z(wj — ;)65 + ijwj + 4
=1 =t
3 o \ , (27)
<y N oin(k2)ndn, — > ( ) +2.% (6 _w]) 4
= (1=m2,) e - N
3 kl,'772 . 2 !
& % ot (e)Emy — ( 7) 82 — 5 Zﬂl,jwf + Ko,
i=1 (1 - 711,3') p; (t) = -

3
where kg = % + % Zl 51,3‘00]2- is an unknown constant. Due to 7; € (0,4), the controlled
]:
orbit tracking error system is uniformly ultimately bounded. In this sense, the prescribed
performance for orbit tracking error system in (8) can be guaranteed in the whole time

domain. This completes the proof of Theorem 1. m

Remark 6. As shown in Theorem 1, one can find that a quasi fixed-time convergent orbit
tracking error system can be guaranteed with the developed controller and adaptive schemes
in (20), (21) and (23). Compared with the existing works on fixed-time control, one can
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Table 1: Parameters of 433 Eros asteroid

Parameter Value Unit
m 6.6871 x 105 kg

Ji 1.117 x 10" kg.km?
J2o 4.793 x 10" kgkm?
J33 4.987 x 1017 kg.km?
Jio 6.232 x 10'®  kg.km?
Ji3 —2.257 x 10 kg.km?
Jo3 —2.589 x 10" kg.km?
wo 3.312 x 107*  rad/s

find that the developed control scheme is very computationally simple due to the fact that
no fractional state feedback information and symbolic function are used. Meanwhile, the
transient and steady-state performance of the orbit tracking error system can be guaranteed
a priori, which is pretty advantageous in practice. However, this does not means that the
required control efforts are less than the existing works. It is easy to find that excellent
transient and steady-state performance requires large control input. So in practice, the
controllability and fuel assumptions should be taken into account to choose the parameters
involved in the performance function.

Remark 7. Based on Theorem 1, one can find that only quasi fixed-time convergence can
be guaranteed under the devised control scheme. To further improve the orbit tracking
accuracy (like achieving fixed-time stability), SMC technique, as a potential way, can be
applied to construct the relevant controller. However, the inherent drawbacks brought by
SMC technique cannot be avoided as Remark 5 discussed.

Remark 8. In this work, the symmetric performance constraint in (8) is considered. To
adjust the overshoot or undershoot of the controlled system, asymmetric performance
constraint has been considered in some works like in Bechlioulis et al. [Bechlioulis and
Rovithakis (2008); Wei, Luo, Dai et al. (2017a)]. In this case, the barrier Lyapunov function
in (11) can be chosen as V; = % [h (m (t))log % + (1 —h(ni(t))log #]
b 1,7 a 1,4
with ko, kp € (0,1) being the relevant constant parameters according to Liu et al. [Liu,
Lu, Li et al. (2016)]. 2 (z (t)) € {0,1} is chosen based on the standard error 7 ;. The rest

steps presented in Subsection 3.1 are the same.

4 INlustrative simulations

To validate the effectiveness of the proposed control method, two groups of illustrative
examples are organized in this section. Wherein, the model of 433 Eros is chosen as the
simulation object. According to Scheeres et al. [Scheeres, Williams and Miller (2000); Lee
and Singh (2019)], the detailed parameters of 433 Eros asteroid are presented in Tab. 1.
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Figure 2: Trajectory of position x in orbit tracking

40 T
_—y
20 = = = reference |
B~
—20} |
—40 . . . .
200 400 600 800 1000
20~< < T T
=3 . tracking error
< 10} A = = = performance bound|{
5 Seal
o O
=) 4 P il
£ .
% -10f ’, 1
- ,20 " L L L L
200 400 600 800 1000

t(9

Figure 3: Trajectory of position y in orbit tracking

4.1 Tracking control in a closed orbit around the asteroid

In practical orbit mission, the spacecraft is often required to track a closed orbit around
the asteroid in order to obtain precise information about the surface characteristics and size
of the asteroid. Thus, in this part, based on the asteroid parameters in Tab. 1, simulation
scenario about tracking a closed orbit is organized. Without loss of generality, the desired
reference trajectory is generated by the following equations

xy = 0.5Rsin (wet) , yr = Rcos (wet), 2z, = Rsin (wet) , (28)
where R = 35 km, w, = 9.87wg. The initial unknown parameter 0 is set as 80% of the

nominal values shown in Tab. 1. The corresponding simulation results are demonstrated in
Figs. 2-8.
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Table 2: Simulation parameters in orbit tracking control

Equation Parameters
Eq. 9) pi0 = 20, pico =2, t; f =350 (i =1,2,3)
Eq.(13) 71 =01,72=0.1,73=0.2
Eq. (16) ki1 =kio=k3=1 a
Eq. (18) T = diag{10% 10%,108,10%,10%, 102 1} x 10%7
Eq. (20) ko = diag{3, 3,3}
Eq. (23) Bip=p12=5,3=0.1
40
30
= 20f
=)
= 10t
0
-10 : : : :
0 200 400 600 800 1000
20~ ;
B hES tracking error
% 10+ ‘\~~ = = = performance bound |
P etz
" -20 - . . . :
200 400 600 800 1000
t(s)

Figure 4: Trajectory of position z in orbit tracking
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Figure 7: Time responses of adaptive parameters 07 and w; (1 =1,2,3)

As presented in Figs. 2-8, one can conclude that: 1) The desired orbit reference trajectory
can be tracked within 350 s. And the preassigned transient and steady-state performance
of orbit tracking error system is guaranteed in the whole time domain (shown in Figs. 2-4).
2) Figs. 5-7 show that the estimation procedure for unknown parameters are convergent,
which implies the effectiveness of the proposed adaptive schemes. 3) Fig. 8 presents
that the control input of the spacecraft is continuous with respect to time. To be brief,
the simulation results demonstrate that the proposed control method can solve the orbit
tracking problem effectively.
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4.2 Hovering control over a fixed point of the asteroid

To further validate the proposed control method, in this part, hovering control over a fixed-
time of the asteroid is organized. Without loss of generality, the desired fixed point is
chosen as x,, = [0,0, 87 km. The expected convergent time ; s (i = 1,2, 3) is set as 150
s in this simulation scenario. The rest simulation parameters are the same as those in Tab.
2. Moreover, the initial simulation conditions are the same as those in the first simulation
example. To test the robustness of the proposed control method, it is assumed that there
are 30% random uncertainty in the nominal value of the inertial parameters of the asteroid.
Then, the relevant simulation results are shown in Figs. 9-12.

As illustrated in Figs. 9-12, one can conclude that: 1) The spacecraft can hover over the
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Figure 11: Trajectory of position z in hovering control

desired fixed point around the asteroid stably with the convergence time being less than
150 s. Meanwhile, the prescribed transient and steady-state performance of orbit tracking
error system is achieved within the expected convergent time (shown in Figs. 9-11). 2) The
proposed control method is robust with respect to unexpected dynamic uncertainty and the
relevant control input is quite stable (depicted in Fig. 12).

To sum up, the foregoing two simulation scenarios demonstrate the effectiveness and
robustness of the proposed control method in orbit tracking around asteroid in the presence
of unknown dynamics and uncertainties.
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5 Conclusion

An adaptive quasi fixed-time orbit tracking control method has been developed in this
paper. First, a fixed-time convergence performance function is designed with which the
performance constraint is imposed on the orbit tracking error system. Then, a barrier
Lyapunov function is constructed to remove the performance constraint. For the cascaded
orbit tracking system, backstepping technique is applied to develop the relevant adaptive
controller. Different from the existing works on finite-time or fixed-time control, the
prominent advantage of the proposed control method is that no fractional state feedback
information and symbolic functions are used in the relevant orbit controller design. While
the fixed-time convergence is achieved with performance guarantees. The two groups of
illustrative simulation examples show that the expected orbit reference trajectory can be
tracked within the desired time. Meanwhile, the proposed orbit control method is robust
with respect to unknown dynamic uncertainties.
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