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ABSTRACT

This study aims to control a space robot's soft-landing trajectory
on the asteroid EROS433 considering a weak, yet effective
gravitational field. As the research innovation, the study employs a
fast terminal sliding mode control (FTSMC) to manage the landing
trajectory and enhance the dynamic tracking performance for the soft
landing of the space robot on the asteroid. This controller can ensure
that the system modes are positioned on the sliding surface within a
limited time. As an advantage over the PD sliding mode controller,
the proposed controller raises the speed and improves the accuracy
of tracking the desired trajectory and enhances the robustness of the
control system. The study further compares the results of simulations
performed in MATLAB to evaluate the proposed controller design.
The results show that the absolute error value for FTSMC is
significantly lower than the PD sliding mode controller, and when
the sign function is replaced by a hyperbolic tangent, it makes the
system behavior smoother and reduces the oscillations.

Keywords: Low Gravity Bodies,
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guarantee a safe and successful space robot
landing on asteroids, it is crucial to control and

Introduction

Small planetary bodies such as asteroids and
comets are of high scientific interest, as the
properties of their organic substance are possible
targets for future explorations on the origins of life.
Besides, these objects may pose an impact hazard
on the planet Earth [1-4].

Soft landing on asteroids is amongst the most
challenging tasks in deep space exploration. In the
soft-landing process, the space robot must reach
superior fuel performance during the decline stage
and ensure an accurate soft landing. In order to

adjust the trajectory and velocity of the space robot
in real time [5].

Ref. [6] proposed a novel sliding mode-fuzzy
control approach to achieve the soft landing
according to the nominal trajectory. The study
employed fuzzy rules to gain better control of the
airship for tuning switching control and using
adaptation law to compensate for model
uncertainties of the airship.
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Ref. [7] divided landing control into velocity
control and control over velocity decline rate and
proposed a proportional navigation (PN) guidance
law with a final condition and a velocity-decline-
rate-control law.

Ref. [8] proposed an orbital maneuver strategy
based on piecewise linear optimization for
spacecraft's soft landing on irregular asteroids. In
this study, the space around an irregular asteroid
was first converted into several grid units, and the
asteroid's gravitational field was linearly fitted in
each unit. The study then formulated the soft-
landing orbital maneuver strategy design problem
as a piecewise linear optimal problem. It further
changed the problem into a family of two-point
boundary value problems, which can be solved
using the collocation method. A corresponding
algorithm was eventually developed to achieve the
piecewise linear optimal maneuver strategy, which
efficiently accomplished the soft-landing mission.
According to the simulation results, the model
linearization error was negligible, while the
calculation efficiency and the robustness of the
maneuver strategy were significantly improved.

In Ref. [9], an autonomous navigation strategy was
proposed to achieve fast-tracking by employing
the sliding mode variable structure control
(SMVSC) method.

Ref. [10] proposed a nonlinear-optimal-control-
law design based on a neuro-fuzzy system to track
the optimal landing trajectory on the moon.

Ref. [11] used a fuzzy-variable structure control
(VSC) approach to guide the spacecraft's final
landing trajectory on the moon. The control
approach is more robust than linearization-based
dynamic methods. However, landing on an
asteroid is more complicated than landing on the
moon, as asteroids are irregular in shape and have
a sharp rotary shaft and a rough surface. Hence, it
is crucial to improve the proposed strategy to allow
the soft landing of the probe on asteroids.

Ref. [12] employed the nonsingular terminal
sliding mode (NTSM) control technique to address
the finite-time soft-landing problem of an asteroid
probe. The study formulated the problem as a two-
point boundary-value constraints control problem,
including all the initial and terminal requirements
of the soft-landing problem. Then, it proposed an
NTSM control law for a soft landing on an asteroid
concerning the specific characteristics of the
problem. According to the simulation results, the
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proposed method provided a much faster
convergence rate, higher accuracy, better
disturbance rejection properties, and stronger
robustness against the parameter uncertainties
compared to the typical traditional sliding mode
control method.

Ref. [13] proposed a novel nonlinear guidance
algorithm for a spacecraft hovering and landing on
asteroids. The proposed guidance allowed the
spacecraft to achieve its target position and
velocity in finite time without reference
trajectories. The study performed a parametric
analysis to describe the parameters' effects on the
guidance algorithm. It further presented a straight
landing simulation, hovering and landing on the
irregular asteroid 2063-Bacchus, and the
effectiveness of the proposed method was
established.

Most studies on the space robot (probe) soft
landing tasks simulated the asteroid by a three-axis
ellipsoid model, whose gravitational potential is
expressed as a spherical second-order harmonic
expansion. However, for an asteroid with a weak
gravitational field due to its irregular shape and
uneven mass distribution, this model comes with
high inaccuracies. Accordingly, this study aims to
design a fast terminal SMC (FTSMC) to fast track
the desired trajectory based on a barycentric
gravity model with two more accurate mass
centers.

Dynamic Equations for a Space Robot Landing
on an Asteroid

Fig. 1 illustrates a space robot or a probe sampling
(landing) on an asteroid. The dynamic equations of
the robot in the fixed-body coordinate system are
as follows [5],

ot

. ‘Fig. 1. Aprobe Iénding n the asteraid [14].
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Z=g,+u,+D,

where w = 3.3118 x 10~* is the angular speed of
the rotation of asteroid EROS433, x, y, and z are
components of the position vector of the space
robot in the fixed-body coordinate system,
[ux Uy Uz is the relative control acceleration
vector along the three axes, and Dy, D,, and D,
are the sum of the modeling uncertainties along
each axis. [9x 9y 9] is the point gravitation
vector with two mass centers along the three axes
and is obtained as follows [15, 16],
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A
where U is the gravitational potential function of
the asteroid, G is the global gravitation constant,
M; and M, are mass points of the asteroid, and
(x1,¥1,21) and (x,, ¥, z,) are the coordinates of
the asteroid mass points (Fig. 2).
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Fig. 2. Mass points of the asteroid EROS433 [16]
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State-Space Equations
By considering the equations below

X = [x1 Xy X3 X4 Xy x6]T =
x X y z Z]T
[ Yy ] (3)
u=[uy uy, u]’

where X is the state-space vector and u is the
vector of control inputs, the state-space form of
Eq. (1) is converted into the following equation.

J'C1=x2
Xy = 20X, + WXy + gy + Uy + Dy
X3 = X4
. _ 2 (4)
X4 = —20X; + 0 X3+ gy +u, + D,
3'C5:x6

X¢ =9, +u, +D,

Fast Terminal Sliding Mode Control (FTSMC)

The sliding-mode control approaches the problem
of consistent performance systematically in a way
that the response remains insensitive to the
uncertainties and disturbances [17].

Fast terminal sliding mood control (FTSMC) for
landing along with the x-direction using the sliding
surface is defined as follows,

P
s1 = €1 + Be1x)1 ()
where e, = x; — x4 and x4 is the optimal landing
trajectory for the x-axis (Table 1). In addition, g is
a positive parameter, and p and q (p < q) are
integers. Including the nonlinear term (e;,)?/4
results in convergence in finite time t; =

r—q
((g(pp_q))) le;(0)| » to the origin. Thus, using

parameters S, p and g allows for adjusting the
convergence time. A drawback of the above
sliding surface is that the convergence time
depends on the initial distance from the sliding
surface, in which, by increasing the distance, the
convergence time is increased proportional to

P—q
le;(0)] » . To address this problem, FTSMC is
proposed as follows [18-23],

p

1= €y + aeqy + B(e1x)1 (6)

where « is a positive parameter. Now, it must be
clarified how the sliding surface reduces the
convergence time. If the system states are on the
sliding surface, then the equation é;,, = —ae;, —
B (e, )P/ is established. When the initial state is
far away from the origin, the approximate dynamic
will be as é;, = —aeq,.. On the contrary, when the
initial state is adjacent to the origin, the
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approximate dynamic is é;,, = —B (e;,)?/9. Now,
using parameters a and S, the convergence time
can be adjusted independently for far and near
distances. The convergence time can be obtained
from the equation below [18].

p (Cinli)]
ts = m(ln <C¥€1 L +,8> — lnﬁ) (7)

Control Input Design and Stability Analysis

Optimal Trajectory Design

The design of the nominal properties of the
trajectory enabled the space robot to reach the
specified landing location in a certain amount of
time and within all the landing limitations. For a
safe landing on an asteroid, the vertical speed
should be low enough to prevent the space robot
from overturning or being damaged [5].

Here, the landing trajectory was assumed as a
third-degree polynomial for fall planning, as Eqg.
(8) describes.

xq(t) = xg + X1t + x,t% + x5t3 (8)

The following four equations were considered to
find the unknown x,, x4, x,, and x3 according to
Table 1.
x4(0) = 3200 = x, = 3200
%q(0) = =122 x, = —1.2
x4(8000) = 2837 9
%4(8000) = 0 )
{xz =2.83x107*
x3 =—1.73x1078
Similarly, considering the fact that the final time
was t = 8000 s, the landing trajectory of variables
y and z were calculated.

{ yq(t) = 1300 +
0.2t —6.74 x 107°t% + 4.58 x 1073
(10)
z4(t) = 9000 —

t+9.57 X 1075¢%2 —2.76 x 107°¢3

Since the procedure was similar for all three state
variables, the input design procedure was only
followed for state variable X.

Control Input Design

Considering the values of simulation parameters
for space robot landing, the state vectors of
positions, and optimal velocities listed in Table 1,
the derivation of Eg. (6) led to the following
equation.
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$0 = bt v (a4 pE ™) )

Table 1. The simulation variables of the space robot
landing on asteroid EROS433 [5]

Variable Value Unit
. .. [3200

gc?:iltrinoar: Initial 1300 m
9000]

Optimal Initial Speed [ﬁz 02 1is
[2837

Landing Position 928.1 m
5708]

Optimal Final Speed [0 0 Q] m/s

Average  Asteroid 5

Weight 6.69x10 kg

Space Robot Weight 150 kg

Ave_rage Asteroid 16000 m

Radius

Gravitational 6.6743x10° m?kg

Constant 1 1t

Since the sliding surface equation was defined
based on state variables and the optimal position,
the system would converge to the optimal position
on the sliding surface. So, the following equation
holds for the sliding surface.

Sl = 0

{31 =0 (12)
Regarding the sliding mode theory, control input
u, is defined as [24,25]

Uy = Uyeq T Uxs (13)
where u,,, is the equivalent control component
keeping the states on the sliding surface, and .,
is the switching component driving the states
towards the sliding surface. In fact, u,  is the
system stabilizer, determined by the Lyapunov
stability.

The equivalent control component (uy.q) Iis
calculated by setting $; = 0.

. .. . p L)
$51(%) = é1x + e |a+ Ba(eu)q =0
= (&, — X2q)
+ (= x9) |
p P_
+ Ba(elx)q 1) =0> Ugeq

= —Qwx, + wx; + gy
+ Dy — %3q)

(14)

—(xp —x20) |

+6E (et
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The Lyapunov candidate function is assumed to be
a definite positive function defined below.

1
v, = 5512 >0 (15)

For asymptotic stability, the derivation of Eq. (15)
should be a definite negative value.

V=155 =54 (é’l
+é; (a
o)
=51 ((552 —X3)
+ (xz — x3) (a

o)

= Sl wa4 + wle

(16)

+ Gx + (Uyeq + Uss)
+ Dx - J'CZd

+ (xz — x24) (a

+ﬁ§@uﬁ”))<o
Using Eqg. (14) and substituting in Eqg. (16),

Vi =51 (tys) <0 (17)
Thus, a candidate for switching control rules that
can satisfy Eq. (17) is

Uys = —kqsgn (s1) (18)

where k, is a real positive parameter. Combining
Eqgs. (14) and (18), and substituting in Eq. (13), the
general equation of FTSM to use for tracking the
space robot’s reference trajectory is given by Eq.
(19).
Uy = —QRwx, + w?x; + gy + Dy
— %X24)

- (xz - de) (0( (19)
+pE )
— kysgn (s1)

This paper evaluated the space robot system by
employing an FTSM strategy in two cases using
MATLAB. For the first case, the sign function was
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adopted, and for the second one, the sign function
was replaced by a saturation function in the
switching input, and an uncertainty was applied to
the system at the speed of EROS433 rotation.

MATLAB Simulations

Fast Terminal Sliding Mode Control with a
Sign Function

By setting the simulation time (Tsim) to 15 s and the
sampling time constant (Ts) to 0.01, and regarding
the values presented in Table 1, the control inputs
designed in section 5 for all Cartesian coordinates
were implemented in MATLAB, and the following
graphs were derived.

Tracking performance -X POSITION

4000 T T
. s Nesire(f
= 30 """"'t.':_-;:'.._‘ | m==ppsiC
00 ! | == PN
0 5 10 15
time(sec)
Tracking performance -Y POSMON
600 T T
P . e Desited
| R
R LT T == pDSC
] r | | === FTSMC
A0
] 5 10 15
time(sec)
Tracking performance -Z POSITION
95‘:'[] y T
- L P e s
5 W0 == FOSHC
50 : L |7 TSI
] 5 10 15

time(sec)
Fig. 3. The tracking performance of the desired space
robot trajectory with a classic PD sliding mode and
fast terminal mode with a sign function

Regarding Fig. 3, FTSMC was able to track the
optimal space robot trajectory in a shorter period
than the classic PD sliding mode control.
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Fig. 4. The space robot optimal velocity tracking with
a classic PD sliding mode and fast terminal mode with
a sign function
Fig. 4 illustrates that FTSMC could track the
optimal space robot speed faster than the classic

PD sliding mode control.
control input -1

<3
=

ul(mis?)
=]

=== NSMC
wem FTSMC

time{sec)
control input -2

= POSMC
=== FTSMC

uZ(miey

time(sec)
control input -3

200

=== DSMC
=em FTSMC

Fig. 5. The control attempt with a classic PD sliding
mode and fast terminal mode with a sign function
Some parasitic oscillation (chattering) was
observed in Fig. 5 due to the states' derivatives.

This is explained in the following.

u3(mia 2y

=]
=

time(sec)
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sliding surface-1

530 T T
- === = PDSNC
- - “ -'- L& 2§ §__ §__ _J1 L =
- 0 iy v T — - ETSMC
500 L £
0 5 10 15
fime(sec)
sliding surface-2
200 T T
. 'v.,‘:..-_l — — === PDSMC I
s OF = == FTSNC
_230 L L
5 10 15
fime(sec)
sliding surface-3
200 T T
) A man === PDSNC
a 0 = FTSMC ]
_2:]0 L L
0 5 10 15

fime(sec)
Fig. 6. Sliding surface to control with a classic PD
sliding mode and fast terminal mode with a sign
function

Fig. 6 shows that FTSMC could converge and
stabilize the sliding surface faster than the classic
PD sliding mode control. Evaluation of Figs. 4-6,
and the control phase revealed that the trajectories
along all three coordinate axes were tracked in less
than 5 s, which is acceptable, while this was done
in about 8 s using the classic PD sliding mode
control. So, short solution time is a major
advantage of FTSMCs. There were some
oscillations, especially in control inputs, because
they dealt with derivatives and amplified the high-
frequency components.

Fast Terminal Sliding Mode Control with a
Hyperbolic Tangent Function

By setting Tsim = 15 s, Ts = 0.01, adopting the
smooth hyperbolic tangent as the control function,
and regarding the values presented in Table 1, the
control inputs designed in section 5 for all
Cartesian coordinates were implemented in
MATLAB, and the following graphs were derived.
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Fig. 7. Tracking the desired trajectory of the space
robot with classic PD sliding mode and fast terminal
mode with a hyperbolic tangent function
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Fig. 8. Tracking the optimal trajectory of the space
robot with classic PD sliding mode and fast terminal
mode with a hyperbolic tangent function
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Fig. 9. The control attempt with PDCMC and FTSMC
modes with a hyperbolic tangent function
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Fig. 10. Location tracking error for three moving axes
with PDCMC and FTSMC modes with a hyperbolic
tangent function
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Fig. 11. Location tracking error for three moving axes
with PDCMC and FTSMC modes with a hyperbolic
tangent function
Figs. 7-10 show that the trajectory tracking was
conducted more smoothly due to the inherent
characteristics of saturation functions such as
hyperbolic tangent. However, the convergence rate
might be a little higher than the previous one in
some cases. Hence, the oscillations of states and
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control input were completely eliminated in Fig. 9.
As shown in Fig. 10, the position tracking error
tended to be zero, and the tracking had an efficient
accuracy, with FTSMC being more accurate than
classic PD sliding mode.

Table 2 reports the total error for both controllers.

Table 2. The absolute error for FTSMC and PD
sliding mode controller

Controller Value
Fast
Terminal
Sliding
Mode
Controller
Proportional-
Derivative
Sliding
Mode
Controller

It can be seen that the absolute error value for

FTSMC was significantly lower than the PD

sliding mode controller.

Fig. 10 shows the 3D trajectory of the space robot

from the beginning (t = 0) to the end (t = 8000 s),

based on the optimal trajectory tracking. Firstly, it

can be observed that the tracking was very fast and

accurate. Secondly, the FTSMC outperformed the

PD sliding mode controller.

The results indicated that chattering had a more

profound effect on states' derivatives (e.g., control

inputs).

Regarding the following Fourier transformation,

139/6112

244/8155

L5 & jox () (20)

Eq. (20) suggests that time derivation leads to the
linear amplification of system frequencies,
meaning that higher frequencies were more
severely amplified and low frequencies did not
experience any significant changes. This results in
the amplification of high-frequency components of
the signals, for instance, obviously shown in Fig.

Conclusions

This paper modeled the space robot landing system
on asteroid EROS433. Then, the sliding surfaces,
control inputs, a fast terminal sliding mode
controller, and a proportional-derivative sliding
mode controller were designed for the system. The
controllers were simulated in MATLAB to be
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evaluated regarding their performance, and the
results were satisfying. Sliding mode controllers
are among the most prevalent controllers of
nonlinear systems and processes. Their popularity
is due to their relative simplicity and resistance to
system uncertainties and external perturbations.
However, they have the disadvantage of state
sliding on the sliding surface (chattering
phenomenon), which is more significant in rapid
dynamics systems. As discussed before, the sign
function is replaced by a hyperbolic tangent to
make the system behavior smoother and reduce the
oscillations.
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