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For the trajectory control of the probe soft landing on the asteroids with weak gravitational field, this paper presents a combined
integral sliding mode control with an adaptive fuzzy logic system, named adaptive fuzzy sliding mode control (AFSMC) scheme.
Considering the uncertainty of the orbit dynamics model in the small body fixed coordinate system, and the polyhedron modeling
uncertainty in the gravitational potential, a fuzzy logic system is adopted to approximate the upper bound of the uncertainties.
In addition, a robust control item is introduced to compensate for the approximation error of fuzzy logic system. The designed
adaptive law and robust item make the closed-loop control stable and the tracking errors are convergent to zero. The controller not
only guarantees the rapidity and accuracy of the desired trajectory tracking, but also enhances the robustness of the control system,
improving the dynamic tracking performance for the probe soft landing on asteroids. Finally, the contrastive simulation results are

presented to show the feasibility and effectiveness of the proposed control scheme.

1. Introduction

Soft landing on asteroids is one of the most complex tasks
in deep space exploration. In the process of soft landing, the
probe should not only achieve the most superior performance
of the fuel in the decline stage, but also ensure the accuracy
of soft landing. In order to guarantee the probe lands on
asteroids safely and successfully, it is necessary to control and
adjust the trajectory and velocity of the probe in real time.

Many scholars domestically and overseas have done a lot
of researches specific to the trajectory control for the probe
soft landing, which is the most important link to achieve
the exploration tasks successfully. Yang et al. [1] proposed a
fuzzy sliding mode control scheme for the probe to achieve
the soft landing according to the nominal trajectory by the
means of utilizing fuzzy rules to adjust the sliding control
gain as well as adopting adaptive law to compensate for
the system uncertainty. Aimed at the declining and landing
control of the probe, Cui et al. [2] decomposed the landing
control into the velocity control and deceleration control and

then designed a proportional guidance law with a terminal
condition and a deceleration control law. Liu et al. [3]
presented a continuous control scheme based on PD and
nonsingular terminal sliding mode for the probe descending
and safe landing. However, in the simulations of the methods
mentioned above, the sine or cosine functions with the same
frequency were taken as the uncertainty and disturbance,
whose demonstrated results cannot verify the effectiveness of
these strategies when the uncertainty and disturbance were in
the form of different frequency and complex signal. Taking
this problem into account, Cui et al. [4] developed a soft
landing autonomous impulse maneuver control method to
deal with the parameter uncertainty of the weak gravitational
field of small body, and the robustness of the landing
control was greatly improved. Zhang et al. [5] proposed a
probe autonomous navigation strategy to achieve the fast
tracking by adopting a sliding mode variable structure control
method. Carson et al. [6] utilized a robust sliding mode
predictive control for the trajectory tracking of the small body
proximity operations. Many of these methods considered



the uncertainty and disturbance; however, the strict stability
proofs were not given in detail theoretically; thus they were
not enough and impractical for real applications [7, 8].

Due to the strong robustness and autonomy to the
model uncertainty and the disturbance, fuzzy sliding mode
control has been employed widely in the fields such as robot,
spacecraft attitude control. Liu and Sun [9] designed an adap-
tive fuzzy terminal sliding mode control for second-order
nonlinear system to guarantee the output error convergence
to zero in finite time. Nekoukar and Erfanian [10] combined
the continuous nonsingular terminal sliding mode with the
adaptive learning algorithm and the fuzzy logic system to
estimate the uncertain MIMO nonlinear system model and
guaranteed the closed-loop system stability. Boubakir et al.
[11] proposed a neural-fuzzy-sliding mode controller using
the nonlinear sliding surface for the coupled tank system;
the chattering phenomenon was weakened. Kuo et al. [12]
designed an adaptive fuzzy sliding mode controller for the
Lorenz system based on the output of the sliding mode
controller, in which the adaptive technique and fuzzy logic
rules were adopted to deduce the reaching law to ensure the
state of the Lorenz system to reach the sliding mode surface.
Besides, Wang et al. [13] proposed an optimal nonlinear
control law based on a fuzzy neural network based on the
optimum trajectory for lunar optimal trajectory tracking
descent. Xu et al. [14] combined the fuzzy and variable-
structure control to guide the terminal landing for lunar
landing; it was more robust than some classical guidance laws
derived from the linearized dynamics. But, in actual fact, the
landing on an asteroid is much more complicated than that on
moon, for the reason that the asteroids are always irregularly
sharp and of uneven quality and uncertain rotary shaft, and so
forth; thus these strategies should be improved to be feasibly
applied to the probe soft landing on the asteroids.

In many previous works on the probe soft landing tasks,
the asteroid was considered as a three-axis ellipsoid, whose
gravitational potential is generally expressed as a second-
order spherical harmonic expansion [15-17]. However, this
approximated model for the asteroid with weak gravitational
field has many inaccuracies due to its irregular shape and
uneven mass distribution. In this paper, the AFSMC scheme
is designed to achieve the fast tracking of the desired
trajectory and velocity based on a more precise gravitational
polyhedron attraction model. Meanwhile, the integral sliding
mode item is applied to eliminate the steady-state error.
For the modeling uncertainty, external disturbance, and
approximated error, an adaptive fuzzy item is proposed
to overcome its upper bound, which improves the control
accuracy. Finally, the robust control and adaptive law enables
the system to achieve the close-loop system stability and
guarantees the tracking error convergence to zero asymp-
totically, which eventually make the probe achieve a soft
landing successfully. The main contributions of this work
lie in that the AFSMC scheme has been carried out for the
probe soft landing on the asteroids with weak gravitational
field. Different from the other literatures that considered
the asteroid as a three-axis ellipsoid, whose gravitational
potential is generally expressed as a second-order spherical
harmonic expansion, this paper approximates the asteroids’
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F1GURE 1: Coordinate system of the probe.

model as gravitational polyhedron attraction mode, which
can bring about a more precise model. Meanwhile, the
model uncertainty and disturbance are handled theoretically
to guarantee the stability of the closed-loop system, which
makes it more safe and feasible to be applied in practice.

2. Dynamic Model

2.1. Coordinate System and Gravitational Polyhedron Attrac-
tion. As shown in Figure 1, define the asteroid body-fixed
coordinate system O,x,y,z,, where O, is the center of mass
of the small body and O,x, and O,z, coincide with the
minimum inertia axis and the spin axis of the asteroid,
respectively. O, y,, O,x,, and O,z, axes compose the right-
handed coordinate system.

Here, a more precise gravitational attraction model than
that established by spherical harmonic expansion is adopted.
The three-dimensional solid body of the asteroid consists of
a number of faces meeting at each vertex, and the connective
topology can be also described as edges connecting the vertex
pairs and the face pairs. With the assumptions as (1) the
asteroid is a polyhedron and (2) the polyhedron’s density is
constant, the gravitational field can be generally modeled as
(18]

1
U,=-Go ) v, -E-v, L,
ecedges

. @
-3GO X Vi ey,

fefaces

where G is the gravitational constant; o is the constant density
of the asteroid; v, is a vector from the field point to an
arbitrary point on each edge; vy is a vector from the field
point to an arbitrary point on each face; E, is a dyad defined
in terms of the face and edge normal vectors associated with
each edge; F is the outer product of face normal vectors; L,
is a logarithmic term expressing the potential of a 1D straight
wire; and y is the solid angle subtended by a face when
viewed from the field point.



Mathematical Problems in Engineering

And the polyhedron attraction which is obtained by the
time derivative of (1) can be expressed as

VU=-Go ) E,r,-L,+Go ) F;r;wf. 2
ecedges fefaces

2.2. Probe Dynamic Model. The dynamic equations of the

probe in the fixed-body coordinate system are given by [19]

i-2wy-w'x=g,+U,+D,,
j)+2w5c—w2y=gy+Uy+Dy, 3)
z2=g,+U,+D,,

where w is the spin rate of the asteroid, x, y, and z are the
components of the probe position vector in the body-fixed
coordinate system, | g g, g.| = [VU, VU, VU,] is the
polyhedron attraction vector in three axes, |U, U, U] is
the relative control acceleration vector in three axes, and D,,
Dy, and D, denote the sum of the modeling uncertainties in
each direction, respectively.

3. Controller Design and Stability Analysis

3.1. Desired Trajectory Design. Nominal profile is designed to
make the probe reach the intended landing site within the
time 7 and satisty all the landing constraints. In order to land
on asteroid safely, the vertical velocity must be small enough
so0 as not to cause the probe rollover or damage.

We employ a cubic polynomial method to plan the falling
trajectory [20], which can be described as

x4 (t) = xo+ X, + %, + 251 (4)

with the initial states and final states as follows:

x4 (0) = x,
Xy 0) = Xo»
()
xd (T) = Xt,
Q.Cd (T) = )'Ct.

Then the desired trajectory, velocity, and acceleration of
x-axis can be written as
3xy + 2x,T — 3%, + 29‘ct1t2
2

x4 () = xo+ Xt —
T

2xy + Xg — 2%, + X,T 3
+ 3 t,

T

3xg + 2407 — 3%, + 247
2

Vq (t) = 560 -2 .
. . (6)
2xy + Xy — 2x; + xtth

+3 3 ,

T

3xy + 2%,T — 3X; + 2%,T
2

ag (t) =-2 -
2xy + %o — 2x; + xtrt

+6 3

T

Similarly, the desired trajectories, velocities, and acceler-
ations of y-, z-axes can be determined.
Define the tracking error as

e=r-—ry, (7)

where e = [e, e, e5 ¢ €&, ¢
(%4 Ya 2a %4 Ja Zal-

Considering the trajectory control problem for the soft
landing of the probe, and with constraint (5) held, the control
objective of this paper is to design an adaptive fuzzy sliding
mode control law U to make the actual trajectory r track the
desired trajectory ry. In other words, the designed control law
U can guarantee that

and 14 =

(1) the closed-loop system is stable, and all signals are
uniformly bounded;

(2) tracking error e; (i =
equilibrium point.

1,2,3) converges to the

3.2. Description of Fuzzy Logic System. Assume that the fuzzy
system isamap fromV C R"toR,V =V, x---xV,,V, CR,
i =1,2,...,n; then the kth typical fuzzy rules represented in
[F-THEN form can be expressed as

R® if p, is Ali and ... and p, is A’; then g is G* ®)
8
(k=1,2,...,N),

where Alf € {A%, R A?"} (i = 1,2, 3) are the fuzzy sets with
memberships p 4, y is a linguistic variable, respectively, and
N =[], is the number of fuzzy rules.

Through the fuzzification and center average defuzzifier,
the output of fuzzy logic system can be expressed as

q=0"¢(p), ©

T
where 7 [01 6> ... oN ] is a vector set of parameters

and &7 = [£ & --- &y] is a set of fuzzy basic functions,
which is defined as [21]

H?:l[’lA’? (Pi)
£ (p) = - k=1,..,N.  (10)
)= S T ()

3.3. Adaptive Fuzzy Integral Sliding Mode Controller Design.
Sliding mode control has strong robustness for the system
with the existence of uncertainty and disturbance [22] and
can obtain high control accuracy. Classical sliding mode
control is very sensitive to the interference in the approaching
movement stage, which is a period of time when the system
has not yet reached the sliding mode surface [23]. This
phenomenon will influence the control performance. In
order to overcome this disadvantage, an integral sliding mode
surface is defined as

t
0



where i = 1,2, 3, the surface vector of sliding mode is § =

[s, s, s3]",and the parameters ;, k; can make all the roots
of the equation A;(s;) = §; + ;$; + k; be located in the left
half-plane of the complex plane.

The classical sliding mode control (CSMC) law with
integral sliding surface is defined by

U, =- (wzx +2wy + gx) +9, — Uy
U, = —(wzy—wac+gy)+9y—usw2, (12)
Uz =—9:t ‘92 ~ Usw3»
where
fla1 S8 (51)
Ugy = ’7A2 sgn (52) (13)
a3 SN (53)

with 7,; > |d;| being a positive constant.

Considering the system model uncertainty and the dis-
turbance, a compensation item O is designed as (14) based on
(11), which ensures that the state can be achieved and kept in
the sliding surface:

9=Y,-Aé—Age, (14)
where Y, = [%; Jj, 2d]T,A1 = diag(e, 0y, 003,) Ay =
diag(ky, ky, k3),and é = [¢, ¢, éz]T.

Assumption 1. The system uncertainty D is norm bounded
with | D|| < I'(r), where I'(r) > 0 is an unknown function.

Ideal fuzzy system (15) is adopted to approximate the
unknown linear function I'(r | 6):

T(r|6:)=06E(r), (15)

where 9? = [9; 0% 0?’ ]T is the member function and

the form of the fuzzy vector &(r) is given as (10). And its
estimation is

T(r16:)=07E@). (16)

To eliminate the fuzzy approximation errors, the robust
control items u; = [ty Uy, Upz), Uy = [Uy Uy, Uy are
introduced to the control law, which can be rewritten as [24]

U, =- (w2x+2wj/+gx) +9, —sat (s;) +uy; +uy,

U,=- (wzy —2wx + gy) +9, —sat (8,) + 1y, + 1y, (A7)

U, = —g,+9, —sat(s;) + g3 + 3,
where
S _
l/ll :—mf(r | Qr),
(18)

u ——i@
s
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The parameters of the variable can be updated by the
following adaptive laws:

b =€) [T
(19)
r =y, ']

where y; > 0,y,, > 0 are some suitable constants representing
the adaptive gains.

3.4. Stability Analysis

Theorem 2. Considering the probe dynamic model (3) and
Assumption 1, with the integral sliding mode control law
designed as (17) and adaptive update laws as (19), the closed-
loop system is stable and all the variables will asymptotically
converge to zero.

Proof. Define the optimal approximation parameter as

6 = arg min (sup |1“,. (r16r) —f(r | ér)|) , (20)

OreQr reQ,

where 0} is continuous on the compact set Q.
Then the parameter errors can be defined as

gr = 0; - 9[*. (21)

The approximation error of fuzzy logic system can be
obtained as

T(r)-T(r6;) =08 () +0 () +0:E(r).  (22)
Assume that
leoll = |6:E (r) +6: (r)| < wy, (23)

where wy is a positive constant, whose approximate error can
be defined as

wr = wy — Wr. (24)
From (3) and (17), we can get
S = uy +u, —sat(s) + D. (25)

Define the Lyapunov function as

1 7 1 /=r= 1
V==-88+—(60.6;)+ —1w.
2 2y; ( r F) 2V Wry (26)



Mathematical Problems in Engineering

3500
—~ 3000 -
)
R

2500 +

2000 L L . L

0 200 400 600 800 1000
Time (s)

Actual position with AFSMC
—— Desired position of x-axis
- -~ Actual position with CSMC

FIGURE 2: Position and velocity tracking curves of the x-axis.

Differentiating (26) with respect to time, with considera-
tion of assumption and the adaptive laws (19), yields

V=sTS- Lath, - Lalh,
Yr Yw
= ST (—sgn (S)+u, +u, + D) - iélrrér
Yr
1 ~T =
_Ewrwr

<= |1 IsTIT (r16) - 7| @

]S T (1 6p) - %@‘gér _ yiw;ar
w

(27)
<= |51+ |s) (8r8) + 7] (- ) - %9? b
1 T~
-~ WrWwr

S EAS
Yr

+ @ <||5T|' _ yimr> <0,

where sgn(S) = [sgn(s,) sgn(s,) sgn(s3)]T and [S] = (Is;| +
s, + s5]). Thus, the time derivative of Lyapunov function
(26) is negative definition which guarantees the closed-loop

system convergence to the equilibrium. O

Note. To reduce the chattering phenomenon of control
signals, the saturated function (28) is instead of the sign
function [25]:

hd Is| < ®
sat(-) =4 @ (28)
sgn(s) |s| > D,

where @ > 0 is the width of saturation function in the sliding
mode surface.

5
4 .
—~ 2 B
E of
>>< _2_' /(//7,,»~~**
—4 L//
0 200 400 600 800 1000
Time (s)
Actual velocity with AFSMC
—— Desired velocity of x-axis
- -~ Actual velocity with CSMC
TABLE 1: Landing simulation parameters.
Name Value Unit
Desired initial position [3200 1300 9000] m
Desired initial velocity [—1.2 0.2 —1] m/s
Landing position [2837 928.1 5708] m

4. Simulation Results

Taking the Eros 433 as the target asteroid [26] with the spin
angular velocity w = 3.31 x 107* m/s, the constraint values
of the probe at initial points and landing site are given in
Table 1, as has been worked out in this section. We adopt the
probe model (3) in the fixed coordinate system, the cubic
polynomial desired trajectory (6), the CSMC scheme (12),
and the proposed AFSMC scheme (17), respectively, for the
comparable simulation, in order to illustrate the superiority
of the proposed control scheme.
Introduce the model uncertainty and disturbance as

D, =0.1sin(0.005t) - g,,

D, =0.25in (0.005¢) - g,, (29)

D, =-0.2¢os(0.005¢) - g,.

The falling time is 8000 s; other simulation parameters are
setas A; = [1 1 1],A, = [0.1 0.1 0.1], ® = 0.4, and
Y1 = 7, = 0.1 x 107>, To observe the results more clearly, the
simulation time is set as 8000 seconds in the 3D descending
tracking trajectory, 100 seconds in control acceleration, and
1000 seconds in the others. The simulation results are shown
in Figures 2-7.

Figures 2-4 illustrate the contrast position and velocity
tracking curves in three directions, respectively, and Figure 5
shows their tracking error. We can observe that the probe
can track the desired trajectories and the desired velocities in
three axes within only 20 seconds with the proposed AFSMC
scheme; it shows that not only a stable state, but also a priority
convergent rate and smaller tracking errors than those of
CSMC (12) with the same control parameters in [27] can
be achieved. Figure 6 presents the 3D descending trajectory
tracking curves, from where one can observe that the probe
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FIGURE 3: Position and velocity tracking curves of the y-axis.
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FIGURE 4: Position and velocity tracking curves of the z-axis.
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FIGURE 5: Position error curves.

can land on the asteroid surface softly. In general, the time
cost can be greatly improved by the proposed AFSMC,
though with some control acceleration chattering existence
(shown in Figure 7). Therefore, the proposed scheme is more
feasible and effective in practice to achieve our main goal.

5. Conclusions

Considering the existence of uncertainties and external
disturbance of the probe when it lands on a weak gravi-
tational field asteroid, an AFSMC scheme is proposed in
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this paper. The fuzzy logic, whose fuzzy weight is updated
adaptively, is applied to approximate the upper bound of the
modeling uncertainties to reduce the effects on the control
precision and enhance the control accuracy. Furthermore,
the integral sliding mode control method is utilized to track
the desired trajectory and restrain steady-state error along
with enhancing the dynamic performance of the system.
Finally, adaptive laws are adopted to update the control
parameters in real time and robust item is introduced to
eliminate the fuzzy approximation errors, which makes the
system stable. Simulation verifies that the control scheme
is effective and feasible to achieve the soft landing of the
probe.
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