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This paper presents a continuous control law of probe, which consists of PD (proportional-derivative) controller and nonsingular
terminal sliding mode controller for probe descending and landing phases, respectively, in the case of the asteroid irregular shape
and low gravity. The probe dynamic model is deduced in the landing site coordinate system firstly. Then the reference trajectory
based on optimal polynomial in open-loop state is designed, with the suboptimal fuel consumption. Taking into account different
characteristics of phases, PD controller and nonsingular terminal sliding mode controller can be employed in the descending phase
and the landing phase, respectively, to track the designed reference trajectory. The controller which used the corresponding control
methods can meet the motion characteristics and requirements of each stage. Finally simulation experiments are carried out to
demonstrate the effectiveness of the proposed method, which can ensure the safe landing of probe and achieve continuous control.

1. Introduction
Exploration of comets and asteroids is one of the most
complex missions in the future [1]. Asteroids exploration has
been identified as a significant space mission; asteroids are
believed to exist in the early stage of the solar system and
be helpful to study solar system [2]. Spacecrafts are required
to achieve a soft land on the asteroids, which use certain
devices, control the orbit to gradually reduce landing speed,
and finally landing without damage to the surface of the
ground.
On February 12, 2001, Near Earth Asteroid Rendezvous
(NEAR) probe successfully landed on the Eros asteroid [3, 4].
On May 9, 2003, MUSES-C probe was launched and took
samples of rock to earth at first time [5]. On December 13,
2012, China’s Chang’e II flew over international number 4179
Toutatis asteroid with the relative velocity of 10.73 km/s.
Due to the irregular shape, the small size, and the unstructured uncertainties of asteroid, a system with guidance,
navigation, and control (GNC) is needed for asteroid landing
safely and precisely [6]. The control of GNC has received
tremendous research interest in the past years, and a number
of scholars focus attention on this subject [7–9]. A landing

autonomous optical navigation scheme of the small body
based on the landing site feature extraction and tracking
technology was proposed in the literature [7]. Reference [8]
studied an autonomous navigation algorithm and a control
strategy based on sliding mode variable structure guidance
was provided via the optical information and Kalman filter.
A self-guided method based on optical camera and laser
radar was proposed in [9], in which the sliding mode variable
structure control was used to make sure the probe landed
safely. The researchers also do some studies on reducing fuel
consumption of the probe [10–13]. The fuel optimal polynomial nominal trajectory and the control method based on
PD plus PWPF (pulse-width pulse-frequency) were designed
in [10]. The new algorithm was developed in Matlab based
on the performance database (PDB) to design optimisation
trajectory and obtain the best aircraft fuel efficiency and the
reduction in fuel consumption on aircraft [11]. A hybrid actuation control concept, a fuzzy logic proportional-integralderivative (PID) plus a conventional on-off controller, was
described, and the controller would behave as a switch
between the shape memory alloys (SMA) cooling and heating
phases, situations where the output current was 0 A or
was controlled by the fuzzy logic controller (FLC) [12, 13].
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The landing process of probe was transformed into tracking
the reference trajectory and the variable structure control
was proposed for the probe control problem in literatures
[14, 15]. The probe landing at a specific location as free
falling and the tracking error were analyzed in detail [16].
The polyhedron dynamic model was set up based on threedimensional scattered points on surface of the small bodies
[17]. To reduce the structured and unstructured uncertainties
of the probe, a new control scheme based on two adaptive
neural controllers was proposed with good performance
[18]. Finite-time control method, which can tackle the probe
convergence fast, was proposed to improve the stability and
robustness of system [19].
Summarizing the above discussion, the continuous control during drop and landing phase needs further investigation. This paper investigates characteristics of descending and
landing phases, and PD controller and nonsingular terminal
sliding mode controller are designed. In the descending
phase, PD controller is adopted with the purpose of reducing
the horizontal component of the velocity and position. In
the landing phase, the positions of x- and y-axes approach
zeros quickly and probe is over landing point vertically.
Nonsingular terminal sliding mode control method based on
exponential reaching law can avoid the singular problems
on sliding surface, reduce the adjusting time, and guarantee
the rapidity and stability of probe landing. The remaining
of the paper is organized as follows. In Section 2, probe
dynamic model is described in the landing site coordinate
system, taking into account the low gravity of small body
and main factors in the orbit. In Section 3, the reference
trajectory with the suboptimal fuel consumption is designed,
and PD controller and nonsingular terminal sliding mode
controller are proposed to track reference trajectory and
make probe land on the surface of small body quickly and
safely. Simulation results are presented and discussed in
Section 4. Finally, a conclusion regarding research works is
provided in Section 5.

small body; 𝑙 is the degree; 𝑚 is the order; 𝑅0 is reference
radius; r is the position vector from the mass center of small
body to the spacecraft; 𝜃 and 𝜙 are the latitude and longitude,
respectively; 𝐶𝑙𝑚 and 𝑆𝑙𝑚 are the coefficients of potential
determined by the mass distribution within the small body;
𝑃𝑙𝑚 (sin 𝜙) is the associated Legendre polynomials.
𝑆𝑙𝑚 = 0 for all 𝑙 or 𝑚, 𝐶𝑙𝑚 = 0 for 𝑙 or 𝑚 odd and while
other conditions:
𝐶𝑙𝑚 =

3 (l/2)! (𝑙 − 𝑚)!
(2 − 𝛿0𝑚 )
𝑎𝑙 2𝑚 (𝑙 + 3) (𝑙 + 1)
×

𝐹𝑎 = grad [𝑈 (𝑟, 𝜃, 𝜙)] ,
𝑈 (𝑟, 𝜃, 𝜙) =

𝑛

𝑙

(1)

𝑙

𝜇𝑎
𝑅
{1 + ∑ ∑ [ 0 ] 𝑃𝑙𝑚 (sin 𝜙)
𝑟
𝑟
𝑙=1 𝑚=0

(𝑚+4𝑖)/2

( (𝑎2 − 𝑏2 )

∑
𝑖=0

(𝑙−𝑚−4𝑖)/2
1
× [𝑐2 − ( ) (𝑎2 + 𝑏2 )]
)
2

× (16𝑖 (

−1
𝑙 − 𝑚 − 4𝑖
𝑚 + 2𝑖
)! (
)!𝑖!) ,
2
2

0,
𝛿0𝑚 = {
1,

where 𝑈(𝑟, 𝜃, 𝜙) denotes gravity potential; 𝑢𝑎 is multiplied
by the product of the gravitational constant and the mass of

𝑚=0
𝑚 = 1.

(4)

By expanding to fourth order of (2), some coefficients can
be obtained as follows:

𝐶20 =
𝐶22 =

2𝑐2 − (𝑎2 + 𝑏2 )
10𝑎2

𝐶40 = 3
𝐶42 =

,

𝑎2 − 𝑏2
,
20𝑎2
3 (𝑎4 + 𝑏4 ) + 8𝑐4 + 2𝑎2 𝑏2 − 8 (𝑎2 + 𝑏2 ) 𝑐2
140𝑎4

(𝑎2 − 𝑏2 ) (2𝑐2 − 𝑎2 − 𝑏2 )
280𝑎4

,

(5)

,

2

𝐶44 =

(𝑎2 − 𝑏2 )
2240𝑎4

,

where 𝑎, 𝑏, and 𝑐 are radius parameters of the approximate
axis ellipsoid.
Therefore, the asteroid gravity is obtained as follows:

(2)

× [𝐶𝑙𝑚 cos 𝑚𝜃 + 𝑆𝑙𝑚 sin 𝑚𝜃] } ,

(3)

where 𝛿0𝑚 is Kronecker symbol and the value of 𝛿0𝑚 is

2. Asteroid and Probe Models
2.1. Gravity Field Model of Asteroid. The gravity model of
irregular shape asteroids should be established, and the
problem on the characteristic of gravitational field must be
clarified. In this work, the target asteroid can be approximated
as a triaxial ellipsoid [20, 21], and the gravitational potential
energy of asteroid can be obtained with spherical harmonic
series expansion method. Gravitation can be described, with
the gradient of the gravitational potential function, as follows:

int((𝑙−𝑚)/4)

𝑈 (𝑟, 𝜃, 𝜙) =

𝑢𝑎
𝑅 2
{1 + Δ( 0 )
𝑟
𝑟
𝑅 4
+ Γ( 0 ) + 𝑂 (𝑟−5 )} ,
𝑟

(6)
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the gravitational potential; 𝛿 denotes the perturbative acceleration for no model including the solar radiation pressure
and third-body gravitational perturbations

Probe

r

zl

R

𝛿=

yl
ol

𝜙

oa
xa

xl

ya

𝜃

1
Δ = [ 𝐶20 (3sin2 𝜙 − 1) + 3𝐶22 cos2 𝜙 cos 2𝜃] ,
2

15
𝐶 cos2 𝜙 (7sin2 𝜙 − 1) cos 2𝜃
2 42

(9)

(10)

𝑥̈ − 2𝜔𝑎 sin 𝜙𝑦̇ − 𝜔𝑎2 sin2 𝜙𝑥 − 𝜔𝑎2 sin 𝜙 cos 𝜙𝑧
(7)

= 𝐹𝑥 + 𝑈𝑥 + 𝛿𝑥 ,
𝑦̈ + 2𝜔𝑎 sin 𝜙𝑥̇ + 2𝜔𝑎 cos 𝜙𝑧̇ − 𝜔𝑎2 𝑦
= 𝐹𝑦 + 𝑈𝑦 + 𝛿𝑦 ,

+105𝐶44 cos2 𝜙 cos 4𝜃] .

(11)

𝑧̈ − 2𝜔𝑎 cos 𝜙𝑦̇ − 𝜔𝑎2 sin 𝜙 cos 𝜙𝑥 − 𝜔𝑎2 cos2 𝜙𝑧

2.2. Probe Dynamics Model. As shown in Figure 1, the asteroid body-fixed coordinate system 𝑜𝑎 𝑥𝑎 𝑦𝑎 𝑧𝑎 and the probe
landing site coordinate system 𝑜𝑙 𝑥𝑙 𝑦𝑙 𝑧𝑙 are established [22].
Let the asteroid body coordinate system be fixed on
asteroid with the origin coinciding with the mass center
of asteroid and the 𝑜𝑎 𝑧𝑎 axis coinciding with the asteroid’s
maximum moment of inertia, and the 𝑜𝑎 𝑥𝑎 , 𝑜𝑎 𝑦𝑎 , and 𝑜𝑎 𝑧𝑎
axis compose the right-handed coordinate system. As the
coordinates of probe landing site is the same as the initial
landing site. R is the position vector from the target small
body mass center to the probe; r is the position vector from
the landing point to the probe; l is the position vector from
the mass center to the landing site.
The dynamic equations of motion for probe in the fixedbody coordinate system are given as follows:
R̈ + 2𝜔 × Ṙ + 𝜔 × (𝜔 × R) + 𝜔̇ × R = F + U + 𝛿,

𝜇𝑎
d⋅r 2
[R ⋅ R − 3(
) ].
3
2𝑑
|d|

Let 𝜔 ≅ 𝜔𝑎 = [0 0 𝜔𝑎 ]𝑇 be angular velocity vector, and
the asteroid has the fixed rotation angular velocity vector of
𝜔𝑎 ; then, 𝜔̇ = 0. Therefore, the expressions of dynamic model
in the landing point coordinates are given as follows:

where

+

|d|

−

cos 𝜃 sin 𝜙 − sin 𝜃 cos 𝜃 cos 𝜙
C𝑎𝑙 = [ sin 𝜃 sin 𝜙 cos 𝜙 sin 𝜃 cos 𝜙 ] .
0
sin 𝜙 ]
[ − cos 𝜙

Figure 1: Coordinate systems definition.

1
Γ = [ 𝐶40 (35sin4 𝜙 − 30sin2 𝜙 + 3)
8

3

𝜂 denotes the solar radiation pressure coefficient; d denotes
the position vector of the center of mass from the asteroid to
the sun.
To obtain orbit dynamic equations in the landing point
coordinate, a transform matrix from landing site coordinate
system to the fixed coordinate is shown as follows:

za
l

𝜂d ⋅ R

(8)

where 𝜔 denotes the rotation vector of the small body; F
denotes the control acceleration; U denotes the gradient of

= 𝐹𝑧 + 𝑈𝑧 + 𝛿𝑧 ,
where 𝑥, 𝑦, and 𝑧 are components of probe position; 𝐹𝑥 , 𝐹𝑦 ,
and 𝐹𝑧 are components of control acceleration; 𝑈𝑥 = 𝜕𝑈/𝜕𝑥,
𝑈𝑦 = 𝜕𝑈/𝜕𝑦, and 𝑈𝑧 = 𝜕𝑈/𝜕𝑧 are components of the asteroid
gravitational potential.

3. Guidance and Control Law
3.1. Reference Trajectory Planning. In descending phase, the
primary thrust of the brake section and the low-thrust
engines simultaneously brake the entire thrust of the engine
braking process. The purpose is to reduce the horizontal
component of the probe. In landing phase, the low-thrust
engine brakes so as to adjust posture and ensure the probe
lands vertically in final few hundred meters [23].
A soft landing is mentioned for probe landing to the target
asteroids at small speed, which is usually less than 6 m/s [24].
The desired descent altitude and velocity are planned in order
to satisfy the requirements of soft landing on the surface of
small bodies. It is assumed that the nominal trajectory is
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fuel suboptimal polynomial trajectory employed by Apollo
landing lunar. The boundary condition is given by

The planned descent velocity, which is derived from the
time derivative of (13), is given by

𝑟𝑧 (0) = 𝑧0 ,
𝑟𝑧 (𝜏) = 𝑧𝑛 ,

𝑟𝑧̇ (𝑡) = 𝑧̇0 + (6𝑧𝑛 − 6𝑧0 − 4𝑧̇0 𝜏)

(12)

𝑟𝑧̇ (0) = 𝑧̇0 ,

𝑡
𝜏2

𝑡2
.
𝜏3

(14)

𝑟𝑧̇ (𝜏) = 0,

+ (6𝑧0 + 3𝑧̇0 𝜏 − 6𝑧𝑛 )

where 𝑧0 and 𝑧̇0 denote the initial altitude and altitude change
rate, 𝑧𝑛 is the planned altitude, and 𝜏 is descent time.
The cubic curve to satisfy the boundary condition is given
by [25]

By this way, 𝑟𝑥 (𝑡), 𝑟𝑥̇ (𝑡), 𝑟𝑦 (𝑡), and 𝑟𝑦̇ (𝑡) are also planned.

𝑡 2
𝑟𝑧 (𝑡) = 𝑧0 + 𝑧̇0 𝑡 + (3𝑧𝑛 − 3𝑧0 − 2𝑧̇0 𝜏) ( )
𝜏
𝑡 3
+ (2𝑧0 + 𝑧̇0 𝜏 − 2𝑧𝑛 ) ( ) .
𝜏

(13)

3.2. Continuous Control Law for Declining and Landing Phase.
Define the tracking error and the velocity tracking error as
𝑒 = 𝑟 − 𝑟𝑑 and 𝑒 ̇ = 𝑟 ̇ − 𝑟𝑑̇ , where rd = [𝑟𝑥 , 𝑟𝑦 , 𝑟𝑧 ]𝑇 denotes the
reference trajectory. Substituting (11) into 𝑒 and 𝑒 ̇ yields the
following equations:

𝑒1̇
𝑒4
[𝑒2̇ ] = [𝑒5 ] ,
[𝑒3̇ ] [𝑒6 ]
−𝑟𝑥̈ + 2𝜔𝑎 sin 𝜙𝑦̇ + 𝜔𝑎2 sin2 𝜙𝑥 + 𝜔𝑎2 sin 𝜙 cos 𝜙𝑧 + 𝐹𝑥 + 𝑈𝑥 + 𝛿𝑥
]
[
𝑒4̇
]
[
2
[𝑒5̇ ] = [
].
−𝑟𝑦̈ − 2𝜔𝑎 sin 𝜙𝑥̇ − 2𝜔𝑎 cos 𝜙𝑧̇ + 𝜔𝑎 𝑦 + 𝐹𝑦 + 𝑈𝑦 + 𝛿𝑦
]
[
]
[
̇
𝑒
[ 6]
2
2
2
̈
̇
−
𝑟
+
2𝜔
cos
𝜙
𝑦
+
𝜔
sin
𝜙
cos
𝜙𝑥
+
𝜔
cos
𝜙𝑧
+
𝐹
+
𝑈
+
𝛿
𝑎
𝑧
𝑧
𝑧]
𝑎
𝑎
[ 𝑧

Equation (15) can be transformed into state equations
ė𝑖 = e𝑗 ,

(16)

ė𝑗 = f𝑘 + g𝑘 + u𝑘 ,

where e𝑖 and e𝑗 (𝑖 = 1, 2, 3; 𝑗 = 4, 5, 6) denote the system
state variables; f𝑘 denotes nonlinear dynamics of the system;
g𝑘 denotes uncertainties and disturbances and it is satisfied
with ‖𝑔𝑘⃗ ‖ ≤ 𝑙𝑔 , 𝑙𝑔 > 0; u𝑘 denotes control law (𝑘 = 𝑥, 𝑦, 𝑧);

−𝑟𝑥̈ + 2𝜔𝑎 sin 𝜙𝑦̇ + 𝜔𝑎2 sin2 𝜙𝑥 + 𝜔𝑎2 sin 𝜙 cos 𝜙𝑧 + 𝑈𝑥
];
−𝑟𝑦̈ − 2𝜔𝑎 sin 𝜙𝑥̇ − 2𝜔𝑎 cos 𝜙𝑧̇ + 𝜔𝑎2 𝑦 + 𝑈𝑦
f𝑘 = [
2
2
2
[−𝑟𝑧̈ + 2𝜔𝑎 cos 𝜙𝑦̇ + 𝜔𝑎 sin 𝜙 cos 𝜙𝑥 + 𝜔𝑎 cos 𝜙𝑧 + 𝑈𝑧 ]
𝑇

g𝑘 = [𝛿𝑥 𝛿𝑦 𝛿𝑧 ] ;

𝑇

where 𝑘𝑃𝑥 , 𝑘𝑃𝑦 , 𝑘𝑃𝑧 , 𝑘𝐷𝑥 , 𝑘𝐷𝑦 , and 𝑘𝐷𝑧 are controller coefficients, respectively.
In landing phase, the sliding mode control is designed,
which is based on the use of the following sliding surface:
𝑠𝑖 = 𝑒𝑖 +

𝐹𝑥 = −𝑘𝑃𝑥 𝑒1 − 𝑘𝐷𝑥 𝑒4 ,

𝐹𝑧 = −𝑘𝑃𝑧 𝑒3 − 𝑘𝐷𝑧 𝑒6 ,

(17)

u𝑘 = [𝐹𝑥 𝐹𝑦 𝐹𝑦 ] .

In order to get ready for soft landing, PD control laws
are designed to track the reference trajectory and the desired
descending velocity. The descent control laws can be designed
as follows:

𝐹𝑦 = −𝑘𝑃𝑦 𝑒2 − 𝑘𝐷𝑦 𝑒5 ,

(15)

(18)

𝑝/𝑞
1
(𝑒 ) ,
𝛽 𝑗

(19)

where 𝛽 > 0, 𝑝/𝑞 ∈ (1, 2). By choosing the sliding surface
(19), there is no negative power in system and the singular
problem can be avoided [26].
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Taking the first order derivative of 𝑠𝑖 ,
𝑠𝑖̇ = 𝑒𝑖̇ +
= 𝑒𝑗 +

𝑝/𝑞−1
1𝑝
𝑒𝑗̇
(𝑒 )
𝛽𝑞 𝑗

1𝑝
(𝑒 )
𝛽𝑞 𝑗

𝑝/𝑞−1

of calculation, in order to improve the probe performance of
autonomic computing, (23) can be further simplified [12]
2−𝑝/𝑞
𝑞
− 𝑓𝑘 − 𝑘𝑠𝑖 − (𝑙𝑔 + 𝜀) sgn (𝑠𝑖 ) .
𝑢𝑘 = −𝛽 (𝑒𝑗 )
𝑝

(20)

(𝑓𝑘 + 𝑔𝑘 + 𝑢𝑘 ) .

In order to keep the controller respond immediately, the
exponential approach law is used to approach the sliding
surface. By choosing
𝑠 ̇ = −𝜀 sgn (𝑠) − 𝑘𝑠,

(21)

By choosing sliding mode surface (16) and the control law
(27), it can ensure that the system reaches the sliding surface
in finite time, and the tracking error approaches zero in finite
time.
Proof. Take the first order derivative of 𝑠𝑖
𝑠𝑖̇ = 𝑒𝑗 + 𝜌 (𝑒𝑗 ) (𝑓𝑘 + 𝑔𝑘 + 𝑢𝑘 )

where 𝜀 and 𝑘 are positive coefficients of exponential
approach law.
Substituting (21) into (20), the control law is obtained as
follows:

= 𝑒𝑗 − 𝜌 (𝑒𝑗 )
2−𝑝/𝑞
𝑞
× [𝛽 (𝑒𝑗 )
+ 𝜀 sgn (𝑠𝑖 ) + 𝑘𝑠𝑖 + 𝑙𝑔 sgn (𝑠𝑖 ) − 𝑔𝑘 ]
𝑝

𝑢𝑘 = −𝜌−1 (𝑒𝑗 ) [𝑒𝑗 + 𝜌 (𝑒𝑗 ) (𝑓𝑘 + 𝑔𝑘 ) + 𝜀 sgn (𝑠𝑖 ) + 𝑘𝑠𝑖 ] ,
(22)

= − 𝜌 (𝑒𝑗 ) [𝜀 sgn (𝑠𝑖 ) + 𝑘𝑠𝑖 + 𝑙𝑔 sgn (𝑠𝑖 ) − 𝑔𝑘 ] .
(28)

where 𝜌(𝑒𝑗 ) = (1/𝛽)(𝑝/𝑞)(𝑒𝑗 )𝑝/𝑞−1 .
As 𝑔𝑘 denotes uncertainties and disturbances, and it is
bounded. Adding a small constant 𝜉 (𝜉 > 0) in the control
law, the new control law is obtained

If 𝑒𝑗 ≠ 0, then 𝜌(𝑒𝑗 ) > 0 and 𝑠𝑖̇ ≤ −𝜀 sgn(𝑠𝑖 ) − 𝑘𝑠𝑖 < 0.
Lyapunov function is 𝑉𝑖 = (1/2)𝑠𝑖𝑇 𝑠𝑖 (𝑖 = 1, 2, 3).
The first order derivative of 𝑉𝑖 (𝑖 = 1, 2, 3)
𝑉𝑖̇ = 𝑠𝑖𝑇 𝑠𝑖̇ = −𝑠𝑖𝑇 𝜌 (𝑒𝑗 ) [𝜀 sgn (𝑠𝑖 ) + 𝑘𝑠𝑖 + 𝑙𝑔 sgn (𝑠𝑖 ) − 𝑔𝑘 ]

−1

𝑢𝑘 = −[(𝜌 (𝑒𝑗 ) + 𝜉) (𝑒𝑗 +𝜀 sgn (𝑠𝑖 ) + 𝑙𝑔 sgn (𝑠𝑖 ) + 𝑘𝑠𝑖 ) +𝑓𝑘 ] .
(23)
By choosing sliding mode surface (19) and the control law
(23), it can ensure that the system reaches the sliding surface
in finite time, and the tracking error approaches zero in finite
time.
Proof. Take the first order derivative of 𝑠𝑖

≤ − 𝑠𝑖𝑇 (𝜀 sgn (𝑠𝑖 ) + 𝑘𝑠𝑖 ) < 0

1
{
{
{ 𝑠𝑘
a = sat (⋅) = {
{
{Δ𝑘
{−1

= 𝑒𝑗 − 𝜌 (𝑒𝑗 )
−1

As long as 𝜉 is small enough, 𝜌(𝑒𝑗 )(𝜌(𝑒𝑗 ) + 𝜉)−1 = 1 can be
satisfied, and (24) can be simplified as
𝑠𝑖̇ = −𝜀 sgn (𝑠𝑖 ) − 𝑘𝑠𝑖 − 𝜌 (𝑒𝑗 ) (𝑙𝑔 sgn (𝑠𝑖 ) − 𝑔𝑘 ) .

(25)

As 𝑒𝑗 ≠ 0, 𝛽 > 0, and 𝑝/𝑞 ∈ (1, 2), then 𝜌(𝑒𝑗 ) > 0 and
𝑠𝑖̇ ≤ −𝜀 sgn(𝑠𝑖 ) − 𝑘𝑠𝑖 < 0.
Note that when the probe is close to the asteroid, 𝑔𝑘 can
be ignored
𝑠𝑖̇ = −𝜀 sgn (𝑠𝑖 ) − 𝑘𝑠𝑖 ,

𝑒𝑗 ≠ 0.

(26)

If 𝑒𝑗 = 0, then 𝜌(𝑒𝑗 ) = 0 and 𝑠𝑖̇ = −𝜀 sgn(𝑠𝑖 ) − 𝑘𝑠𝑖 , 𝑒𝑗 = 0.
Considering the control law (23) contains a term of
(𝜌(𝑒𝑗 ) + 𝜉)−1 , which is complicated and needs large amount

(29)

𝑉𝑖̇ = 0 if and only if 𝑠𝑖 = 0 (𝑖 = 1, 2, 3), hence the tracking
control law is proved to be stable.
To reduce the system chattering caused by sliding mode
control, the sign function of the switching surface function is
replaced by a suitable saturated function as follows:

𝑠𝑖̇ = 𝑒𝑗 + 𝜌 (𝑒𝑗 ) (𝑓𝑘 + 𝑔𝑘 + 𝑢𝑘 )

×[(𝜌 (𝑒𝑗 )+ 𝜉) (𝑒𝑗 +𝜀 sgn (𝑠𝑖 )+ 𝑘𝑠𝑖 )+𝑙𝑔 sgn (𝑠𝑖 ) −𝑔𝑘 ] .
(24)

(27)

𝑠𝑘 > Δ 𝑘
𝑠𝑘 ≤ Δ 𝑘

(30)

𝑠𝑘 < −Δ 𝑘 ,

where Δ 𝑘 > 0 is the boundary layer, 𝑠𝑘 is the sliding mode
surface function, and ∀𝑘 ∈ {1, 2, . . . , 5}.
Substituting (30) into (27), the final control law can be
obtained as follows:
2−𝑝/𝑞
𝑞
− 𝑓𝑘 − 𝑘𝑠𝑖 − (𝑙𝑔 + 𝜀) a.
𝑢𝑘 = −𝛽 (𝑒𝑗 )
(31)
𝑝
When the probe is close to the asteroid, the impact of 𝑔𝑘 is
ignored. Then, 𝑠𝑖̇ = −𝜌(𝑒𝑗 )[𝜀 sgn(𝑠𝑖 ) + 𝑘𝑠𝑖 ]. Consider
𝑒𝑗̇ ≤ −𝑘𝑠𝑖 − 𝜀,

𝑠𝑖 > 0,

𝑒𝑗̇ ≥ −𝑘𝑠𝑖 + 𝜀,

𝑠𝑖 < 0.

𝑠𝑖̇ ≤ −𝑘𝑠𝑖 − 𝜀,

𝑠𝑖 > 0,

𝑠𝑖̇ ≥ −𝑘𝑠𝑖 + 𝜀,

𝑠𝑖 < 0.

(32)

So
(33)
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Table 1: Numerical simulation parameters.

In order to avoid a greater buffeting, 𝜀 is usually taken as a
smaller value to ensure the probe reaches the sliding surface
in the form of exponential reaching law.
Comparing two kinds of cases, if 𝑒𝑗 ≠ 0, then 𝜌(𝑒𝑗 ) is
involved in the presented reaching law, which is called nonsingular terminal sliding mode control pseudoexponential
approaching law (NTSMC-PEAL) and if 𝑒𝑗 = 0, then the
probe reaches the sliding surface in the form of exponential
reaching law, which is called nonsingular terminal sliding
mode control exponential approaching law (NTSMC-EAL).
NTSMC-PEAL and NTSMC-EAL, which are used in the control system for irregular asteroids, can ensure that terminal
sliding mode under the condition of nonsingular uses a small
control to achieve an ideal control effect.

4. Simulation and Analysis
Take one asteroid as the target small body, and its parameters
are listed in Table 1 [11, 19]. Those parameters are closely
related to the descending and landing phase studied in this
work. Taking into account system disturbance, some reasonable assumptions are supposed according to engineering
practice. 𝛿𝑥 = 1.5 sin 2𝑡, 𝛿𝑦 = 1.6 sin 1.5𝑡, and 𝛿𝑧 =
1.4 sin 3𝑡 are chosen in simulation experiments, and the
model parameters under the worst conditions are selected.
The parameters of nonsingular terminal sliding mode
control are chosen as follows: 𝛽 = 2, 𝑝/𝑞 = 1.5, 𝑘 = 2, and
𝑙𝑔 = 0.015.
In the descending phase and landing phase, the simulation results are shown from Figure 2 to Figure 13.
The descending trajectory curve based on PD control
scheme is shown in Figure 2. The curve is smooth and the
probe is prepared for landing. The position and velocity of the
probe are shown in Figures 3 and 4, respectively. In Figures 5,
6, and 7, the position tracking curves of x-axis, y-axis, and zaxis are shown and demonstrate that the probe can track the
reference position quickly and consistent with it completely.
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z (m)

Simulation parameters
4.800𝐸 − 04
10.55
1.148
−0.110
0.0397
0.069
0.0031
2.780𝐸 − 04
0.0005
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[−2.2, 1.2, −9]
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[−1.2, 0.2, −1]
[20, 20, 20]
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0
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y
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)
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2000
0

0

)
x (m

Figure 2: Descending trajectory curve.
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0
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Figure 3: Descending position over time.

The landing trajectory curve based on NTSMC control
scheme is shown in Figure 8. Comparing NTSMC with SMC,
the probe based on NTSMC control scheme can track the
reference curve quickly and keep the state error much more
smaller, and the adjusting time is less than SMC control
scheme. Moreover, the oscillation in the landing process of
the probe is reduced, and the tracking error approaches zero
quickly in a limited time. From Figure 9 to Figure 10, the position and velocity of the probe can be shown; moreover, the
control force can be satisfied with engineering requirements.
As seen in Figure 11, the position error of z-axis is less than
1 m; the NTSMC control scheme can satisfy the requirement
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Figure 6: Descending position tracking of y-axis.

Figure 4: Descending velocity over time.
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Figure 5: Descending position tracking of x-axis.

Figure 7: Descending position tracking of z-axis.

of soft landing on asteroids. The acceleration curve over time
in landing phase is shown in Figure 12, which describes that
the acceleration can rapidly converge to zero. The quality
change of the probe during the landing phase is shown in
Figure 13. With fuel consumption of the engine, the quality of

the probe is decreasing and ultimately maintains a fixed value
during landing phase. With the strong robustness, the system
has not been influenced on the disturbance caused by quality
changes. Therefore, the probe could land smoothly and meet
engineering requirements.
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Figure 8: Landing trajectory curve.
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Figure 10: Landing velocity versus time.
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Figure 9: Landing position versus time.

5. Conclusion
In this paper, a continuous control law based on PD and
the exponential reaching law of nonsingular terminal sliding
mode control scheme is proposed to ensure the probe lands
on asteroid safely and accurately. At first, the model of
probe is deduced in the landing site coordinate system. With
the suboptimal fuel consumption, the reference trajectory
is planned. For soft landing on asteroid, PD and NTSMC
control scheme are used in the descending and landing
phase, respectively. Under PD control method, the probe can
arrive at time landing position. Comparing with SMC control
method, NTSMC has better performance, such as the quicker
tracking speed, smaller error motion state, and less adjusting

Position error (m)

Position (m)

500

x-axis
y-axis
z-axis

2000

−500

0

6

0

4

0

100

200

300

400

2

0

−2

0

1000

2000
Time (s)

3000

4000

Figure 11: Landing position error of z-axis.

time, which can ensure the probe lands safely and accurately.
Simulation results show that the position error of z-axis is
less than 1m and the final velocity is very small. Therefore,
the feasibility of the continuous control law is verified.
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