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ABSTRACT This paper mainly studies the trajectory tracking control problem of the manipulator of
TianGong-2 when capturing floating objects in the experimental cabin. Microgravity environment will
lead to the existing control system of space robot can not produce good control effect. Different gravity
environments change the design requirements of space robots, and the ground test cannot meet these space
requirements. In this paper, a fuzzy control strategy based on a spatial extended state observer(FC-SESO) is
proposed to solve these inconsistent problems. First, a spatial extended state observer is designed to estimate
the influence of disturbance on the system. In order to estimate the disturbance quickly and accurately,
a disturbance model including gust is established. Second, in order to ensure the rapid convergence of
the desired trajectory, the fuzzy control law is derived. Based on Lyapunov stability theory, the stability
of the control system based on the spatial extended state observer is proven. Finally, the proposed system
is simulated and captured on the Tiangong-2 manipulator platform to verify the effectiveness of the control
algorithm.

INDEX TERMS Fuzzy control, microgravity, spatial extended state observer, trajectory tracking control.

I. INTRODUCTION
Generally, the purpose of space robots is to assist astronauts
in dangerous or repetitive work. At present, space robots have
become an important part of maintaining the stable operation
of the International Space Station, and they play vital roles
in the on-orbit assembly and maintenance of space stations.
Moreover, space robots are designed according to the pro-
cesses of design with respect to assembly and debugging in
the ground gravity environment, but in contrast, the actual use
and service of these space robots are carried out in the space
microgravity environment. Nevertheless, due to the change
in the gravitational environment with respect to the aspects
of both kinematics and dynamics, the robots tested in the
ground gravitational environment can no longer meet the
design requirements in the space microgravity environment.
In fact, many scientists and scholars have developed strong
interest in this issue. Thus far, many engineering experts
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have also developed various simulations and experimental
methods for the microgravity environment [1]–[5]. Although
these simulations and experimental strategies have elimi-
nated the influence of gravity as much as possible, there
still exist problems such as low fidelity, poor experimental
precision or limited applicability: these problems can be
solved only through simulation experiments in the micro-
gravity environment. Taking this problem solution further,
the difference between the simulation experiment and the
real microgravity environment can only be addressed by
experimenting in a microgravity environment. Fortunately,
the author participated in the mechanical arm project of
the TianGong-2 space station, which was designed by the
research group, where the author applied the TianGong-2
humanoid mechanical arm system to complete the related
experiments in orbit maintenance and on-orbit capture, and
the experimental results fully verified the effectiveness of the
proposed control method. Essentially, the operation of space
robots is inseparable from the control system: therefore, at the
beginning of the design of the controller, the difference in
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the control model caused by the change of the gravitational
environment should be fully considered. Especially, with the
vigorous development of the space industry, the task of space
operation is becoming increasingly complicated, and hence,
the required performance and accuracy of space robot sys-
tems are escalating. Therefore, a series of problems caused
by changes in the gravitational environment should be given
more consideration. At present, many experts and scholars
have proposed numerous effective dynamic analysis methods
and control algorithms for the trajectory tracking problem of
space robots.

In the process of using manipulators to perform space
tasks, many scholars have proposed effective solutions for
different stages of the task [6]–[9]. Regarding the trajectory
tracking control problem for multiple-degrees-of-freedom
linear translation robot systems, literature [10] proposed a
new model-free control law. Moreover, in literature [11],
a dual-frame rigid-flexible trajectory control scheme based
on virtual space aircraft is proposed. For the task of the
space control strategy of the robot, literature [12] proposed a
new local feedback method, which was adopted to introduce
the feedback information into the local area. In addition,
literature [13] proposed and studied the application of image-
based visual service strategy in space mechanical arms. Fur-
thermore, literature [14]–[16] studies the backstepping con-
trol problem of nonlinear systems and designed inversion
controllers in different situations.

Most of the current researchers focus on the uncertainty
of the model and the control of the capture task. Because
there are fewer opportunities in the real on-orbit test, less
research has been conducted on the controller with respect to
the adaptive ability in response to model change. Therefore,
this paper focuses on such research. The influence of the
gravitational environment on the dynamic behavior of the
space robot, through the design of the control scheme, solves
the problem that the ground gravitational environment and
the intermediate microgravity environment control effect are
inconsistent.

The spacecraft’s control characteristics in the micrograv-
ity environment are significantly different from those in the
ground environment. Hence, how to design a proprietary
controller for space robots in a microgravity environment
based on these differences in the ground debugging phase has
become a key research focus to solve this problem. Generally,
the main problem encountered by space robots from design
and commissioning to in-orbit service is that due to the differ-
ence between the ground environment and the space environ-
ment, it is impossible to establish a consistent control strategy,
which leads to the result in which the designed effective
controller of space robots tested in the ground environment
cannot be directly applied for on-orbit operation in the space
microgravity environment.

Although the observer technology has been widely used
in manipulator control, most of the observers in this stage
are based on linear models or linear systems [17], [18].
To estimate uncertain perturbations, many new methods are

proposed for observer design [19]–[22]. By reducing the
sensitivity of the controller to uncertainty, [23]–[27] propose
solutions from different perspectives.

In terms of fuzzy control, many methods are designed to
reduce the complexity of the system [28]–[35], and literature
[36] proposed the dynamic feedback compensator to solve
the asymptotic tracking problem. Literature [37] proposed an
adaptive fuzzy sliding mode control (AFSMC) scheme. The
chattering problem in tracking control is eliminated, and the
steady-state error in tracking control is reduced. In literature
[38], a nonsingular fast fuzzy terminal sliding mode con-
troller (NFFTSMC)with interference estimator is designed to
realize the convergence of finite time error and robust control.

Therefore, based on the specific problems and solutions
of controller design in space microgravity environments, this
paper realizes the consistency control strategy of ground
maneuvering and on-orbit operation of space mechanical arm
via designing a proprietary controller. From the perspective
of interference suppression, the gusting of the air circulation
system in the experimental cabin is regarded as a disturbance.
Hence, an SESO is designed to estimate the disturbance,
and then the FC-SESO is designed for the quick capture
requirement: furthermore, we use the Lyapunov function to
derive the proof of closed-loop stability. The simulation and
experimentation of the task of catching floating balls in space
are then carried out. The results show that the FC-SESO con-
troller proposed in this paper exhibits good trajectory tracking
performance for rapid capture tasks in different gravitational
environments.

This paper is organized as follows. The second section
analyzes the perturbation models under different conditions.
To estimate perturbations, SESO is proposed in the third
section. Based on the third section, the fourth section designs
the fuzzy controller. The fifth section presents the simulation
and experimentation of the proposed algorithm.

II. DYNAMIC MODEL UNDER DIFFERENT CONDITIONS
The main problem faced by space robots in the debugging
process is the difference between the physical model and the
actual environment. The controller designed for the debug-
ging process cannot be directly used in the space environ-
ment, thus presenting difficulties for the debugging of the
space robot on the ground, especially for completing the
tasks of tracking, positioning, capturing and other control:
more specifically, the spatial microgravity environment not
only changes the gravitational load of the robot but also
changes the other behaviors of the robot due to changes in
gravitational load, along with the air circulation in the exper-
imental cabin. However, the impact of the system requires a
discussion of the kinetic models in different situations.

A. DYNAMIC MODEL IN THE GROUND GRAVITATIONAL
ENVIRONMENT
The basic dynamic equation of the mechanical arm can be
described as follows:

D(q)q̈+ C(q, q̇)q̇+ G(q) = τ (1)
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where,D(q) ∈ Rn×n is the matrix of system inertia, C(q, q̇) ∈
Rn×n is the system’s centrifugal force and Coriolis matrix,
G(q) ∈ Rn is the system gravitational load vector matrix, and
q = [q1, q2, · · · , qn]T ∈ Rn is the displacement vector for
the joint angle; moreover, τ = [τ1, τ2, · · · , τn]T ∈ Rn is the
driving torque for the joint of the mechanical arm.

Defining x1 = q, x2 = q̇ and x = [xT1 , x
T
2 ], the system’s

state equation can be expressed as follows:{
ẋ1 = x2
ẋ2 = D−1(x1)(τ − C(x1, x2)x2 − G(x1))

(2)

The mechanical equation of the mechanical arm needs to
meet the following characteristics:
Remark 1: D(q) is symmetrically reversible and bounded.
Remark 2: When kb > 0, kg > 0 and positive definite

functions P(q, q̇) and Q(q) exists, then:

‖G(q)‖ ≤ kg ‖q‖ (3)

GT (q)G(q) ≤ Q(q) (4)

‖C(q, q̇)‖ ≤ kb ‖q̇‖ (5)

CT (q, q̇)C(q, q̇) ≤ P(q, q̇) (6)

Remark 3: When ∀η ∈ Rn, then 1
/
2η

T Ḋη = ηTCη
Remark 4: When the given disturbance and error matrix

satisfy dl ≤ ‖d‖ ≤ dh, δDl ≤ ‖δD‖ ≤ δDh, δCl ≤ ‖δC‖ ≤
δCh and δGl ≤ ‖δG‖ ≤ δGh, then h and l are the upper and
lower bound values, respectively.

B. DYNAMIC MODEL IN SPACE MICROGRAVITY
When the mechanical arm is in a spatial microgravity envi-
ronment, its dynamic model is expressed as follows:

Ds(qs)q̈s + Cs(qs, q̇s)q̇s = τs (7)

where, Ds(qs) ∈ Rn×n is the inertia matrix, Cs(qs, q̇s) ∈
Rn×n is the Coriolis force and centrifugal force vector, qs =
[q1s, q2s, · · · , qns]T ∈ Rn is the displacement vector for the
joint angle, and τs = [τ1s, τ2s, · · · , τns]T ∈ Rn is the driving
torque for the joint of the mechanical arm.

When defining x1s = qs, x2s = q̇s and xs = [xT1s, x
T
2s],

the system’s state equation can then be expressed as follows:{
ẋ1s = x2s
ẋ2s = D−1s (x1s)(τs − C(x1s, x2s)x2s)

(8)

C. UNIFIED DYNAMIC MODEL OF MECHANICAL ARM
The control efficiency of equations (1) and (7) is effective
only when the system parameters are accurately known.
If there is any uncertainty in the model, the system will
not be linearized, even if the model is accurate enough: the
speed signal will contribute additional noise, makeing system
linearization no longer reliable. Generally, it is difficult to
produce an accurate model of the system in practical appli-
cations. There is always an existing modeling error, which
can be considered as an internal disturbance, recorded as
τi. In addition, changes caused by changes in gravity in a
microgravity environment, such as friction and load changes,

are called external disturbances, which are recorded as τo.
Finally, the disturbance caused by the change of airflow in
the experimental cabin to the robot arm is called random dis-
turbance, which is recorded as τr . Considering these distur-
bances, the spatial mechanical arm system dynamics model
can be described in the following form:

D0(q)q̈+ C0(q, q̇)q̇+ G0(q) = τ + τd (9)

τd = τi + τo + τr (10)

Here, τd refers to the sum of all disturbances and is an
unknown time-varying disturbance.

D0(q) = D(q)− δD(q) (11)

C0(q, q̇) = C(q, q̇)− δC(q, q̇) (12)

G0(q) = G(q)− δG(q) (13)

where, D0(q),C0(q, q),G0(q) is the nominal value of the
model, meantime, δD(q), δC(q, q), δG(q), respectively, refer
to the system inertia matrix, the centrifugal force and the
Coriolis force matrix, and the error matrix of the gravitational
load vector matrix.

When defining x1r = q, x2r = q̇, xr = [xT1r , x
T
2r ]

T ,
the state equation of the system can be expressed as follows:{
ẋ1r = x2r
ẋ2r=D0

−1(x1r )(τ+τd−C0(x1r , x2r )x2r − G0(x1r ))
(14)

Therefore, it is necessary to design a control strategy that
can compensate the adaptive dynamic characteristics in dif-
ferent gravitational environments without changing the con-
troller structure and controller parameters.

D. DISTURBANCE MODEL
1) WIND GUST MODEL
Due to the experimental cabin in which the mechanical arm
is located being within the space environment, there is no
natural convection of air in the sealed cabin, furthermore,
the establishment of the manned environment needs to be
ensured by forced ventilation in the cabin through the ven-
tilation system, which leads to flotation in the cabin and the
situation in which the inner ball moves with the air flow field
and also interferes with the mechanical arm. Therefore, this
scene can be approximated as a miniature wind field model.

The wind field model used in this section primarily con-
sists of two parts: a static dominant wind direction strength
model and gust model based on standard power spectral
density (PSD) [39]. The static component characterizing the
basic dominant wind characteristics can be initialized by the
upstream wind supply system, and the gust model of the PSD
is derived from the Dryden [40] model, which relies on the
static wind model to generate the necessary parameters for
the PSD.

vw(z) =
1
k
v∗w ln

(
z
z0

)
(15)

Here z is the height of the ball above the ground of the
experimental cabin, z0 is the length in the experimental cabin,
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k is the von Kaman constant, and v∗w is the friction speed
between the air and the ground of the experimental cabin.
vw(z) is the wind speed at height, which can be simplified to
the typical value of open terrain [41], therefore, when given
vw(z) and z, v∗w can be solved by equation (15). Additionally,
the upper bound value can be expressed as follows:

z̄ = b
v∗ω

2ωe sinφl
(16)

where, b is a scale constant, φ is the earth’s latitude at a
given location, and ωe is the angular velocity of the earth
on the north-south axis, the first two equations are used to
determine the average wind speed at a given height in the
surface boundary layer. The Dryden gust model is defined as
the sum of the sinusoidal excitations, and is expressed in the
following form:

υω(t) = υ0ω +
n∑
i=1

ai sin(�it + ϕi) (17)

In the formula, υω(t) is the time-dependence estimation
value of the given time t’s wind vector,�i, ϕi is the randomly
selected frequency and phase shift, n is the sine, ai is the
amplitude of the sine, and υ0ω is the ambient wind vector (or
static wind vector), thus, the amplitude of ai can be given by
the following:

ai =
√
1�i8(�i) (18)

In the formula, 1�i refers to the interval between fre-
quency and 8(�i), the power spectral densities between ver-
tical wind and horizontal wind of PSD are different and can
be derived from the following equation:

8h(�) = σ 2
h
2Lh
π

1

1+ (Lh�)2
(19)

8υ (�) = σ 2
υ

Lυ
π

1+3(Lυ�)2

(1+ (Lh�)2)
2 (20)

In these equations, σh and συ represent the horizontal and
vertical turbulence intensity, respectively, while Lh and Lυ
represent horizontal and vertical gust length scales. There-
fore, the wind field model defines the wind speed at a given
altitude and varies with respect to time and altitude.

2) WIND GUST DISTURBANCE
According to the Dryden gust model, we assume that the
disturbance caused by the wind field is proportional to the
wind speed, so dω can be described based on stochastic theory
[42], furthermore, it can be defined as the sum of sinusoidal
excitations [43]

dw,k (t) = d0w.k +
nk∑
i=1

ak,i sin($k,it + ϕk,i) (21)

In the formula, dw,k (t) is the time-varying description of
wind disturbances during the cycle for the given time t .
$k,i, ϕk,i represents the randomly selected frequency and
phase shif, nk is sine, ak,i is a sinusoidal amplitude, and d0w.k

is a static wind disturbance. Therefore, in general, the dis-
turbance caused by the ventilation system of the robot arm is
high-order and non-Gaussian and exhibits strong randomness
and nonlinearity.

III. DESIGN OF SPATIAL EXTENDED STATE OBSERVER
The spatial extended state observer is actually a state
observer, which can not only reproduce the state quantity of
the control object but also estimate the ‘‘extended state’’ of
the uncertainty factor of the control object model and the real-
time value of the interference. This observer is particularly
suitable for the estimation of slow aperiodic disturbances.

A. GENERAL FORM OF SPATIAL EXTENDED STATE
OBSERVER
The uncertain nonlinear system subjected to external distur-
bances can be expressed by equation(22):

x(n) = f (x, ẋ, . . . , x(n−1), t)+ ω(t)+ bu(t) (22)

In the formula, f (x, ẋ, . . . , x(n−1), t) is a nonlinear
unknown function that is composed of various state variables
of the system.
w(t) is an unknown external disturbance of the system;
u(t) is a control variable, x(t), ẋ(t), . . . x(n−1)(t) is

the state variable of the system, and x(t) is direct-
measurable or indirect-measurable, and thus, the system x1 =
x(t), x2 = ẋ(t), . . . , xn = x(n−1)(t) can be rewritten as
follows:

ẋ1 = x2
ẋ2 = x3

...

ẋn = f (x1, x2, . . . , xn)+ w(t)+ bu(t)

(23)

Then, a nonlinear system can be constructed:

ż1 = z2 − g1(z1 − x(t))
ż2 = z3 − g2(z1 − x(t))

...

żn = zn+1 − gn(z1 − x(t))+ bu(t)
żn+1 = −gn+1(z1 − x(t))

(24)

We assume that a(t) = f (x, ẋ, . . . , x(n−1), t)+w(t), as long
as the nonlinear function g1(z), g2(z), . . . , gn+1(z) is properly
selected, to track each state variable of the system (22) and
a(t) by each state variable of the system (24) for which input
is x(t), and then obtain the state observer which is engaged
with a n-order nonlinear system. Because a(t) contains the
uncertain objects and external disturbances of the system
(22), therefore, it can be compensated accordingly in the
control operation so that the control system shall be endowed
with strong adaptability.

B. DESIGN OF SPATIAL EXTENDED STATE OBSERVER
To eliminate the influence of the overall disturbance of the
previous analysis on the control performance of the system,
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FIGURE 1. Diagram of an FC-SESO controller.

this chapter regards the dynamic parameters caused by the
microgravity environment, the disturbance caused by the fric-
tion model change, and the external disturbance caused by
the ventilation system in the space mechanical arm system
as the general disturbance. Via the related assessment of this
general disturbance, conducted by designing the extended
state observer, along with its further fuzzy controller design,
the general disturbance can be restrained. To design the
extended state observer and to extend the general disturbance
of the space mechanical arm system to be a new state variable
of the system, defined as x3 = τd = τi + τo + τr , the state
variable of the system therefore becomes x = [x1, x2, x3],
assuming that h(t) represents the differential of x3, and then,
the system equation becomes the following:

ẋ1 = x2
ẋ2 = D0

−1(x1)τ − D0
−1(x1r )C0(x1, x2)x2 + x3

ẋ3 = h(t)

(25)

Since the space mechanical arm is a typical nonlinear
system, parameter uncertainties exist. Moreover, the external
disturbances such as nonlinear friction and gust model are
also present, which reduce the dynamic performance of the
system control; therefore, to improve the control precision of
the space mechanical arm system, it is necessary to improve
the control accuracy of the space mechanical arm system and
thus to eliminate the effects of disturbances on the system.
To achieve this goal, this paper designs an extended state
observer to observe the state of the system and the overall
disturbance. For the sake of convenience in designing the
extended state observer, both general disturbance x3 and its
related derivative h(t) are assumed to be bounded.
For the extended system (25), since the observable matrix

is a full rank matrix, the system (25) is observable according
to literature [44], and the spatial extended state observer is
designated as follows:

˙̂x1 = x̂2 + g1(x1 − x̂1)
˙̂x2 = x̂3 + g2(x1 − x̂1)
...

˙̂xn = x̂n+1 + gn(x1 − x̂1)+ bu
˙̂xn+1 = gn+1(x1 − x̂1)+ h(x̂, ω)

(26)

where x̂ =
[
x̂1, x̂2, · · · , x̂n+1

]T
∈ Rn+1 and observer

gain is defined as gi = [g1, g2, · · · , gn+1] =[
ω0α1, ω

2
0α2, · · · , ω

n+1
0 αn+1

]
where αi satisfies the charac-

teristic polynomial equation sn+1+α1sn+· · ·+αns+αn+1 =
(s+ 1)n+1 where αi = (n+ 1)!

/
i!(n+ 1− i)!, ω0 > 0 The

observer estimation error can be shown as

˙̃x1 = x̃2 − ω0α1x̃1
˙̃x2 = x̃3 − ω2

0α2x̃1
...

˙̃xn = x̃n+1 − ωn0αnx̃1
˙̃xn+1 = h(x, ω)− h(x̂, ω)− ωn+10 αn+1x̃1

(27)

when n = 3
˙̂x1 = x̂2 − 3ω0(x̂1 − x1)
˙̂x2 = D0

−1(x1)τ − D0
−1(x1r )C0(x1, x2)x2

+x̂3 − 3ω2
0(x̂1 − x1)

˙̂x3 = −ω3
0(x̂1 − x1)

(28)

Here, x̂ = [x̂1, x̂2, x̂3]T is the state of observation, and
ω0 > 0 is the observer gain.
Defining observation error x̃i = xi − x̂i, i = 1, 2, 3

according to formulas (25) and (28), it would transform into
the following: 

x̃1 = x̃2 − 3ω0x̃1
x̃2 = x̃3 − 3ω2

0 x̃1
x̃3 = h(t)− ω3

0 x̃1

(29)

In equation (29), the transfer function of general dynamics
h(t) and observation error x̃ is

x̃1
h
=

1

s3 + 3ω0s2 + 3ω2
0s+ ω

3
0

(30)

Therefore, the characteristic polynomial of equation (29)
can be written as follows:

λ0(s) = (s+ ωx0)3 (31)

As can be seen from the above equation, the observer
gain ω0 is determined by the bandwidth of the system. Thus,
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in the process of selecting the gain ω0, the factors of both
observation performance and robustness of the observer shall
be seriously considered.

C. CONVERGENCE PROOF OF THE SPATIAL EXTENDED
STATE OBSERVER
To prove the convergence of the extended observer (26),
defining εi = x̃i

/
ωi−10 , i = 1, 2, 3, the formula (29) can be

expressed in the following form:

ε̇ = ω0Aε +M
h(x, ω)

ω2
0

(32)

whereA is Hurwitz,M = [0, 0, 1]T , and the following lemma
can then be obtained:
Lemma 1: assumes that extended state h(t) is bounded,

the observing state x̂i, i = 1, 2, 3 is bounded and has a
constant σi > 0 greater than zero, and the finite time constant
T > 0, which thus enables the following formula fitting;
moreover, c is the corrected integer.

|x̃i| ≤ σi, σi = O
(

1
ωc0

)
; i = 1, 2, 3, ∀t ≥ T (33)

Proof: For the proof process, please refer to literature
[44]
Remark 5: according to lemma 1 and literature [44], it can

be determined that the extended state observer (26) is stable,
and the observation error can be adjusted by adjusting the
bandwidth parameter to any small value. By choosing a larger
observer gain, the observed performance can be effectively
improved. Nevertheless, the consequences of doing so can
weaken the observer’s robustness and cause high frequency
vibrations. Therefore, it is necessary to select an appropriate
observer gain in combination with robustness requirements
and system observation performance.

Figure 2 shows the estimated error curves under different
bandwidths, where (a) represents the estimation error under
the ground gravitational environment, and (b) represents the
estimation error under the space microgravity environment.
It can be seen from the figure that the perturbation esti-
mation error decreases with the increase in bandwidth. The
relationship between tracking error and bandwidth is further
explained.

IV. FUZZY CONTROL BASED ON SPATIAL EXTENDED
STATE OBSERVER
A. EXPRESSIVE METHOD OF FUZZY CONTROLLER
It is assumed that the fuzzy algorithm is the mapping from
U ⊆ Rn to R, and the fuzzy knowledge base is a col-
lection of IF-THEN rules that contain the following forms:

R(j): IF x1 is F
j
l and x2 is F

j
2 and xn is F

j
n

THEN yjf is C
j(j = 1, 2, . . . ,m)

Here, xf = [x1, x2, · · · xn]T ∈ U is the input to the fuzzy
logic system, yf ∈ R is the output of the fuzzy logic system,
F jn is the fuzzy set of inputs, C j is the fuzzy set of the output,
and by applying the univariate fuzzification, fuzzy inference

FIGURE 2. Estimated error of proposed method with different design
parameters.

engine and central average defuzzification, the output value
of the fuzzy system can be expressed as follows:

yf (xf ) =

∑m
j=1 ȳ

j
f

(∏n
i=1 µF ij

(xi)
)

∑m
j=1

(∏n
i=1 µF ij

(xi)
) (34)

Among them, ȳjf = maxµC j (y
j
f ), µC j (ȳ

j
f ) = 1 and µF ij is

the membership function of the input, and µC j is the mem-
bership function of the output; thus, the fuzzy basis function
is defined as follows:

ξj(xf ) =

∏n
i=1 µF

j
i (xi)∑m

j=1

(∏n
i=1 µF

j
i (xi)

) (35)

The fuzzy system can then be rewritten as follows:

yf (xf ) = ξT (xf )θ (36)

where ξ (xf ) = [ξ1(xf ), ξ2(xf ), . . . , ξm(xf )]T is the regression
vector, and θ = [ȳ1f , ȳ

2
f , . . . , ȳ

m
f ]

T is the parameter vector of
the fuzzy system.

B. FUZZY CONTROLLER DESIGN
This paper uses the fuzzy system to approximate unknown
nonlinear functions ui(x) and wij(x)(i = 1, 2, . . . , n; j =
1, 2, . . . , n) to design automatically adaptive control laws.
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The auxiliary variables are constructed as follows:

z1 = x1 − x1d = q− qd (37)

Select virtual control quantity

α1 = λz1 (38)

Define

z2 = x2 − x2d + α1 (39)

Select virtual control quantity

α2 = D0q̈s + C0q̇s − ηz2 − βz1 (40)

Here, D0(q),C0(q, q̇) represents the nominal part of the
model in a gravitational environment, η, β, λ is a positive
definite diagonal coefficient matrix, and q̇s = x2d − α1,
q̈s = ẋ2d − α̇1.
The system control input can be expressed as follows:

τ = α2 − 0fuzzy (41)

where 0fuzzy = 0s + 1f̂fuzzy is a fuzzy compensation con-
troller, 0s = ksgn(z2), and k ∈ Rn×n is a positive definite
diagonal coefficient matrix.

Setting 1f̂fuzzy = [1f̂fuzzy1,1f̂fuzzy2, . . . ,1f̂fuzzyi], i =
1, 2, . . . , n as the estimated value of 1f and the output of
the fuzzy control system, then setting the auxiliary variable
z2 as input to the fuzzy logic control system, and respectively
dividing the input variables and output variables into 7 fuzzy
sets

{NB,NM ,NS,ZO,PS,PM ,PB} ,

the following membership function is defined:
Fuzzy sets and fuzzy rules are defined as follows:
(1) If z2i is PB then 1f̂fuzzy is PB
(2) If z2i is PM then 1f̂fuzzy is PM
(3) If z2i is PS then 1f̂fuzzy is PS
(4) If z2i is ZO then 1f̂fuzzy is ZO
(5) If z2i is NS then 1f̂fuzzy is NS
(6) If z2i is NM then 1f̂fuzzy is NM
(7) If z2i is NB then 1f̂fuzzy is NB
In the fuzzy controller, the range of input parameters is set

to [−pi, pi], the range of output parameters is set to [−2, 2],
input and output variables are decomposed into seven fuzzy
zones, and the membership function is shown in Figure 3.

µA(xi) = exp
[
−(

xi − αi
σ

)
2]

(42)

The output of the fuzzy controller is then

1f̂fuzzyi =

M∑
m=1

θmfi µA
m(si)

M∑
m=1

µAm(si)
= θTfi ψfi (z2i) (43)

In the formula,

ψfi (z2i) =
[
ψ1
fi (z2i), ψ

2
fi (z2i), . . . , ψ

M
fi (z2i)

]T

FIGURE 3. Membership functions of input and output variables.

θfi =
[
θ1fi , θ

2
fi , . . . , θ

M
fi

]T
ψm(x) =

n∏
i=1

µAmi (x
∗
i )

/
M∑
m=1

n∏
i=1

µAmi (x
∗
i )

Assuming that 1f ∗fuzzy is the ideally optimal estimation of
1ffuzzy and supposing that wi = 1ffuzzyi −1f ∗fuzzyi, according
to the universal approximation ability of the fuzzy system,
the following can be verified:∣∣∣1ffuzzyi −1f ∗fuzzyi∣∣∣ ≤ w̄i, w̄i > 0 (44)

In the formula,1f ∗fuzzyi = θ
T
f ∗i
ψf ∗i

(z2i).
We define

1f̃ = 1f ∗fuzzy −1f̂fuzzy

=

[
1f̃1,1f̃2, . . . ,1f̃i

]
(45)

In the formula, 1f̃ = θ̃Tfi ψfi (z2i), θ̃fi = θ̂fi − θf ∗i .
Then, there is

1ffuzzyi −1f̂fuzzyi = 1fi + wi (46)

The automatically adaptive law in designing θ̂fi is as fol-
lows:

˙̂
θfi = z2iψfi (z2i) (47)
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FIGURE 4. Ground environment simulation experiment.

The control input for the system is obtained as follows:

τ = D0qs + C0qs − αz2 − βz1 − 0fuzzy (48)

Among them, α, β is the matrix of positive definite diago-
nal coefficients.

C. STABILITY PROOF OF FUZZY CONTROLLER
The Lyapunov function is taken as follows:

V1 =
1
2
zT1 βz1 (49)

The derivation of the above formula can be obtained as
follows:

V̇1 = zT1 βz2 − λz
T
1 βz1 (50)

The Lyapunov function of the subsystem can be taken as
follows:

V2 = V1 +
1
2
zT2D0z2 (51)

The derivation of the above formula can be obtained as fol-
lows:

V̇2 = βzT1 z2 + z
T
2D0ż2 +

1
2
zT2 Ḋ0z2 (52)
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FIGURE 5. Space environment simulation experiment.

To simplify the representation, replace the above symbols
with the following:

1f = δD(q)q̈+ δC(q, q̇)q̇− τd (53)

Thus, V̇2 can be expressed as follows:

V̇2 =
n∑
i=1

(z2i (1fi − ki))− zT2 ηz2 (54)

The Lyapunov function of the system is defined as follows:

V = V2 +
1
2

n∑
i=1

(θ̃Tfi θ̃fi ) (55)

The V derivation can be obtained as follows:

V̇ = V̇2 +
1
2

n∑
i=1

(̇̃θTfi θ̃fi + θ̃
T
fi
˙̃θ fi )

≤

n∑
i=1

z2i
[
1fi − kiisgn(z2i)

− (θTf ∗i
ψf ∗i

(z2i)− θ̃Tfi ψfi (z2i))
]

+

n∑
i=1

θ̃Tfi
˙̃θTfi − z

T
2 ηz2
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≤

n∑
i=1

z2i
[
1fi − kiisgn(z2i)− θTf ∗i

ψf ∗i
(z2i)

]
+

n∑
i=1

θ̃Tfi

(
z2iψfi (z2i)+˙̃θ

T
fi

)
− zT2 ηz2

≤

n∑
i=1

z2i [w̄i − kiisgn(z2i)]

≤

n∑
i=1

[(w̄i − kii) |z2i|]− zT2 ηz2 (56)

If there is a small positive real number γi, then∣∣∣1ffuzzy − θTf ∗i ψfi (z2i)∣∣∣ ≤ wi ≤ γi |z2i| , 0 ≤ γi ≤ 1

can be obtained, further leading to

z2i
∣∣∣1fi − θTfidψfi (z2i)∣∣∣ ≤ γi|z2i|2 = γiz2i2

and hence, equation (56) can be further organized as follows:

V̇ ≤
n∑
i=1

γiz22i − z
T
2 ηz2 ≤

n∑
i=1

(γi − ηi)z22i (57)

Thus, if and only if z2 = 0, V̇ = 0, then the closed-loop
system becomes progressively stable.

V. SIMULATION AND EXPERIMENTAL RESULTS
The simulation and experimental platform adopts the
TianGong-2 manipulator system [45], where the parameters
of the controller and observer are shown as follows:

η = β =


5 0 0 0 0 0
0 5 0 0 0 0
0 0 5 0 0 0
0 0 0 5 0 0
0 0 0 0 5 0
0 0 0 0 0 5



k =


30 0 0 0 0 0
0 30 0 0 0 0
0 0 30 0 0 0
0 0 0 30 0 0
0 0 0 0 30 0
0 0 0 0 0 30


λ = I6 × 102, ω0 = 60(100)

A. SIMULATION RESULTS
To verify the effectiveness of the control strategy designed in
this paper, simulation research on the trajectory tracking con-
trol of the mechanical arm in the ground gravity environment
and the space microgravity environment is carried out by the
author. The controller block diagram is shown in Figure 1.

It can be determined from the simulation results that the
controller designed in this paper can achieve good control of
the dynamic unified model under different gravitational envi-
ronments, without changing the control parameters or con-
troller structure, in terms of effectively solving the proposed

FIGURE 6. Capture experimental flow chart.

FIGURE 7. Ground experiment of the capture mission.

control problem. The control scheme in this paper is com-
pared with the control scheme in literature [46], which adopts
a gravity compensation calibration method based on model
learning (GCoML). According to the structure of the connect-
ing rod and the sampled data, the regression matrix equation
is established. Least squares regression and L2 norm regular-
ization are used to find the optimal solution, and the gravity
compensation model of the robot arm is updated in real time.
This is a simple, effective and novel control method in the
engineering field.

The ground gravity environment simulation is shown
in Figure 4, and the space microgravity environment simu-
lation is shown in Figure 5, proving the superiority of the
control method proposed in this paper.
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FIGURE 8. Space experiment of the capture mission.

The simulation results show that the proposed method
offers higher tracking accuracy and better performance in
chattering suppression.

B. EXPERIMENTAL RESULTS
The experimental flow of the capture task is shown in Fig-
ure 6, and the ground experiment is shown in Figure 7.
In the ground experiment, to simulate the floating state of
the small ball in the space microgravity environment, the off-
line programming of the industrial robot is used to guide
the small ball. The space experiment is shown in Figure 8.
In the space experiment, the astronauts release the small ball
in the cabin space, and the small ball floats freely in space.
Finally, the mechanical arm system is used to catch the small
ball. By using the control method proposed in this paper,
the experiments of ground gravity and space microgravity
have been respectively completed: both achieved satisfactory
results.

VI. CONCLUSION
In this paper, for the trajectory tracking control problem
of the TianGong-2 manipulator in the floating space of
the experimental cabin, a spatial extended state observer is
designed to estimate the influence of disturbances, includ-
ing the gust on the system, and then to the design of
rapid capture. A fuzzy control strategy based on a spa-
tial extended state observer is proposed. More specifically,
a fuzzy controller based on extended observer is designed
to ensure the rapid convergence of the desired trajectory:
hence, the Lyapunov function is used to prove the closed-
loop stability, and then, the simulation and experimentation
of the task of catching floating buoys in space are carried
out. Generally, the results show that the FC-SESO controller
proposed in this paper exhibits good trajectory tracking per-
formance for quick capture tasks in different gravitational
environments.

In the space station environment, uncertainties and dis-
turbances include not only wind gust disturbances but also
unknown conditions such as terminal load, friction force,
gravitational field, temperature field, and irregular vibration.
The influences of these uncertainties on the accuracy of the
manipulator can be further discussed in future research.
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