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Abstract

Based on active disturbance rejection control (ADRC) and fuzzy logic control, a
control scheme for attitude maneuver control of spacecraft is proposed. In which a
maneuver path is planned to reduce overshoot and improve rapidity, and an extended
state observer is designed to cope with unknown disturbances and parameter
uncertainties. Furthermore, in order to improve dynamic performance of the control
system, the gains of the nonlinear feedback control law are adjusted by fuzzy control
online. Simulation results have convincingly demonstrated the effectiveness and
robustness of the proposed control scheme.
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Parametric uncertainty.

1. Introduction

With the development of space technology, the missions of spacecraft become
much more complicated, which highly demand the maneuver rapidity and pointing
accuracy for the spacecraft attitude control system. Whereas, from practical point of
view, an orbiting spacecraft, as well as its attitude control system, is inevitably
affected by various external disturbance torques, such as radiation torque, gravitational
torque and so forth. In addition, the dynamics of a spacecraft is of nonlinear and its
parameters are time-varying on-orbit operation. As a result, the parameters are always
uncertain in spacecraft. These issues pose a great challenge to achieve both of rapid
maneuver and high-precision pointing for an attitude control system of a spacecraft.

In recent years, the attitude control problem of spacecraft has attracted a great deal
of attention. One of the major problems encountered in practice for the design of
attitude controller is how to compensate for the external disturbances and parametric
uncertainties. Various new control methods have been proposed to address the issue,
such as backstepping control, adaptive control, sliding mode control and so forth [1-6].
Chen [2] proposed an adaptive control approach to deal with the attitude control and
disturbance rejection problem of rigid spacecraft for a class of persistent disturbances
with unknown phase angles and amplitudes but known frequencies. In Ref [3], a
robust backstepping control approach using an arctangent nonlinear tracking function
was proposed to cope with parametric uncertainties for the spacecraft slew maneuver.
Xia [4] proposed an attitude controller combing adaptive sliding mode control with an
extended state observer, in which known bounded external disturbances and
parametric uncertainties in inertia matrix can be compensated. Although those control
methods have been shown effectiveness, their control performances are heavily related
with the upper bound information about the parametric uncertainty which is hard to be
obtained in advance in practical attitude control systems. Moreover, it should be
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pointed out that most of the previous control methods also require to known some
prior information about the disturbances, such as upper bound, frequency and so forth.
As a matter of fact, the external disturbances are unknown in space and their prior
information is also difficult to be obtained precisely.

For the defects described above in those control methods, active disturbance
rejection control(ADRC), which does not require any prior information and is good at
rejecting disturbances and parametric uncertainties [7,8], provide a possible effective
way to achieve good performance for a spacecraft attitude control. Lai [9] designed an
active disturbance rejection controller for spacecraft attitude maneuver to gain high
precision and high stability. Based on ADRC and path planning, Zhong [10] proposed
a control strategy for spacecraft without angular velocity sensors, in which the angular
velocity can be estimated with an extended state observer and the external disturbance
can be compensated effectively. However, it is not easy to set appropriate parameters
of the nonlinear feedback law in the ADRC controller to achieve ideal dynamic
performance of the control system. Aiming to solve the issue, in this paper we
introduce fuzzy logic control, which has the abilities of adaptive reasoning and
parameter estimation, to adjust the parameters of nonlinear feedback law of ADRC.
With the advantages of the above ADRC and fuzzy logic control, we propose a novel
fuzzy active disturbance rejection control scheme for a rigid spacecraft with unknown
disturbances and parametric uncertainties. The main contributions of this paper lie in
the following:

(1) Via planning maneuver path for transient process, the attitude maneuver
rapidity can be improved and overshoot can be reduced.

(2) Being different from most of the existing control algorithms, the proposed
controller does not require any prior information of external disturbances and
parametric uncertainties;

(3) Fuzzy logic control is introduced in ADRC attitude controller to adjust the
parameters of nonlinear feedback law online, which improve the dynamic performance
greatly.

The rest of this paper is organized as follows. In the next section, the spacecraft
kinematics and dynamics are given. The design of transient process and fuzzy ADRC
controller is presented in the section 3 and 4, respectively. Then, the simulation is
carried out to demonstrate the effectiveness of the proposed control scheme, followed
by the conclusion.

2. Spacecraft Model Description

The mathematical model of a rigid spacecraft is described by two sets of dynamic
and kinematic equations.

The dynamic equation of a rigid spacecraft is governed by the following nonlinear
equation [11]:

Jo+wIo=u+d (1)

where J eR*® is the inertia matrix of the spacecraft which is symmetric and
positive-definite, @ € R** is the angular velocity of the body frame relative to a
reference frame, ue R*" is control torque, d e R** is the external disturbance torques
including constant disturbance torques and periodic disturbance torques. o is the
skew symmetric matrix of @, that is ,

0 -0 o
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Considering the parametric uncertainty in inertia matrix of the spacecraft, we
denote the inertial matrix as:

J=J,+3,, (2)
where J, stands for the nominal part of the inertia matrix, J, stands for its
uncertainty. Then, the dynamic equation can be written as:
Jw=-"do-0d v+u-J,o+d (3)

To avoid singularity of Euler angles, we describe the attitude kinematic equation of
a spacecraft in terms of unit quaternion as follows [11]:

1 . T
d=—|qE+q; ;-q, |0

where q=[q,,9,]=[a, 9, @ aq,] . subjects to the unity length constraint, i.e.
q'q=1. Obviously, g, = [q, q, qs]T. E <R*® is an identity matrix herein.

The quaternion error g, and angular velocity error o, are defined as follows [11]:
9. =05" ®q (5)

W, =0—a0, (6)

where d5" is the inverse of the desired quaternion, the quaternion inverse is defined

as 9 =[%-%¢al . ® represents  quaternion  multiplication,

qe :[qevl q4]:[qel qez qu qe4]T’ qe\, = |:q91 qu qeg T’ wl’ = R(qe)wd " In (6)' we
also have @, =R(0,)®,—;R(q,)w,, where o, is the desired angular velocity, and

R(q.) is the transformation matrix from the orbit coordinate frame to the body
coordinate frame.

3. Expected Transient Process Design

During the initial period of attitude maneuver, the maneuver command signal in the
form of step may lead to large overshoot [9]. Aiming at achieving high stability and
rapidity of attitude maneuver, we design an expected transient process by planning the
expected angular velocity signal of maneuver path as an isosceles triangle curve. We
define the slope of isosceles triangle angular velocity curve according to the permitted
maximum angular acceleration, which can improve maneuver rapidity. Then, the
corresponding expected attitude quaternion g, can be obtained by taking integral of
expected angular velocity. In this way, a smooth and continuous maneuver path can be
obtained. For a single-axis, we plan the maneuver path as follows:

at, 0<t<T,
w,=qaT, —a(t-T,), T, <t<2T, (7
0, t> 2T

where ¢, stands for the planned angular velocity, & is a constant which stands for
angular acceleration, t stands for time, T - /‘gd_go‘/a is the duration of uniform
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acceleration and deceleration, where g, and ¢, stand for the initial attitude angle and
desired attitude angle, respectively.

The transient processes for the other two axes are similar.

4. Design of Fuzzy ADRC Controller

From equations (3) and (4), it can be obviously seen that the attitude dynamics and
kinematic equations of a spacecraft are of strongly nonlinear and multiple input
multiple output. There also exist external disturbances and the parametric uncertainty
in inertia matrix. In order to achieve high performance and strengthen system’s
robustness, we proposed a fuzzy ADRC controller by designing an extended state
observer (ESO) and fuzzy nonlinear feedback control law. The proposed attitude
control scheme is shown in Figure 1.

> Fuzzy
Qev —» control d ¢
it @, ol P
Transient 'Aj ™ Nonlinear| u | Rigid |®.d _
process | @y o ~| o | feedback " | spacecraft o
q| w z, Y
ESO [

Figure. 1 Attitude Control Scheme of Spacecraft

4.1 Design of the ESO

The critical point of ADRC is treating total disturbance, including the external
disturbances and parametric uncertainties, as an extended state variable. By designing
the ESO for the spacecraft attitude control system, we estimate the total disturbance
online by extending a state variable.

First step, the attitude dynamic equation (3) and (4) can be transformed into a
second-order nonlinear system as follows:

1 (8)
Q—EQ®w

o=-,"'0),o+J,u+f

where geR*™, weR*, and f=-J,d-J, 0 J,0-J3,"J,&, T can be considered
as the total disturbance .

Then, for system (8), we design a nonlinear third-order extended state observer as
follows, so that the “total disturbance” can be estimated.

Z.1 =%q ®[ZZT O:|T _ﬂle (9)

7,=2,+J,'u-p, fal(e,,a,0)
2, =—p;fal(e,,a,5)
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wheree—z —q, e=[e, e, e e] e =[e e &] zeR™, z,eR™, 7,eR™,

. s es ™, le[<s

B eRi=123, fal(e,a,6):R° >R, fal (e,a,5) = , e&eR,
le|“ sign(e), [e[>S

aeR’ ; seR” : If e=[e,e, el is a vector,

fal(e, o, 5) =[ fal(e,, @, 8), fal(e,, , 6)--- fal (e,, &, 5)] - According to the trial and error
method, there was a control strategy for the gain in fa|(): the gain is set at a small
value when the error is large, and vice versa. Here, the parameters o, , 3, 3,, 8, Of

the extended state observer are usually set as constants. Where , is a positive
coefficient, s =n and n is sample period of the controller; It was indicated in ref. [12]
that g, and p, can be also determined by the sample period, and in general

B =1h, B,=1/3n? and g —1/gn* are recommended for applications. The inputs of
the ESO are e , q, » and u, and the outputs of the ESO z,i=12,3 are the
estimations of the attitude quaternion q, angular velocity , and total disturbance f ,
respectively. According to ref. [13,14], 7z ~q, z, o, z,~ f can be realized by
choosing proper parameters of ESO appropriately.

4.2 Fuzzy Nonlinear Feedback Control Law

The parameters of nonlinear feedback control law in convention ADRC are usually
defined as constants which are set offline. However, if the ADRC with constant
parameters was applied in the spacecraft attitude maneuver control, it would heavily
affect the dynamic performance of the system, because it cannot adapt to the change of
control system states when attitude error q_ and angular velocity error ¢ _vary greatly

during attitude maneuver. However, setting the magnitude of each parameter manually
is time-consuming and not conducive to the actual operation. Aiming at enhancing the
adaptive capacity and improving dynamic performance of the system, we introduce
fuzzy logic control, which has reasoning capacity and is independent of detailed
mathematical formulations, to adjust the parameters in feedback control law online.
Based on feedback information Qo O, and the estimation information z, from the

ESO, we design a fuzzy nonlinear feedback and compensation control law as follows:
u=J,(-k, fal (g, a,h)-k, fal (o, a,,h)-1,) (10)

where ¢, ¢, are positive constants, ¢,,q, satisfy o, <a, <1, n is sample period.
k, =diag(k,), k, =diag(k,),i=123. k, and k, are the tunable parameters adjusted by
fuzzy logic controllers. Here, z, is a compensation term for the total disturbance, and
—k, fal (q,, 0, h) -k, fal (e, a,,h) is a nonlinear feedback control term to track the

planned attitude maneuver path rapidly.
Fuzzy self-adjusting parameters Ak; and Ak, are introduced in the nonlinear
feedback law (10), and the parameters k; and k, can be written as:

{kli =k +Ak;, Ak, = f,(q, @)

10=123
Ky =K, +Aky;, Ak, = 1, (0, ;) b (11)

where k; and k, are base values of k; and k, respectively, which are set
appropriately. f,():R>—>R and f,():R* —R are fuzzy functions.

Copyright © 2015 SERSC 237


app:lj:%E5%88%86%E5%88%AB%E5%9C%B0?ljtype=blng&ljblngcont=0&ljtran=respectively

International Journal of Control and Automation
Vol.8, No.8 (2015)

In the fuzzy functions, the quaternion attitude angular error d; and angular velocity
error w, are input variables and both of them range from -1 to 1. Meanwhile, the
output variables of fuzzy functions are Ak; and Ak, which range from -3 to 3. Each
of the above variables is divided into seven language sets defined as:{NB(negative
big), NM(negative medium), NS(negative small), ZE(zero), PS(positive small),
PM(positive medium), PB(positive big)}. The input variables are characterized by the
Gaussian membership function and the output variables are characterized by the
triangular membership function. The fuzzy logic controller use Mamdani type; and
bisector method is used for Defuzzification. Through summarizing the practice
engineering experience and expert knowledge [15], fuzzy logic rules can be worked
out. The fuzzy rules of Ak; and Ak, are established and given in table 1 and table 2
respectively.

Table 1. Fuzzy Rules Of Ak

a)ei

Aky N[ N[ N[ .| P[ P[ ©PB

B M S S M
N| P| P| P P| 2z | ZE

B |B| B | M PMI g |
N[ Pl Pl P | P| z| zE

M | B| B | M s | E
N| P| P| P Z| N| Ns

s M| M | M PMI g | g
Z| p| P| P N| N| N

U g M | M S ZE | M Ny
P| P| P| z NI N[ N
s |s| s | E N1 gl m| ™

P| P| z| N| N| N| N| NB

M | s | E| s M | M | M
P| z| z| N| N| N| N| NB

B |E| E | M M | B

Table 2. Fuzzy Rules Of Ak,
a)ei

Aky N[ N[ N[ [ P[] P[ B

B M S S M
N| P| N| N N| N| PS

B | s| s | B NB I g | M
N| P| N| N N| N| PS

M | s| s | B NB I g | M
N| z| N| N| N| N| N| ZE

s |E| s | M| M s | s
Zz| z| N| N N| N| ZE

U g E S S NS | g
P z| z| z z| z| zE

s |E| E | E ZE | g | g
P P N[ P| | P| P| B

M | B| s | s s | s
P| P| P| P P| P| PB

B | B| M| M PMI o | s
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5. Simulation Results and Analysis

In this section, a case study of a rigid spacecraft is employed to illustrate the
effectiveness and robustness of the proposed fuzzy ADRC scheme, in which the
spacecraft is commanded to perform a Rest-to-Rest three-axis attitude maneuver. In
this case, the parameters of the spacecraft are taken from [16] and the external
disturbance, including constant disturbance and periodic disturbance with three kinds
of frequency, is taken into account as follows:

—3+4c0s(0.2nt)—cos(0.4xt) + 2, sin (0.11t)
d =| 4+3sin(0.2nt)-2cos(0.4nt)+ 2w, sin (0.11t) [x10* N.m
—3+4sin(0.2nt) —3sin (0.4nt) - 260, sin (0.11t)

And the parametric uncertainty in the inertia matrix of spacecraft model also is
considered as follows:

30 3 4
J=3,+3,,d,=| 3 270 10 |(kgim?),d, =0.2J,.
4 10 190

The initial attitude in Euler angles is [10° 15° —10°]T and the desired attitude is
[0 o 0°]T . The initial and desired attitude angular velocity vector is

[0°/s 0°/s 0°/5]T, and the span of simulation time is from Os to 100s. The

maximum control torque is supposed 10(N.m).

The parameter of expected transient process is a=0.2"/s>. The parameters of the
extended state observer are
5=h=0.02,8 =1/h=50, 5, =1/3h* =833, B, =1/8n° =15625, o =0.5. The parameters in
the fuzzy nonlinear feedback control law are «, =0.5,a, =0.6, and the base values of
k;, and k, are chosen as k; =5 and k, =3. The simulation results have been shown in
Figure 2 - Figure. 4.

15

10,

-10

Attitude Euler Angle Error (°)
-

-15p x10

20 . . a 7 . o 10
[0} 20 40 60 80 100
Time (s)

Figure. 2. Response of Euler Angle Error
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Figure 3. Response of Angular Velocity Error
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Figure 4. Profile of Control Torque

It can be seen from Figure. 2~3 that it takes about 20 seconds for the attitude
maneuver with the proposed control scheme. And the overshoot is effectively reduced
during the initial period of the attitude maneuver. Through the zoomed version of
errors, it is known that the attitude angular error and angular velocity error are kept
within a range of less than 1 X 10°(°) and 1 10°3(°/s) after about 25 seconds, and both
of them converge to zero. Thus, it can be concluded that the proposed controller is
workable for rapid attitude maneuver. Moreover, the attitude control system is of high
pointing precision with rather good stability after completing the maneuver. Figure. 4
shows that control torques are smooth and the maximum control torque is less than
2(N.m).

In addition, to verify the robustness of the proposed controller, it is supposed that
the magnitude of external disturbances increase fivefold in the following simulation.
In Table 3, the comparison of stable time t;, pointing accuracy Py, and stability Ps with
these two different external disturbances are given and the definition of the
performance indicators are defined herein as follows: (Dt; is the time required for both
of the single—axis attitude angular error and the attitude angular velocity error
converge into the range of 5x10™(°) and 5x107*(%/s). @P,, is the steady state pointing
accuracy which is defined as the square error of single—axis attitude angle from 50s to
100s. Py is the standard deviation of single-axis attitude angular velocity from 50s
to 100s, which is used to evaluate the stability of the control system. It can be
observed from Table 3 that the performance indicators vary only a little when the
external disturbances increase fivefold, which implies the proposed controller has high
robustness to external disturbances.
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Table 3. Performance Indicators on Different External Disturbance

External ts (S) Pmx107* (°) Ps x10° (°/s)
Disturbance X y z X y z X y z
d 24 24 22 0.72 0.55 1.94 0.53 0.48 1.08
5d 24 24 22 0.21 1.76 3.82 1.10 0.86 2.13

In practice, the inertia matrix of orbiting spacecraft varies, which may heavily affect
the performance of the attitude control system. Table 4 makes a comparison of
performance indicators while the inertia matrix varies. It can be seen that the
performance indexes vary only a little, which implies that the proposed controller has
a good robustness to the parameter uncertainties in inertia matrix.

Table 4. Performance Indicators on Different Inertia

Inertia ts (S) Pmx107(°) P x10° (°/s)
Matrix X y z X y z X y z
1.2J 24 24 22 065 050 176 2.08 135 161
J 24 24 22 0.72 055 194 0.53 0.48 1.08
0.8J 24 24 22 090 069 242 042 027 129

6. Conclusion

In this paper, a novel fuzzy ADRC control scheme is proposed for attitude
maneuver of the spacecraft with unknown disturbances and parametric uncertainties.
The proposed control strategy has following advantages: By designing transient
process of the maneuver path, the contradictory between overshoot and rapidity can be
eased. The controller does not require any prior information about the external
disturbances and parametric uncertainties, and it can estimate and compensate for
them effectively. With the advantages of fuzzy logic control, the parameters in the
feedback control laws can be self-adjusting according to system state variation and
thus the dynamic performance of control system is improved. Finally, simulation
results demonstrated the effectiveness and robustness of the proposed control scheme.
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