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Abstract: The tracking of orientation and angular velocity is a primary attitude control task for an on-orbit space-

craft. The problem for a rigid spacecraft tracking a desired angular velocity profile is addressed using an adaptive

feedback control. An angular velocity feedback tracking algorithm is firstly developed based on the precisely known

attitude dynamics of the spacecraft, and the global tracking of the control algorithm is proved based on the Lya-

punov analysis. An adaptation mechanism is then designed to deal with the dynamic uncertainties of the spacecraft.

Such an adaptation mechanism enables the controller to track any desired angular velocity trajectories even in the

presence of uncertain inertia parameters, although it does not guarantee the inertia tensor being precisely identified.

To verify the effectiveness of the proposed adaptive control policy, computer simulations on dynamic equations of a

spacecraft are conducted and their results are discussed.
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1 Introduction

Angular velocity tracking of spacecraft has
important applications in the area of space explo-
ration. For example, rigid spacecrafts, such as
satellites for surveillance or communication, often
have to conduct large and rapid maneuvers for ac-
curate slewing and/or pointing, which require the
spacecraft to track the designed angular velocity
profile according to the mission specification™”.
In the field of on-orbit servicing (OOS) which has
been commonly accepted as the capacity to sup-
port the sustained development of the space tech-
nology for a nation, the autonomous rendezvous
and docking are attracting more and more atten-
tion of the space community due to the concerns
of efficiency, cost and safety. Major space agen-
cies have implemented and is implementing tech-
nological demonstration missions for autonomous
satellite on-orbit servicing, which include the en-

gineering test satellite—VII (ETS-7) launched by

Article ID:1005-1120(2014)01-0085-06

Japanese Aerospace Exploration Agency (JAXA)
in 200771, the orbital express program devel-
oped by Defense Advanced Research Projects A-
gency (DARPA) in 20077, the dynamics of the
equatorial ionosphere over SHAR (DEOS) pro-
gram sponsored by Germany Space Agency *,
and the on-going space docking project by China
Academy of Space Technology. In such testing
programs, the chaser, which is the servicing
spacecraft designed to conduct OOS mission, is
firstly required to track and rendezvous with an
on-orbit client which is the spacecraft to be serv-
iced and then to dock with it. For the successful
docking to the client, the chaser must be able to
track the angular velocity of the client in the pres-
ence of dynamic uncertainties. Therefore the an-
gular velocity tracking is considered as an indis-
pensable ability to the spacecraft.

Since the on-orbit dynamics of spacecraft is
changing due to fuel consumption, failure deploy-

ment of a component into the expected configura-

Foundation item: Supported by the Innovation Fund of Shanghai Aerospace Science and Technology (SAST 201308).

» Corresponding author: Qiao Bing, Associate Professor, E-mail: bgiao@nuaa. edu. cn.



86 Transactions of Nanjing University of Aeronautics and Astronautics

tion, docking with another spacecraft, capturing
of an object, payloads added or removed, or other
environmental effects, all the advanced control
technologies based on known dynamics cannot be
applied to the problem. Some on-orbit adaptation
mechanism should be integrated into the satellite
controller. Researchers in space community have
devoted much effort to this challenging subject.
To deal with the inertia uncertainties of an on-or-
bit satellite, Ref. [7] derived an adaptive control-
ler, which was an effective PI controller with an
integrator, to provide asymptotic tracking of arbi-
trary angular velocity even without mass distribu-
tion information. The quaternion-based adaptive
full-state feedback controller'™ was proposed in
which the transformed tracking error dynamics
were used to compensate for uncertainties in the
inertia matrix and a filter motivated by the Lya-
punov-like stability analysis was used to generate
angular velocities from attitude measurements.
Ref. [9] applied a nonlinear passivity-based adap-
tive control strategy to angular velocity tracking
for a spacecraft with unknown inertia parameters,
and pointed out that the unknown inertia parame-
ters could be precisely identified with persistency
excitation condition. A nonlinear-optimal control
strategy was devised in Ref. [10] using Hamilton-
Jacobi formulation to deal with the attitude track-
ing problem of rigid-asymmetric spacecraft. To
enable a service satellite to rendezvous and dock
with a tumbling satellite whose dynamics model is
unknown, Liang and Ma developed a Lyapunov
based adaptive control law with dynamics uncer-
tainty compensation capacity to guarantee the as-
ymptotical angular velocity tracking for the prior-
dock alignment and post-docking stabilization™!".
In the research described in this paper, an adap-
tive angular velocity tracking law with an adapta-
tion mechanism to the dynamics uncertainties in
inertia of the spacecraft is developed based on the
Lyapunov analysis. The proposed adaptation
mechanism enables the controller to track any de-
sired angular velocity trajectories even in the
presence of uncertainty inertia parameters, al-

though it does not guarantee the inertia tensor be-

ing precisely identified.
2  Problem Description

The attitude dynamics of a rigid spacecraft is
governed by the following Euler equation

Ho (1) + S(o0 (1)) Heo (1) =1(1) (D

where H € R” is the symmetric inertia matrix of

the spacecraft given by

hiy,  his  his
H= |hi; hy hy (2)
his  hys  hss
o) =[wit w () ;s ()] € R represents

the angular velocity of the spacecraft, t=[7, 1,

73 |TER*! the resultant external torque caused
by all attitude actuations acting on the spacecraft
expressed in the spacecraft body frame, and
S(w(1)) the skew symmetric cross product ma-

trix of @(z) given by

0 ws (1) — wsy (1)
S(o()) = |—w:; (1) 0 w (1) (3
a)z(lf) _a)]<t) O

The objective of angular velocity tracking for
the system described in Eq. (1) is to force m(z) to
track a desired angular velocity trajectory, wq(2).
For this purpose, a nonnegative Lyapunov func-

tion candidate can be chosen as follows

v=%c6“‘<z>HE)<z> )

where @ (1) =@ () —w,(t) is the tracking error of
angular velocity. By differentiating the Lyapunov
function given in Eq. (4) with respect to time, we

have

V—a"(OHe (1) + %E)T(wiﬂ?’(t) —

o' (DH (D) —6é,(1) + o' (1) —

28w ())H + 28 (0 (D)) Ha (1) (5)

For a multibody dynamic system, the matrix
H—2S(o () H is skew symmetric, which makes

© (1) (H—2S(w () H) o () = 0. Therefore
Eq. (5) can be reduced as

V=0"()(() —Sw(®))Ho (1) — Ho, (1)) +
o (OS(o(OHo (1) =" (1) (7(1) —
S(w())Hm (1) — Ho 4 (1)) (6)
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For the purpose of tracking the angular ve-
locity @, (t), the following control law can be
chosen
(1) =Ho, (1) + S0 (1) Ho () —Ko () (1)
where K, is the control gain matrix which is posi-
tive and symmetric. Substituting Eq. (7) into

Eq. (6) results in the time derivative of Lyapunov

function as

V=—0"(OKao () <0 )
Eq. (8) means the tracking error @ (¢) will con-
verge exponentially to zero. In other words, it
can be concluded that the control law given in
Eq. (7) can guarantee the spacecraft to track any
desired angular velocity @, (¢) with an exactly
known inertia tensor of the spacecraft.

In practice, however, it is difficult to obtain
the accurate inertia tensor of an on-orbital space-
craft because its inertia parameters can change
due to fuel consumption, failure deployment of a
component into the expected configuration, doc-
king with another spacecraft, capturing of an ob-
ject, payloads added or removed, or other envi-
ronmental effects. This fact indicates that the
tracking law given in Eq. (7) can only be imple-
mented based on an estimated inertia tensor of the

spacecraft.

3 Adaptive Angular Velocity
Tracking

In order to deal with the uncertainties of the
spacecraft inertia parameters, some adaption
mechanism should be incorporated into the track-
ing law given in Eq. (7). To design such an
adaptive tracking law, a nonnegative Lyapunov
function candidate can be constructed as follows
1
2

Where h:[hll hzg l133 h]z h}g

V— aN)T(z‘)Hc:)(z‘)Jr%ﬁTsz 9

hy; |T is the
vector consist of the six unique elements of the
inertia tensor of H, h=h—h, h is the estimation
of h, and P is assumed to be a symmetric and
positive-definite gain matrix. Differentiating the
Lyapunov function given in Eq. (9) with respect

to time, we can get

V=0 () —Sw()Ho,(t) — Ho, (1)) +
RPE =6" (1) (1) — W (1) a4(1) iy (DR +

h'Ph (10)
where W is a 3 X6 matrix given by follows

W) 04 y0,()) =Y (@,()+

S(o(t)Y (@, (1)) an
Y(w,()=
wa ()0 0 we@® wu@® 0
0 we( 0 wa(® 0 ws()
0 0 ws@® 0 wa(® we@®
12)
Y(w,(1))=
war (D 0 0 wa (1) we (O 0
0 waz (1) 0 wa () 0 was (D
0 0 was (1) 0 wa (1) we (D
13

Implementing the tracking law given in
Eq. (7) based on the estimated inertia tensor, we
have
(O =Hao,()+S(e())Hoi () —Kwo ()=
W(w() 0,1 .0 h—K.o (1) (14)
where H is the estimated inertial tensor of the
spacecraft. Substituting Eq. (14) into Eq. (10)
yields

V=—0"(OKo @)+ ("W). o),
@.(D))+hT PR (15)

To guarantee V negative semi-definite, cer-

tain adaption law should be used such that

& WD) oi(D) 0.()) + R P=0 (16)

which leads to

h=h=—P "W .00 .0,) @) (A7)
In this way, the resulting derivative of Lyapunov

function will become the following

V=—0"(DKo{) <0 (18)
which implies that the tracking law given in
Eq. (14) with the adaption law given in Eq. (17)
will result in a stable closed-loop dynamics even
in the presence of inertia uncertainties, and ena-

bles the spacecraft to track any prescribed angular

velocity trajectory. However, h—0, which is en-

sured by @(2) —0 according to Eq. (17), only in-
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dicates that the estimation error will converge to a
constant but not necessarily zero. In other words.,
the adaption law given in Eq. (17) does not guar-
antee the unknown or uncertain inertia parame-
ters converge to their true values. Although it is
not a problem if the final concern is to make the
spacecraft stably tracking a desired angular veloc-
ity profile, some conditions need to be satisfied if
the inertia tensor of the spacecraft is expected to

be accurately estimated.

4 Simulations and Results

To verify the angular velocity tracking
scheme proposed in this paper, computer simula-
tions are conducted on a 3D spacecraft model
which is assumed to have an inertia matrix ex-
pressed in its body fixed frame as follows
hy hyy  hy 200 80 50
H= |hy; hy hy|= 180 150 30
his  has  has 50 30 100

from which the vector consisting of the six unique el-

19

ements of the inertia tensor can be figured out as
h=[hy Tl hyy hy hy hy ]t =
[200 150 100 80 50 30]" 20)
The angular velocity profile to be tracked is
produced according to a simulated spacecraft out
of control and its angular velocity is plotted in
Fig. 1.
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Fig. 1 Angular velocity to be tracked

The angular velocity tracking simulations for
both the spacecrafts with an exactly known inertia
tensor and an uncertain inertia tensor are carried out

and their results are described in the following parts.

4.1 Angular velocity tracking with known H

In this case, the tracking law given in
Eq. (7) is applied with a control gain matrix
K,=diag(10 10 10).

velocity of the spacecraft is @ (0)=[6 10 8]"

And the initial angular

(°/s). Fig. 2 is the time histories of the angular
velocities for the spacecraft, from which it can be
found that the angular velocities of the spacecraft
converge to the desired angular velocities after
about 40 s, and it means that the nonlinear track-
ing law given in Eq. (7) can control the spacecraft
follow a desired angular velocity trajectories.
Fig. 3 is the time histories of the control torques
acting on the axes of the body fixed frame of the

spacecraft.
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Fig.2 Time histories of angular velocities
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Fig. 3 Time histories of control torques

4.2 Angular velocity tracking with unknown H

Suppose only an estimated inertia tensor ma-
trix of the spacecraft is available as H. the six
unique elements are il() =[220 120 60 60
130 75]"(kg » m*). The initial angular velocity
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isw(0)=[6 10 8]"(°/s). In this case, the
control law given in Eq. (14), which is implemen-
ted based on the estimated inertia tensor of the
spacecraft, is applied with the control gain matrix
K,=diag(10 10 10). To deal with the uncer-
tainties in the inertial tensor, the adaptation
mechanism of Eq. (17) is used with the gain ma-
trix P=diag(10™° 10°° 10°° 10° 10°
107°). The simulation results are illustrated in
Figs. 4—6. From Fig. 4 which displays the time
histories of the angular velocity tracking of the
spacecraft, we can see that the angular velocity of
the spacecraft eventually converges to the desired
angular velocity, which means that adaptive non-
linear control law given in Egs. (14, 17) can drive
the spacecraft to follow a desired angular velocity
profile. The six estimated unique elements of the
inertia tensor of the spacecraft are plotted in
Fig. 5, which demonstrates that the uncertain in-
ertia tensor of the spacecraft converges to a con-
stant value in the process of control but is not its
real value. This is acceptable because the main
goal here is to drive the spacecraft to track a de-
sired angular velocity profile as opposed to pre-
cisely identify the true value of the spacecraft in-
ertia tensor. In other words, the adaptive nonlin-
ear control law given in Eqgs. (14, 17) can make
the spacecraft stably tracking a desired angular
velocity profile though it does not guarantee the
unknown or uncertain inertia parameters converge
to their true values. The time histories of the
control torques acting on the spacecraft are depic-
ted in Fig. 6.
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Fig. 4 Actual and reference angular velocities
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Fig. 5 Time history of six estimated unique elements

of inertia tensor of spacecraft
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Fig. 6 Time history of torque of spacecraft

5 Conclusions

This paper proposes an adaptive nonlinear
control algorithm for the angular velocity tracking
of spacecraft with dynamic uncertainties. With
such an adaptive control method, the spacecraft
can be controlled to track any arbitrary angular
Velocity trajectory even in the presence of uncer-
tainties in inertia tensor so that the spacecraft can
fly with no relative angular velocity to the target
spacecraft or other objects to be served, which
makes it possible for the spacecraft to conduct the
subsequent operations such as docking, capturing
or other on-orbit manipulation. Based on the as-
sumption that the attitude dynamics of the space-
craft is precisely known, an angular velocity feed-
back tracking algorithm is firstly developed and
the global tracking convergence of the control al-
gorithm is proved through the Lyapunov analy-

sis. To deal with the dynamic uncertainties of the
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spacecraft in its inertia tensor, a nonlinear adap-
tation mechanism is then designed based on Lya-
punov method. With such an adaptation mecha-
nism the spacecraft can track any desired angular
velocity trajectories even an available uncertain
inertia tensor. The analysis also shows that the
adaptation mechanism does not guarantee the in-
ertia tensor being precisely identified. Computer
simulations on a 3D spacecraft are carried out to
verify the effectiveness of the proposed adaptive
control policy and the simulation results demon-
strate that the proposed adaptive control policy

has good angular velocity tracking performance.
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