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Abstract This study aims to investigate the problem of attitude control for a spacecraft with inertial
uncertainties, external disturbances, and communication restrictions. An event-triggered active disturbance
rejection control approach is proposed for attitude tracking of the spacecraft. An event-triggered mechanism
is introduced together with an extended state observer to jointly monitor the system states and total distur-
bances. The observation error is proved to be uniformly bounded. Based on the proposed control scheme,
the integrated tracking system is shown to be asymptotically stable, implying successful attitude tracking of
the spacecraft for the desired motion. Numerical results illustrate the effectiveness of the control strategy in
achieving satisfactory tracking performance with a reduced data-transmission cost.
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1 Introduction

Control systems play an important role in achieving attitude maneuvering, attitude tracking, and high-
precision pointing of spacecraft. Because the kinematic and dynamic equations of rigid spacecraft possess
highly coupled nonlinear characteristics and systems may suffer from external disturbances, inertia-matrix
uncertainties, and even actuator failures, the attitude-control problem has attracted significant attention
over the past few decades [1-5].

A few strategies have been investigated for attitude-control problems of rigid spacecraft under differ-
ent restrictive conditions, such as sliding mode control [6, 7], adaptive robust control [8,9], and optimal
control [10]. Considering the limitations of the onboard communication and computation resources for
embedded computer systems on spacecraft, resource-aware control strategies should be investigated for
attitude control. One feasible strategy for this is event-triggered control, wherein signals are only trans-
mitted when the pre-designed event-triggering conditions are violated. In this regard, event-triggered
control can reduce communication bandwidth and power to save more resources for other tasks, and also
can increase the service lifetime of the entire system. Event-based sampling and control was originally
introduced in [11] and has been applied in many control problems [12-15], including attitude control
of the spacecraft [16-19]. In [16], an event-triggered control approach to reduce the control-updating
frequency was proposed for spacecraft-attitude stabilization, but without considering the effect of dis-
turbances. The same problem was addressed in [17], where two different types of triggering events, i.e.,
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fixed- and relative-threshold strategies, were proposed. Attitude stabilization with an event-triggered
mechanism and external disturbances was considered in [18]. In [19], an observer-based event-triggered
control approach was proposed to cope with external disturbances and actuator faults and to reduce the
control-updating frequency.

Unlike Refs. [16-19], which focused upon attitude stabilization, we investigated an event-triggered
attitude-tracking problem for a spacecraft with inertial uncertainties and external disturbances. In par-
ticular, we reduced the transmission frequency of measurements of the states, rather than the control-
updating frequency. Moreover, we considered the effect of inertial uncertainties that are coupled to the
system states and make the attitude tracking more difficult to achieve with reduced sampling frequency.
To attenuate these effects, we utilize an active disturbance rejection control (ADRC) approach to the
control-system design. ADRC has shown its effectiveness in uncertainty and external disturbance rejec-
tion [20-22], and has been adopted in a wide range of applications [23-26]. The core of ADRC is to
regard the internal uncertainties and external disturbances as a state of the system, which is the so-called
extended state estimated by an extended state observer (ESO). Herein, to reduce the data-transmission
rate, the ESO is integrated with the designed event-triggered mechanism. Some related investigations
had been done by the authors’ group [27,28]. In [27], an event-triggered ESO (ET-ESO) was proposed,
and the observation error was proved to be uniformly bounded. In [28], trajectory tracking of a DC
torque motor was achieved based on the proposed event-triggered ADRC, where ET-ESO was utilized.
Unlike Refs. [27,28], a few challenges exist in the event-triggered attitude-tracking problem. First, the
attitude kinematics and dynamics of a rigid spacecraft modeled by the unit quaternion technique possess
highly coupled nonlinear characteristics; second, system dynamics including the gains of the inputs are
strongly affected by external disturbances and inertial uncertainties, making the stabilization a nontrivial
problem. Specifically, we focus on how to utilize ESO to observe the coupled three-channel disturbances
and how to design an event-triggered mechanism to guarantee the stability of the integrated tracking sys-
tem without information about the disturbances. The main contributions of this paper are summarized
as follows.

(1) An event-triggered mechanism is proposed for attitude tracking of a spacecraft under communication-
resource restrictions. The event-triggered mechanism only needs measurements of spacecraft-attitude
orientation and angular velocity, without information concerning parameter uncertainties and external
disturbances.

(2) Using the designed event-triggered mechanism, an event-triggered ADRC (ET-ADRC) scheme is
proposed and the corresponding theoretical analysis is also developed. The asymptotic upper bounds
on the steady-state-observation errors with parameters in the event-triggering condition are provided.
Moreover, the tracking system is proved to be asymptotically stable, such that control of the spacecraft
tracking the desired attitude motion is achieved based on the proposed scheme.

The developed results are validated by numerical simulations, which show that in comparision with the
time-triggered ADRC scheme, the ET-ADRC scheme possesses satisfactory tracking performance at a
reduced average data transmission rate. The remainder of this paper is organized as follows. In Section 2,
the attitude-tracking system for a rigid spacecraft is described and the problem is formulated. The
theoretical analysis of the performance of the event-triggered ADRC scheme is presented in Section 3.
The simulation results are provided in Section 4, and Section 5 presents some concluding remarks.

Notation. R denotes the field of all real numbers. R™ denotes the n-dimensional real vector space. ||-||
and | - | denote the Euclidean norms of real vectors and the absolute values of scalars, respectively. I, is
the identity matrix of dimension n. a denotes the transposition of a. The shorthand diag{by,ba,...,b,}
denotes a diagonal matrix with diagonal blocks by, bs, ..., b,. The operator a™ denotes a skew-symmetric
matrix of any vector a = [a1, az, a3]" such that

0 —asz a2

—as a1 O
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Figure 1 Schematic of the event-triggered ADRC scheme.

2 Problem formulation

Consider the event-triggered control scheme for attitude tracking in Figure 1. The attitude kinematics
and dynamics of a rigid spacecraft can adequately be modeled as follows [1] in terms of the unit quaternion
that is free of singularity:

. 1 . 1 .
Go =3l +aw, @=—gqw, Jo=-—wJututd (1)

where w € R? is the angular velocity of the spacecraft; © € R® and d € R? are the control torques and
external unknown disturbances, respectively; J € R3*3 is the symmetric inertial matrix of the spacecraft;
the unit quaternion ¢ = [¢, 4] € R3 x R represents the attitude orientation of a body-fixed frame with
respect to an inertial frame comprising a vector part ¢, = [q1, g2, ¢3]*T € R? and scalar component ¢4 € R,
which satisfies the constraint ¢ g, + ¢7 = 1.

The attitude-tracking problem is formulated according to the related investigations [7,10]. The desired
attitude motion is supposed to be generated by

1

. 1 .
Qdv = 5(%415 + QL>i<’U)wd7 qd4 = 7§davwd7 (2)

where qq = [q}v, qas]T € R? x R is the target-attitude unit quaternion satisfying qqudv + q§4 =1; wyqis
the target angular velocity. Following the discussions in [10], w4, wq and wq are assumed to be bounded.
Subsequently, the objective of attitude tracking can be expressed as

limsupni(t) =0, m(t) =q(t) —qa(t); limsupma(t) =0, 72(t) = w(t) — wa(t). (3)

t—o0 t—o00

This problem can be turned into the stabilization problem by considering the attitude-tracking-error
quaternion g. = [¢L, ge4]T € R3 x R introduced in [1]

Gev = Gaaqu — 4,00 — Q4ddvs  Ged = GupQo + qaqas, wWe =w — Cwy, (4)

where C' = (1 — 2¢L gev) I3 + 2¢evql, — 2¢eaq’, with ||C|| = 1 and C' = —wXC; the error quaternion also
satisfies the constraint ¢J, ge, +q2, = 1 according to [10]. The attitude-tracking system can be formulated

as follows:
) 1 y ) 1 4
Gev = §(Qe413 + 40y We,  Gea = —5erWe; (5)
Jwe = —(we + Cwg)* J(we + Cwy) + J(w) Cwyg — Ciog) + u + d. (6)

For the purpose of the control-law design, Lemmas 1 and 2 are presented as follows.



Cai D H, et al. Sci China Inf Sci  December 2019 Vol. 62 222202:4

Lemma 1. The objectives (3) can be achieved if there exists a control law for system (5) and (6) such
that lim; o0 ger (t) = 0 and lim; oo we(t) = 0.
Proof.  This result can be proved based on analysis of sections II and III in [29].

Taking the coordinate transformation of z = w, + K¢y in [9], systems (5) and (6) can be rewritten as

) 1 ) 1

Qev = 5(‘16413 + q;u)wea Jeda = 75(12;)(’08) (7)
1

Jz = —(we + Cwq) ™ J(we + Cwy) + J(wS Cwg — Cwg) + §JK(qe4I3 + ¢ )we + u + d, (8)

where K is a positive definite matrix.

Lemma 2 ([7]). Consider the rigid spacecraft governed by systems (7) and (8). Then, for any z(t)
satisfying lim;_, o 2(t) = 0, it follows that lim; o gey (t) = 0 and lim;—, o we(t) = 0, respectively.

Owing to the fuel consumption and payload variations, parameter uncertainties of the inertial matrix
may exist in the control system. Similar to [7], the inertial matrix containing parameter uncertainties is
in the form J = Jy+ AJ, where Jy denotes the known nominal matrix that is selected to be nonsingular
and AJ is the uncertainty associated with J. Thus, the dynamics given by (8) can be rewritten as

(Jo+ AJ)z = — (we + Cwy)* (Jo + AJ)(we + Cwy) + (Jo + AJ)(w) Cwy — Cwy)

1
+ 5(‘]0 + AJ)K (Geals + q))we +u +d. 9)

In fact, the disturbance forces caused by solar radiation, aerodynamics, and magnetic fields vary slowly
in time, and the properties of the spacecraft (e.g., shape and mass) also vary slowly in time because of
fuel consumption and payload variations. Therefore, reasonable assumptions are given out as follows.

Assumption 1. The disturbance d in (1) is assumed to be bounded as ||d|| < D7 and to be differentiable
with the bound, i.e., ||d|| < D2, where the Dy and Ds, are unknown positive constants.

Assumption 2. The uncertainty part of the inertial matrix AJ is assumed to be bounded as ||AJ|| < J,
where J. is an unknown positive constant. The inertial matrix is assumed to be slowly varying, that is,
[|.7]| < Jg with J4 being an unknown positive constant.

As suggested in [7,30,31], these assumptions are quite common in the framework of robust attitude
control of the rigid spacecraft.
On the other hand, utilizing the matrix inversion lemma, (Jy + AJ)~! can be expressed as follows:

(Jo+ AN =J5t + AT, with AJ = —(Is + Jy *A) LIy P AT

where AJ is an additive uncertainty. Then, following some simple algebraic transformations to (9), we
obtain

t=F+G+Jy u+d, (10)
where
1
F :J(;l {wXJow -+ JO(W(?CWd - de) + §JOK(Qe4IB + qu)we:|, (11)
1
G = JO_1 {wXAJw + AJ(wS Cwyq — Cwyg) + §AJK(qe4I3 + q:@)we]

_ 1 .
+ AJ |:—wXJw + J(w: Cwg — Cwq) + §JK(qe413 + q:v):| + AJu, (12)
d=(Jy' + AJ)d. (13)

It is obvious that the attitude-tracking system in the presence of parameter uncertainties and unknown
bounded disturbances has been modeled in (10). Finally, according to Lemmas 1 and 2, if there exists
a dynamic state-feedback-control law for system (10) such that lim; . 2(t) = 0, it follows that the
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tracking objectives in (3) are achieved. Herein, we introduce ADRC to design one such control law.
ADRC inherits a simple structure from proportional-integral-derivative (PID) that is error-driven rather
than model-based and takes from modern control theory its best offering of the state observer [20]. The
core of ADRC is to regard the disturbances including modeling errors as an additional state of the
system, and then to compensate for them in the control law, which can be designed as a linear feedback
or nonlinear feedback of the tracking errors. According to the original ESO formulation in [20, 32, 33],
internal uncertainties and external disturbances can all be regarded as the “total disturbance”, which is
defined as an extended state. In this regard, we define the extended state zo as

zo=F+G+d. (14)
Furthermore, we write 1 := z; then the system (10) can be written as
@y =9 + Jy u, @2 = h(t), (15)

where the function h(t) is the derivative of the extended state assumed to satisfy Assumption 3.

Assumption 3. The derivative of the extended state is assumed to be bounded, namely, |h;(t)| < M;
where i € {1,2,3}, and M; are some nonnegative constants.

Remark 1. The extended state x5 in (14) represents the total disturbances, which integrate the various
information of disturbances, actual, desired angular velocities and attitude unit quaternions. Suppose
Assumptions 1 and 2 hold; then, from (13), it is clear that d, the derivative of d is bounded. Note that
the spacecraft is always under smooth operation, which implies that angular velocity w and its derivative
are bounded. wy, wg and Wy are the desired system states that are designed to be bounded. Furthermore,
Jev, gea and C and their derivatives are bounded due to ||ge|| = ||C]| = 1. Then, according to (11), we
can conclude that F' is bounded. The control law u and its derivative can be designed to be bounded,
and with the bounded conditions on F' and d, we can conclude that G is bounded based on (12). By
combining the discussions above, we find that the derivative of x5 is bounded. Similar assumptions are
also made in [34,35]. Note that F includes additional uncertainties due to the asynchronous information
caused by the event-triggered sampling scheme adopted herein. Consequently, we treat F' as additional
disturbances to be a part of the extended state in our design, which differs from [7].

Now we introduce the ET-ESO:

Ba(t) = dalt) + 0n (%[g(t) - @(tn) gt d(to) = 1o,

balt) = Lo (L6 - 010, dato) = o (16)

£

where the above observer contains three subobservers. The suffix i denotes the ith element of the vector
state. [215, 22:]T € R2,i € {1,2,3} is the state of the ith observer, [#10, 22:i0]" € R? is the initial value of
[Z14, &2;], €; is the high-gain parameter of the ith observer and % = diag{é, é, %} The operators g;(a) €
R3, j € {1,2} on any vector a = [a1,as,a3]’ € R3 are defined as g;(a) = [g;1(a1), gj2(az), gj3(as)]T, where
the detailed expressions of g;;(-) are discussed next. £(t) denotes the previously received output 1 which
is given by

() { xi(ty), ifT(t) =0, an

x1(t), otherwise,

where T'(¢) is the triggering condition to be presented next and ¢, is the transmission instant determined
by the event-triggering condition. The value of £(¢) will be updated only when I'(¢) = 1.

For the ith observer, g1;(-) and go;(+) are selected as ¢1;(y1) = biy1 + ¢(y1) and go2;(y1) = ¢y with
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©(0) defined as follows:

1 11
—_ 0 < ——
4’ 2’
1 II 1I
p(0) = ZSiH97 —§<9<§, (18)
1 II
_ 0> —
4 Y
Moreover, b; and ¢; are some constants such that the matrix A := [:i’f (1)] is Hurwitz; then there exists a
matrix P > 0 satisfying
PA+ATP=-1I. (19)
We define functions P; : R? — R as P;(y) = Py, f s)ds. By choosing the functions g1;, goi, and

0 in this form with b; and ¢; satisfying the inequality of (1 + ¢;)/b; + b; < 4, which are discussed in the
supplementary document of [36], there exist nonnegative-definite functions ©; : R? — R such that

)‘11HyH2 < Pi(y) < )‘QzHyH ) (20)

Aaillyl? < ©i(y) < Aaillyll®, (21)

(Y2 — g1 — S92 < —0i(y), 22

o (y2 — g1i(y1)) 90" (y1) (y) (22)
0P,

152 < . (23)

where A1;, A2i, A3i, A4i, and 7; are some positive constants. The minimum and maximum values of
the corresponding parameters of the three subobservers are denoted with the suffixes min and max,
respectively, e.g., {\1;} with Ajpmin and Ajmax. The choice of ¢(6) is not unique as long as it satisfies the
requirements above.

With the disturbances estimated by the ET-ESO, a dynamic state-feedback control law is designed as

u = —Jok.fl — Jo.fQ, (24)

where K = diag{ K1, K2, K3}, and K; are some positive constants.
For convenience of analysis, we define Z;, e; and é; as

T
~ N L T 71 72 73 .
l‘j = l‘j — l‘j, 6]' = [6]'1,6]'2,6]'3] = [E2j, 2*j’—*j , ] S {1,2},
1 2

2
€3
éi = [eli,egi]T, S {1, 2,3}, (25)

where the ¢€; is related to the observation error of the ith observer consisting of the ith element of e; and
ez. We define the sampling error o(t) as o(t) := L[z1(ty) — 1(t)], t € [tk, tkt1) and, for notional brevity,
we define aj(eq1,0) as aj(er,0) == gjler +0) —gj(er), j € {1,2}.

In this work, we consider the following problems:

(1) Is there an event-triggering condition such that the observation errors’ boundedness of three sub-
observers can be guaranteed?

(2) Based on the proposed event-triggering condition and the designed control law, can we stabilize
the system (10) in the presence of inertial uncertainties and unknown disturbances?

3 Main results

Herein, the problems outlined in the previous section are investigated. The control law u in (24) can also
be expressed as

u = *J()f{lj -+ J()f{(l‘l — i‘l) — JoZa = 7[]0[{1'1 -+ J()f{{:‘61 — JoZo, (26)
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where ¢ = diag{e1,€2,23}. The minimum and maximum values of {&;} are denoted as epin and epax,
respectively. An event-triggering condition of the observer is proposed to have the following form:

3 2
0, if ZZ |Oéji(61i,0i)| < Yepin,
i=1 j=1 (27)

1, otherwise,

I(t) =

where a;(+) is the ith component of vector a;(-) and ¥ is a given constant. Now, we are ready to analyze
the performance of the proposed event-triggered control scheme in Theorem 1.

Theorem 1. Consider the closed-loop system in (7) and (8), the ESO in (16), and the control law
in (24). Suppose that Assumptions 1-3 hold. For any initial values of x1, 22 and &, &2, and a given

U > 0, there exist £* > 0 and an event-triggering condition in (27) of the observer such that for any
g; € (0,e*), i € {1,2,3}, it holds that, for j € {1,2},

1
limsup [|z; — 2;| < E?nai\/ [(TM)max + (T¥)max]s (28)
t— 00 2'7>\1 min
. 35r§1nax
lim sup ||z]| < [(TM)max + (7V)max], (29)
t—o00 Y

where (7M)max and (79)yax are the maximum values of {r;M;} and {7; ¥}, i € {1, 2,3}, respectively.
Proof.  From (15), (16) and the definitions of Z; and e; in (25), we find that

i =z —d2— <g[§(t) - fﬁl(m)
— 2= 1 (Hr (0~ 810] + 60— 01(0)]) = 32 1(e1(0) - ar(er(0).0(0)

3
2= 1) = g2 (21600~ #10)] ) =1(0) = Za(ea() ~ Zan(ea(), ).
Then, through a simple computation, we obtain the dynamics of e; as
a1(t) = Zea(t) — 2g1(e1(1) ~ Zaa(ex (1), o)),
éalt) = h(t) — Zga(er(t)) — Za(er(t), (1), (30)

Consider a nonnegative-definite function V' (z1, €1, e3) as
1 3
V(z1,e1,e2) = §$1TI1 + Z;Pi(éi)a (31)

where P;(é;) and ¢é; are provided in (1) and (25), respectively. From the dynamics of e; in (30), we
observe through a simple computation that

% =a{i + g gci é1i + :1 %ém
= ol + g . Liiema) - Zgulen(t) - —anfen(t), ai<t>>]
¥ ; o 14l0) = Zanien(0) - Zan(erte).i(0)]
<+ g P o) + g = [ Stten = anter) - gt
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(32)
21dy = al[wy — Koy + K(xy — 1) — 29] = 21 (~Kx1 + Keey + e3)
< = Kuinl|21 % + Kmaxemaxllza|[lex]l + 1 lez]
- 1
< — Kuinller]? + 5 (K2

_1
haxlla1 |2 + embsller )

Considering the properties of functions P;(-) and ©;(-)

2l

i=1 "

1 1
(sl 12 + emdelleall?)
(1) in (21) and (22), we find that
ie-f i(e1q)) — OF; e il@
6611 24 grilé1i de 21.921 11

)\31 2
- <-3 Ay
i=1 i=1 "
)\ .
g_ 3 min

(llex

12+ llez]l?).
According to (23) and the event-triggering condition in (27), we observe that
B )+ 22

- Oé 2 6 iy 04

2.z, 8 o 1i(e1

(33)

K2

(34)

3
1 [|0F;
agi(eri, o) | < — aqi(er;, o
- 8621' 21( 17 z):| X ;Ei Ha 1 11( 14 z)
3 3
1 Ti\I/ _%
< ; E—ZﬂH@zH\I/EZ NS Z 5

1
(snmxnéin2+fsaax)
1=1

oPF; ( )
o X2i(€1i, 04
821 2¢(€1

< (T\I/2)max ( -

Similarly, according to Assumption 3, we obtain that

mwwm+f£m@W+%ag (35)

3 3 3
opb;

) —\ h)] < 3 mlledlM; <

=1

TiMi -1 1
Z D) (Emgx||ei||2 + Erzna,x>
=1 =1
TM ) max 1 —-1 1
< (% (Emg,XHelHQ + EIII§X||62||2 + 3€max) (36)
Combining the results (30)—(36), we finally obtain
dv 1 TM)max + (T¥)max 1 1 1
T <= o [ = e £ 2L heal? + eal?)
- 1 1 K2 s
- <Kmin - 25r%'1ax - ;axsr%la )
We write

1
21l1? + S (TM )mae + (7% ) ma]

- 1 1 K2
61 = Krnin - 551'21&&)( - r;axgmmxa
ﬂ2 L )\3 o (TM)max + (T\P)maxsé N l L
T min max
2
and define * as

2£max,

(37)

" = max{emax € R|5;

207 62 20 and Emax >O}

. (38)
It is obvious that 8; and (2 are monotonically decreasing functions of enyax, that lim. . 081 > 0
lime . 0 P2 > 0, and that 51 < 0, B2 < 0 when eyax becomes sufficiently large. Thus, * is well defined
For emax € (0,e*), we have
o S Al -

- 31
(||€1H2 + 182" + [18]1%) + Sehax] (TM)max + (T¥)max]
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3

Ba

Emax>\2 max
i=1

1
< - 251§$1T$1 -

Furthermore, we define

Ba

Ernax>\2 max

7 :=min {251, } ot to) = exp(—(t —to)),

and then % can be rewritten as

dVv

31
E <V + iséax[(TM)max + (T\Il)max]'

. 31
Pi (ei) + 551211ax[(7-M)max + (T\I/)max]-

(40)

From (31), it is clear that V' > 0, and then according to a comparison lemma in [37], we obtain that

V(1 (t), ea(t), e2(t)) < W(B),

where W (t) is the solution of the differential equation

W - 7'}’W + ;Er%nax[(TM)max + (T\P)max]a W(tO) - V(xl (tO)a el(tO)a eQ(tO))~

Solving the differential equation in (42), we have

2

W(t) = Vi (fo), ex (fo) e2(to)) bl to) + oo (TM s + (7T )] / o(t, v)dv.

Then, we obtain

Va1 (t), ex(t), e2(t)) < W(t)

2y

Because ¢(t,ty) — 0 when ¢t — oo, we have that when ¢ — oo
3 1
V(xh €1, 62) < %Eﬁnax[(TM)max + (T\I/)max]-
Using the fact in (20), when ¢t — 0 we find that

1
~[|z1 || + M min(lex]]® + lle2ll?) < V(a1, e, e2).
2

From (44) and (45), we observe that

3edax

limsup ||z]| = limsup ||z1] < \/ [(TM)max + (TV)max]-
t—o0 t—o0

Similarly, we obtain that, for j € {1,2}

3¢ B
1. ] < - N M max \Ij max]»
im sup e ¢ o (M s+ (7]

and from the definitions of e;, that

1
. R _; | 3ehax
lim sup ij - x]” < gfnag(\/i[(TM)max + (T\I/)max]~
t—o00 27)\1 min

This completes the proof.

(41)

(42)

(43)

<
< V(@1 (to), ex(to). e2(to)) Bt t0) + e ax (FM D + (7)) (1 — 0 10).

(47)

(48)



Cai D H, et al. Sci China Inf Sci  December 2019 Vol. 62 222202:10

Remark 2. The ESO in (16), the control law in (24), and the event-triggering mechanism proposed
in (27) can guarantee the asymptotic boundedness of the observation error and stabilize the system
(10). According to Lemmas 1 and 2, the stability of system (10) implies that the states of the rigid
spacecraft system governed by (1) can track the given desired attitudinal motion (2) in the presence of
parameter uncertainties and unknown disturbances. Moreover, from (46) and (48), the system state z and
observation errors can converge to an arbitrarily small bounded range around zero for properly chosen
values of {e;} and ¥, even though the bound of the derivative of the extended state is unknown. The
input-to-state stability of the ith ESO is ensured by the parameterization of the functions g;;, j € {1, 2},
and ¢(0), as chosen in Section 2, which satisfy the requirements in (19) and (20)—(23). The function ()
is the nonlinear part of the ESO. The proposed event-triggering condition in (27) is related to the value
of the sampling errors o(t) and ¥. Only when o(t) becomes sufficiently large will the value of £(t) be
updated, so that the data-transmission cost is reduced. The transmission cost decreases with the increase
of ¥ and vise versa. Furthermore, the system performance can also be adjusted by changing the value of
parameter ¥ according to the quantitative relations in (46) and (48).

4 Numerical example

In this section, the effectiveness of the introduced event-triggered control scheme is evaluated by numerical
simulations. Consider the nominal inertia matrix of the spacecraft model (1) of the following form [7]:

20 1.2 0.9
Jo=112 17 1.4 | kg -m?. (49)
0914 15

Moreover, parameter uncertainties of the inertial matrix are described as AJ = diag[sin(0.1t), 2sin(0.2¢),
3sin(0.3t)] kg-m?  The external disturbances are described as d(t) = [0.1sin(0.1t),0.2sin(0.2¢),
0.3sin(0.2¢)]T N-m. We performed two groups of simulations with different desired angular velocities,
having sinusoid and square wave forms, respectively. The corresponding desired unit quaternion to be
tracked is generated by (5).

Furthermore, all the initial values of the parameters in the two groups stay the same. The initial
attitude orientation of the unit quaternion is ¢(0) = [0.3, —0.2, —0.3,0.8832]", and the initial target unit
quaternion is gq4(0) = [0,0,0,1]T. The initial value of the angular velocity is w(0) = [0,0,0]T rad/s.

For comparison purpose, in addition to the ET-ADRC controller, a time-triggered continuous-time
ADRC (CT-ADRC) controller is also implemented for each group. In these simulations, the ADRC
controllers are implemented by difference approximation with a sampling time ¢, = 0.001 s. To evaluate
the tracking performance of the system, we define the tracking errors of the angular velocity (£, ), unit
quaternion (Ey), and average sampling time (74) as follows:

1 e 1 T
E,=— i — wgi|dt, E, = — ; — qas|dt, 50
10,  for CT-ADRC scheme,
Ty= (51)

Nl’ for ET-ADRC scheme,

S
where we recall that the suffix d represents the desired target state, the suffix ¢ denotes the ith element
of the vector state, T is the total simulation time in milliseconds, and Ny is the total triggering counts
in one simulation. Moreover, because energy consumption in attitude control is an extremely important
fact to consider, comparison of energy consumption between the time- and event-triggered approaches is
performed based on the energy-consumption model in [38] as follows:

—wi (k) — zwi(k—1)|, (52)
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Figure 2 (Color online) Attitude quaternion tracking performance of sinusoidal form. Tracking performance for (a) g1,
(b) g2, (c) g3, and (d) ga.
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Figure 3 (Color online) Angular-velocity-tracking performance of sinusoidal form.

where w; (k) is the ith angular velocity at step k, and N denotes the total number of time steps in the
whole simulation. Note that the difference here is that the mass of the spacecraft is not considered as it
does not affect the comparison.

4.1 Desired angular velocity in sinusoidal form

The attitude-tracking problem for a spacecraft with the desired angular velocity in sinusoidal form is
simulated in this subsection. The desired angular velocity is supposed to have the form

) i (2 i (2)] "

Without loss of generality, the parameters of three sub-ESOs in (16) are selected to be the same, such
that for any ¢ € {1,2,3}, g1:(y1) = 2y1 + ©(y1) and go2i(y1) = y1. The high-gain parameters are chosen
as €1 = g2 = €3 = 0.4. The parameters K in (8) and K in (24) are chosen as K = 2[5 and K = 413,
respectively.

27t

20 (53)

wa(t) = 0.05 {sin <

In particular, we performed the simulations considering the utilization of sampling periods equal to 1
and 400 ms for the time-triggered cases, and the utilization of event-triggering parameters, ¥, that lead
to different average sampling periods, i.e., 60.9 and 402 ms, for the event-triggered cases. The track-
ing results of the attitude quaternion and the angular-velocity component for the CT-ADRC scheme
with 1-ms sampling periods and the ET-ADRC scheme with ¥ = 0.1 are shown in Figures 2 and 3,
respectively. Moreover, the corresponding performances of the ESO observing states x; and xo for both
schemes are shown in Figures 4 and 5, respectively. The tracking errors E,, F,, average sampling time
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Figure 4 (Color online) Observation performance of ESO Figure 5 (Color online) Observation performance of ESO

with time-triggered mechanism of sinusoidal form. Obser-
vation performance for (a) z1 and (b) z2.

with event-triggered mechanism of sinusoidal form. Obser-
vation performance for (a) z1 and (b) z2.

Table 1 Performances of two control schemes of sinusoidal form

Simulation scheme Average sampling time T4 (ms) Tracking errors Ey/Eq QEC E.
. . 1 0.0115/0.0059 0.58
Time-triggered
400 0.0407/0.0073 3.41
. 101.21 (¥ =0.1) 0.0122/0.0059 0.59
Event-triggered
402.13 (¥ =1.5) 0.0268/0.0075 0.84

T4, and qualitative energy consumption (QEC) E. are summarized in Table 1. From Table 1, we observe
that, in comparison with a small sampling period (1 ms) for time-triggered control, the proposed scheme
can maintain a comparable control performance and almost identical energy consumption (achieved by
a time-triggered controller with a high sampling frequency) at a much smaller average sampling rate.
Moreover, we also observe that when the (average) sampling periods are both increased to larger val-
ues (approximately 400 ms), the proposed scheme leads to a much smaller energy consumption index.
The implication is that ET-ADRC scheme is more energy-efficient in certain extreme cases (e.g., sensor
faults or communication bandwidth outrage) and bears improved fault-tolerant robustness in terms of
performance and energy efficiency. Additionally, the results of sampling intervals between two consec-
utive event-triggering instants are provided in Figure 6, where we can observe that nonzero sampling
intervals can be guaranteed to avoid Zeno behavior. With longer inter-triggering intervals, the cost of
data transmission and computation can be reduced.

For the ET-ADRC scheme with W = 0.1, we perform comparative analysis concering the effects of
uncertainties in terms of tracking errors and average input signal. In particular, the uncertainties con-
sidered in the simulations include the external disturbances and parameter uncertainties of the inertial
matrix. The results are presented in Table 2; we observe that the ET-ADRC scheme with uncertain-
ties has similar tracking performance in terms of tracking errors but requires larger inputs in compar-
ison with the cases without uncertainties. This is because of the disturbance-rejection capability of
ADRC. Thus, the ET-ADRC scheme is required to produce larger input signals to eliminate the effects of
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Figure 6 (Color online) Sampling intervals of ET-ADRC scheme with ¥ = 1.5 for sinusoidal form.

Table 2 The effect of uncertainties upon the performance of the ET-ADRC scheme with ¥ = 0.1

Reference Simulation scenario Average inputs signal (N*m) Tracking errors E,/Eq
. . With uncertainties 1.49 0.0122/0.0059
Sinusoid form
Without uncertainties 1.35 0.0123/0.0059
With uncertainties 1.90 0.0158/0.0063
Squarewave form
Without uncertainties 1.67 0.0157/0.0063

Table 3 Performances of two control schemes of square wave form

Simulation scheme Average sampling time Ty (ms) Tracking errors Ey/Eq QEC E.
. ) 1 0.0152/0.0063 0.60
Time-triggered
400 0.0575/0.0094 3.77
. 60.90 (¥ =0.1) 0.0158/0.0063 0.61
Event-triggered
401.52 (¥ = 2.5) 0.0402/0.0092 1.16

uncertainties.

The performance of the system largely relies on the selection of parameters, especially the parameters
K of the control law, ¢; and ¥ of the sub-ESOs, and event-triggered mechanism. Larger U can reduce
resource consumption with lower average sampling rates but the observation errors are more likely to be
bigger, causing larger tracking errors. A smaller ¢; can speed up the convergence rate of sub-ESOs and
reduce the undesired chattering, but requires larger control inputs and energy consumption. Larger K
can improve the performance of attitude tracking and reduce undesired chattering, but will also require
larger control inputs.

4.2 Desired angular velocity in square wave form

The attitude-tracking problem of a spacecraft with abrupt changes in the desired angular velocity is
simulated in this subsection. Consider the desired angular velocity in the form

wa(t) = [0.05,0.03,0.02]" rad/s, 2kT <t < (2k + 1)T, (54)
wa(t) = —[0.05,0.03,0.02) " rad/s, (2k + )T <t < (2k +2)T, (55)

where T' = 10 s is the switch period.

The parameters needed for two schemes, system initial states, ESO, and the event-triggering condition
are all the same as described previously. Comparative-analysis results concerning the effects of uncer-
tainties on the ET-ADRC scheme are summarized in Table 2. The simulation results of the ET-ADRC
and CT-ADRC schemes with different average sampling periods T4 in terms of tracking errors E, and E,
and QEC FE, are summarized in Table 3. The results of two schemes are shown in Figures 7-11. Similar
to the simulation results of the previous subsection, the proposed ET-ADRC scheme achieves similar
performances in terms of attitude quaternion and angular velocity tracking except at switch points (see
Figures 8 and 9) and similar energy consumptions but with a lower sampling rate compared to the CT-
ADRC scheme. Moreover, with the increase of average sampling times, the performance of the CT-ADRC
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Figure 7 (Color online) Sampling intervals of ET-ADRC scheme with ¥ = 2.5 for square wave form.
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Figure 8 (Color online) Attitude quaternion tracking performance of square wave form. Tracking performance for (a) g1,
(b) g2, (¢) g3, and (d) ga.
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Figure 9 (Color online) Angular-velocity-tracking performance of square wave form.

scheme becomes worse than that of the ET-ADRC scheme (see Table 3); in particular, the ET-ADRC
scheme achieves better angular-velocity-tracking performance but with lower sampling rates and energy
consumption.

In general, we observe that, in comparison with the CT-ADRC scheme, the ET-ADRC scheme with
two kinds of desired angular velocity can guarantee a similar performance in terms of tracking errors with
a reduced average data-transmission rate.

5 Conclusion

Herein, the problem of attitude tracking with communication-resource restrictions has been investigated
for spacecraft models with inertial uncertainties and external disturbances. Based on the proposed
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scheme, attitude tracking is achieved for a rigid spacecraft. An event-triggered mechanism is designed
to guarantee the asymptotic boundedness of observation errors and the asymptotic stabilization of the
attitude-tracking system. Simulation results with different kinds of desired angular velocity have been
presented to illustrate the effectiveness of the developed method. As energy /fuel efficiency is important for
spacecraft, event-triggered-controller design with explicit consideration of energy-consumption constraints
is an interesting and relevant direction for future research, which will be considered in our next step.
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