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0. PROLOG

subject to
disturbances,

for a rigid
uncertainties,

spacecraft
external

using the ideas of:

Fast nonsingular terminal-sliding-mode manifold

(FNTSM); and

Unknown nonlinear function approximation with a
Chebysheyv artificial neural network (CANN).

First the FNTSM is constructed, and then the
unknown nonlinear function of sliding mode
dynamics is approximated with a CANN.

A fault-tolerant attitude control law, which ensures
that all the signals in the closed-loop system with
spacecraft or orbiting satellite are uniformly
ultimately bounded, is then designed by combining
FNTSM and CANN techniques as appropriate.

An improved control algorithm is derived to achieve

finite-time attitude tracking. Extensive simulation
experiments were conducted to verify the effectiveness of
the proposed control scheme. A selected sample of those
simulation results that demonstrate an outstanding control
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Fig. 1 An illustration of controlled general
nonlinear systems in accordance to the
Fundamental Laws of Physics (Dimirovski
et al., 1977)

Although trough input, state and output
spaces in terms of the classes of functions
involved can be mathematically defined by
chosen measuring norm, at any fixed time
instant of time all vector-valued variables
become real-valued vectors that simply may
well be the Euclidean ones,. Thus also
related directly to energy and power hence
to stability (A. M. Lyapunov. 1892) .
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Background Source Reference: S. Gao, Y. Jing, X. Liu, G. M. Dimirovski,
“Chebyishev neural network-based attitude-tracking control for spacecraft

with finite-time convergence.” International Journal of Control, vol. 94,
is.10, pp. 2712-2729, 2021.
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1. Brief Introduction and Previous Works

target area
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Figure 2. On Astronautic Engineering Problems: Operation imposing multiple mutually
conflicting tasks in the target motion control as well as the controlled attitude and
synchnronization at the achieved orbiting motion.
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- 1. Brief Introduction and Previous Works

)

® The issues of system complexities, nonlinearities and
uncertainties have been subject to study from the very
beginnings of information theory as part of the theoretical
studies in Engineering Cybernetics. Ultimately it has led to
hierarchical organization of controlling infrastructure. Figure 3)

® However, there appear various kinds of complexities,
nonlinearities and uncertainties in modeling dynamic objects
and processes most often the parametric and structural <=
uncertainties are being accounted for.

® Should we recognize the unavoidable need for some integrative
organizational strategy imposed even in largely decentralized
complex dynamic networks and systems, then complexities, *
nonlinearities and uncertainties too becomes as multi-faceted  Figyre 3. Hierarchical computer control
one as Natural Evolution processes appear. To be.

based, implementation of integrated

® At this point, it should be point to the largely neglected need control and supervision [for complex
for developing sophisticated theory on supervisory control —dynamic networks and systems
strategies that can guarantee survivability of the complex
dynamic networks and systems under various ad-hock
topological circumstances via some controlled reinforcement of
system integration . HEN

® [n my opinion, much too long time the issues of integrated
regulatory servo-control and supervisory controls have been
left over to more empirical investigations rather than theoretical
studies. It is in this regard that I do believe computational
cybernetics models and techniques are indispensible.

Figure 4. Acting Saturation nonlinearity
in spacecraft controlled motion
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p

oint in here, now I would like to infer the issue of exploiting some hints from modern
quantum theory, which seems to have been foreseen by Einstein his fellow-friends.

= Namely, I think that sooner or later we have the place our main focus on how to mitigate
consequences of strict usage of the causality principle in systems and control science., or else
at least to ameliorate it by limited employing of computation intelligence for emulating
nonlinearity which involve uncertain variation of operating conditions.

Inertial External
uncertainty| | disturbances
Saturation | |, 4,
9, q — WL constraints lhul“’ l

44 Q ,[ FNTSM
M? surface §

)

y Spacecraft
D l pacecra
,, f_p. control law H actuators ’—)[ system T

' Attitude and angular velocity
Sensors

Figure 5 Innovated system architecture of the developed new spacecraft attitude

integrated control and supervision system employing the FNTSM manifold and the
CANN approximater.
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3/. MATHEMATICAL BACKGROUND FOUNDATIONS

A Kimematics and Dynaenics of Rigid Spacecraff
Tha spacecraft m thiz paper 13 modeled 23 2 ngid body

with actiators providng torques zlong thres 1:|:L11'r|.1;'|]ltr
perpendicular axes which defines a body-fixed frame B. The

aquations of moton for 2 ngd spa-_ﬂtra.ﬁ are convemently

(e.g. see [], [6], [31] [32]) represented quaternions

g2, (1

bt | et

g =%Eq4f~+q. 2. g, =-

and thus it has been established:
J=—¥ J 2+ Dzat(u) + 4 (2)
Here, the unit quaternion g=[g .g,] eR'xR

spresents the athtude onentahon of the spacecraft m the
body frame 5 with respect to the adopted mertial frame J,

where g =[g,.g,.4.] €R' iz the vector component and
g, = R 15 the scalar component.
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D 3/. MATHEMATICAL BACKGROUND FOUNDATIONS

Az 2 non-smgular attitude  representation, the unit

quaternion g satisfies the comstramt g'g + g, =1. ie.

lg|=1. 2=[£3.22.2] e R" 15 the angular velocity of

the body frame B relative to the mertial frame J, Je R 1s

the symmetric mertial matr; = R (n>3) 13 the torque

vector produced by the #»  actuators and

d=[d .4,.4] R’ iz the vector of external disturbances

[, denotes the 3%3 wdentity matrix and x° denotes the cross

product operator on a vector x =[x _x,.x,]° prven by

0 -x x|
X = X 0 -—x | (3)
s E 0 |

F'lu:l-pern 1 [3]. [42] The mertial matrx J 13 syvmmetric and
positive  defmute, and sahshes the fn:!-]lmtmg bound

- 2 7 '
condition; J, x| < x"Jx <.J, _where VxR _J and

J, are positive constants, respectively.
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- 3/. MATHEMATICAL BACKGROUND FOUNDATIONS

Quantity I’ = diag{I',.....,[, } € R™" in (2) represents the

r ]

actuator effectiveness matrx with I', (0=, £1), whch
alzo 15 the health mdicator of the ith actuator. The caze
I' =1 mplies that the i-th actuator 15 healthy while the case
I', =0 means that the i-th actator loses its power totally.
Note that when any actuator fals, the effectiveness matrix
I’ becomes uncertzm of tme-varymg but remams posthive
defmite. Furthermore, quantity D= R™" m (2) represents
the actuator distnbubon matrx. Notwee that for 2 grven
spacecraft, [} 13 avalable and 1t can be made full-row rank
by propetly placmg the actuators at certam locations and
directions of spacecraft body.
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3/. MATHEMATICAL BACKGROUND FOUNDATIONS

Function =at{n) =[zat(n ), sat(n, ), =at(n, )]’ deimmg the
safuration constrzint on the control mput », representz the
actual control torque wvector that actuators generate. The

safuration function sat(n ) actng on the i-th actuator 13
(2, e, | <m.

zat(n )=
C | -sEn(a), |i'|'__| > M

(4)
where u_ 13 the limit of », , and sgn{-) denotes the “sigmon”
function. A smooth funchon G{v) =[G(v ), G(w, ), G(v )T
iz mtreduced to approxmmate the saturation function
f—i'n'h. (1—e™), v, <0,
Glv)=1.0 v =0, (5)
|, (1—e"), v, =0

where u, =min{x_ ), i=1,2 5. 0. The companson result
between the curves of zat(x ) and (v ) 1z shown m Fig. 2.
It iz clear from Fig. 1 that the functon (v ) has the
following property; sat((#(v))= G{v ). Furthermore, if we
defme u =G(v), then sabt(u)=wu . Hence, it can be
concluded that the function {-) 13 qualified to smmulate the
mput saturation comstramt sat(’). Now, v=[v, v, w]

becomes the desiwred control law and will be designed to
accomplish the trackimg task (11)-{12).
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3/. MATHEMATICAL BACKGROUND FOUNDATIONS

It should be noted from the backpround physics, the
control law v and the shdmp mode surface S5 to be

designed are Epﬁ-il'lﬂ"'ﬂ as follows:

|v <0, 5 >0,
v =0, 5, =0, (6)
v. >0, 5§ <0

Assumption 1 [2]] Consider the ngid spacecraft with » (
n=3) acmators that are properly mounted on ot and thus
rapv(D)y=3. Even 1f 2ll the actuators suffer from fadmpg
actuztion of some of them fal completely, the remammg

active zctuztors remain able to produce 2 sufficient control

torque vector for the spacecraft syvstem to perform the grven
mansuvers, as long 23 the completely faled actuators are no

mote than 5 —3 such that DT'D remaims positive defnite.
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B OnSpacecrafi Attitude Tracking Error Model and
Conirol Desion Objective

In zeveral of recent studies the atttude trackmg error
g =[e’.e ]’ eR'=xR with e =[g.e,,e,] 15 defmed as
the relatrve orentaton between the body frame B and the
destted frame O with the deswred orentation
q, =[4:.9.,] €& =R whete g, =[q,.9,:.9,,] - Unit
quaternion g, and g, satsfy |lg |=1 amd Jg.[=1.
respectively. Accordmg to the quatermion multiplication
mile, the attrude trackmg error g can be calculated as
€ =49 — 9.9 9. - (7)
€ =q.9, +q.q. - @)
The relative anpnlar velocty (2 =42-Cf23 with
2 =[02.2, 2.1 R iz defimed n the body frame B
with respect to the deswred #frame D, where
2 =[2,.2,.02.7 ek iz the desired anpular velocity.
The rotation matrix s C=(e; —e'e ), +2e e —2o.¢
with |C||=1 and & =—£2°C.
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Notwce that ¢ and -g. represent the same physical atiiiude
orientatton and results m the same (. The deswed athiude
|

motion 15 generated by means of ¢, =—(g J +q )42
q.. =—%q_':._ 12 Thus, the attrnde trackmg error model can
be stated as follows:
e =% (e, f +e )2, & = —%F_‘l 2 (%)
JO=+02+CV A2+ C2)+ A 2C2 -Ce2)+ D0G) +d

(10)
Assumption 2 [27] The deswed angular velooity 2, and it

first derivative £2, are bounded at 2ll times.

Chebyshey pelvnomials can be obtamed usmg the two-

Y

term recurstve formula [23], which 1z defmed by equation
L x)=2xT(x)-T_ (x} ,I,(x)=1 (13)

where xe R and 7 (x) can be defmed az x. 2x . 2x—1.
2x+1. e




The IEEE Region 8 LMAG Meeting, Prague, Czech Republic, October 26-28, 2022

3/. MATHEMATICAL BACKGROUND FOUNDATIONS

The prmary am of this mvestigation 13 2 control system
design such that the spacecraft state vanables m the closed-
loop system described by (9) and (10) converge mto small
regions surroundmg the ongm m fmite tme even when
actuator falures. extermal disturbances, mertial uncsrtamties.
and saturatton constramts arize gocastonally or concurrently.
Thus, the contrel ebjectrve 13 formulated as smmultanecus

lime(f)— A . (11)

lim 2.() = A,. (12)

where I, 12 the setiimg tme A and A, are the
convergence domams of attitude trackmg error (i) and
anpular veloctty trackmg error £2.(f), respectively, for
i=1,2,3. The overall structure of the enwvizaged control
scheme 15 shown m Fig. 4. In there, term v, 15 the
nominal control law (NCL) while term v, 13 the CANN

based control law (CNNCL) that serves the compensation
for the nonlmear unecertam term.
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3/. MATHEMATICAL BACKGROUND FOUNDATIONS

Actuator Nonlinearity Approximation by Chebyshev ANN Emulator

Hence, the unknown nonlmear fimection M {2g) that
naturally appears m the differential equation of the shiding
surface [27] azs follows

N(£02 . 2)=—02"J13 - Ji13 +d (17)

which i the next subsection will be shown to converge to
the desired unknown function N, (£2,.02) e B’ . Let define
the sugmented state U7=[£2]. £2"]" . Based on Assumption
4, the followmg compact s2t can be obtained:
EX ={L’| ler||= &7y, £y = I}} (18)
Uszsmg the aforementioned approximation property of CININ,
the unkmown function N, (£2,, £3) can be approximated as
N (€2, 0) =T (3. AW +5 (19)
where  J(£2,4) =bikdiag {£ (£2.9), £ (12.q9), &(£2, )}
with blkdiag{} denotmg a guasi-diagonal matrx,
W =[w')y ., w,yY. W, Y] ad §=I[5.5 5] . Then
the differential equatton of the slidmg surface (17) can be
written as
S =DrGMW+ 7 +7(2, 3W +5  (20)
where »=N(£2,g)—N,(£2,.£2) denotes error between
M £2.g) and the desired nonlinear function N, (€2, £2).
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Guidance to Construction of Fast Nonsingular Terminal Sliding-mode Manifold

The Fast-NTSM technique iz adopted by authors of [40].
and was further employved m [27], [31] as well as here A
Fast-NTS5M surface composed of attiude trackmg error and
angular velocity tracking error 1s constructed as

S=02+Ke + K5 _ . (21)
, K= dia.gif:} :

Quantities denote; 5 =[5,.5,.5,] € R’
LR [ T iy o

K. >0 j=1L2i=123, and
designed as follows:

(e, if (5 =0)or (5, =0.|g|=&)
~ e +Lsmnle)e?. if (5 =0.|e|<s)

In ]:I.EI'E_R__?.E'___ = f:_il -+ _j;:,l? +"'i::.-'F.- : Q<pr=r/ R = 1 . 05 afe

(22)

B

positrve odd mtegers. According to [43] J =(2-r)s&"",
L=(r-1D&7, £>0 is a small positive constant. With
regard to the spacecraft system described by ()10} and the

Fast-INTSM manifeld surface (17), the differential equation
of the shiding surface obtamed [27] 1z

JS = DU G(v)+ N2, q) (23)

N(2.g)=—(2+CRY J(Q+CR+ TR —CEP+

¥ 24)
+?II:I=. + LB, EYe J, +e M2 +d
and E iz defmed as
[rdiag(e™), if (5 =0 or (5 =0.|e|=&)
pofrdwe™) i G =0 @=0k|za

" |42, + 20 diag(sgnle) ), if (5 =0.|g|< 2.
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™ Main New Results

Theorem 1 Consider the spacecraft system govemned by (1)
and (2}, and suppose Assumptions 1-4 and Properties 1-2 are
satizfied. All signalz m the cosed-loop system are ULUE
under the compound control law (27)

Wil=—cD" 8§ —v_ o - 20

The CANN control law v, and the adaptve law Tf' are
desipned, respectrvely, by means of Eqs. (28) and (29)

! wr=p’s, i |57 = >,
s :
1':.' Lkt | s I D_. o 1 -"I-'E::'
| E" [1;!3 Ff'_."E::I3 otherwise,
1 B .
W, = B( 'f“ L= iy 29)

2
where ==(||o( 12, q}f 1) iz the extended basis function,
W, = I:"f‘lﬁ"'r :|£||:}" 1z the extended optimal weight matrix,

W. iz the estimation of W, >0 iz 2 small constant
scalar, and ¢ >0, >0, 5 >0 and 8, >0 are admstable
parameters for fme tmmmg. The proof 1z found m [27].
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3/. MATHEMATICAL BACKGROUND FOUNDATIONS

™ Main New Results

Theorem 2 Consider the spacecraft system govemed by (1)
and (2), and suppose Assumptions 1-4 and Properties 1-2 are
satisfied. Then Fast-NTSM manifold 5, converges to region
A, in fmite time T m closed loop under the control law
(38) and adaptive law (29) hnce the attitude trackmg error
e(f) =d also angular-veloctty trackmg error £2.(1)
respectively, converge mto regions A and A, m fmite

time I, that are shown below

A, =max fmin{a, A, Lminfa a0 (0)
| A, A |

A =mag { £ ]};._I:: .]jjél_ (31)

A, =A, +h h K AT (32)

3 1
A, = 5T wihp>_—, (3
2 T
RO :
Lad
S Pl (34)
A
: 1 .
i I3, wihw>Z+—., (39)
T AR . R, N il
Sl 4 :_J'J' :
Ay, = |ty with  (36)
. "'ir -‘:'IJ'l:
1 3 ) ) i ..
nIn._=:.:'x'f:.-—.:'x'—f:f...i.,'iﬁ.=—“|I:“‘r" B Lz 442,07
= E-E_J'l..‘ll_'i_? 2
and o =min{s, .g,.0,}, i=123 aong with
compound control law
V() =—tD'S — D' e 8§ — v\, (38)
in which §%=[$7.57.87], oc=dag{s 0,0, }wih

g, >0, i=L23, amdl<a=p/p <1 with p.p
bemng positive odd mtegers. The CANN based control law
Ly, 20d adaptive law ﬁﬁ"_. have the same role 2z m Eqs.
(27) and (29), respectively. The proof 15 found m [27].

1-I
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4/. A SAMPLE SET OF SIMULATION RESULTS
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4/. A SAMPLE SET OF SIMULATION RESULTS
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5/. CONCLUDING REMARKS

The finite-time attitude tracking control problem for a rigid spacecraft is
investigated and solved with the aim to design a robust fault-tolerant
controller that guarantees uniformly bounded quality tracking performance in
the finite time. The essential i1ssues — inertial uncertainties, external
disturbances, actuator failures, and input saturation — are accounted for in
this fault-tolerant control system design. Combined usage of the CANN
approximation and the Fast-NTSM adaptive control synthesis along
with angular velocity measurements ensures all system signals in the
closed-loop operation remain ultimately uniformly bounded at all times.

The future research is envisaged into a further exploration of these
findings in order to transcend them into novel ideas on how to combine
techniques of ANN emulator and Fast-NTSM manifold with the same
control system architecture for flexible and variable-structure
spacecrafts [39]-[41]. An entirely new prospect for tackling spacecraft
attitude control is believed lies hidden within the synergies of combining
switching control of nonlinear systems with sliding-mode manifold
surface synthesis [42]-[44] along with fuzzy-rule [45] or neural-network
[46] switched systems.
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INSTEAD OF END TO CONCLUDING REMARKS

I incline to believe, we should follow path of late Academician Hsue-

Sen Tzien’s Vision of Engineering Cybernetics right precisely as He
has foreseen the C3 synergies half a century ago..

225 ’
g B2 :§§3 ]
:;' X 7_‘.‘3:‘; Nowadays Information Times i e~ 3 ;
b = sl ) e
Early Information Times C3 - o “
?} a — et
Cybernetics g Computer =y
Norbert Wei £ E\%M?h
orbe einer o ] s
C?mmzr:rcatlons John von Neuman Kybernetics .‘?ﬁ:
L ' Information e

smart power grids
Physical system

Web of Things

Claude Shannon

Biological systems

intelligent vehicle

j he Founders of earlly C3 paradigm in Nowadays man-modified world that is already
nowadays man-modified world ) ‘ .
Shaping tomorrow ‘s man-modified world

Thank you so much my Honorable Colleagues for listening to me!
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NSTEAD OF END TO CONCLUDING REMARKS

Let full freedom to your intuition and 1imagination in order to establish
mutual relationships between the previous talking of mine and the next
indicative hint (IEEE Access, 2019, 7: 4927-4935) illustration designed by
A. Zhang. W. Zhu and J. L1, Hefei Technology College, Hefei, China.

Thank you so much my Honorable Colleagues for listening to me!



