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Section S1

The detailed expression of G in Section 2.2 is
G, = Mg goCOSYCOS
Eﬁ = mygocosysiny (S1)
Eu = —mygocosytanfcosyu

where g, is the gravitational acceleration.

The specific expressions for some notations in Section 2.2 Eq. (S3) are given as follows
1 —sinatanf —cosatanf
8q = [0 —cosa sina l
0 sinasecf cosasecf

9as. Yas. Yas, (S2)
8, =17'9S |9ps. Grs. Irs,
9ps, Ips, Ips,
Gas, = CCn¢ + Xcg(Cpesina + C,cosa)
Se .
Irs, = bC,° — xchY
e
9ps, = bCl
8q Sq . 8a
Irs, = €Cr" + xc4(Cpsina + €, “cosa)
Irs, = bC,fa - ngC;sa (S3)
ba
Ips, = bC;

s 8
Grs, = €Cp + x.4Cp"sina
s s
Irs, = anT - xchYT

5,
gpar = bCl

The detailed expressions of f,, = [fq,fr,fp]T in Section 2.2 are given as follows



£, = Uz=J)pr +r7cS(cr%+C,?1qc/(2V)) +xcgdS(CSsina+C£‘cosa)
=

Iy Iy Iy
£ = Gxtopa Xcg@SC{ | abS(CHB+CEpb/@V)+Cirb/@V)) (S4)
"I Jz Jz
£, = Bl (cPrb/@vy) | abs(clp+cfpb/@vy)
b Jx Jx Jx

where the dynamic derivative coefficients for pitch channel are C5,CH,Cf, C5 for yaw channel are
cf,ck, ¢k, c; and for roll channel are 7, CP. The aerodynamic derivatives in terms of control surface are
also defined as Cfe, Cf“, Cfr i =1L,D,Y,l,mn ,which all can be found in (Keshmiri et al., 2004).

Section S2

Originally, an unknown continuous nonlinear function f(x) € R, x € R can be represented by a
neural network consisting of optimal weights W* € RY and a number of Gaussian basis functions h(x),
which is defined as

f(x) = W Th(x) + e(x) (S5)
where e(x) isthe NN approximation error, h(x) is given by
_ _lx=cjI1?
hy(x) = exp( = ) (S6)

where h;(x) is the output of the j-th neuron in the hidden layer. x;,i = 1,2,.., M, € € RN n e RV,
j=12,..,N.

The proof process of Theorem 1:
Proof. A Lyapunov candidate function is selected as

Vo =5AZTPAZ +-WTW (S7)
then differentiating V, along the observation error AZ yields
Vo =AZTPAZ +-AZTPAZ + WTW
= ~AZT(ATP + PA)AZ + AZTP(WTh(Z)
+€(2) — €C;5ig™AZ — C,sig™AZ — C3AZ) — WTW
=— %AZT(Q + 2PC3)AZ
+AZTPe(2) + WTW
=X i piilAZi |t = X o 10221
where Q = ATP + PA. In alignment with the Assumption 1, Lemma 3 and Lemma 4, we can obtain the
following result

(S8)

Vo < =2 Amin(Q + 2PC3) | AZ 12 +1I AZ Il ey
+-WTW -~ WTW
aj+1

—Amin(C)(EF pis |AZI:|2)T
a1
~Amin(€2) (T, pii 10Z:17) 2 (S9)
— Amin(Q + 2PC3) I AZ |12 +1| AZ Il ey
+iWTW — @ ™W
2 2

IA

ai

~min{Ain(€1), Amin (€20} - (AZTPAZ)S + (A27PAZ)S)




Considering the Assumption 1, Eq. (S9) can be reformulated accordingly
Vo < =3 Amin(Q + 2PC3) | AZ I? +1 AZ Il €y
—WE - WTW
~Min{Amin (€1), Amin (€2)}AZ TPAZ
< —cVy+¥

(S10)

where
W = =~ Anin(Q + 2PC3) 1| AZ 12 +11 AZ Il ey — S W

is a bounded constant. ¢ = 2min{%,Amin(Cl),Amin(Cz)}. In accordance with Lyapunov stability theory, the
observer system has asymptotic stability when t — oo, V; = 0 . Then, the disturbance approximation error
6, = WTh(2) + €(Z) can be verified to be continuously bounded, satisfying Il ¢, I< ¢max-

Then the equation AZ can be rewritten as

AZ = (A — C3)AZ — C,sig™AZ — C,5ig2AZ + Gax (S11)

For the states z,, the Lemma 2 can guarantee that observation errors and weight errors W are

fixed-time stable with the settling time T, o for every angle errors as follows:

Cc3i Sc, ;
In(1+529) In(+—24
551,i ( C1,i )

Too<T; = max
00 = “Lupper c3(1-a1) " c3;8(1-a1)

(S12)

€3,i 5(53 i
552,i) 1n(1+—52‘i )

In(1+

M) @) Ses@-
where ¢c3; =1—d,, § =0.5.
For the states z,,, c3; = 0, the condition of Lemma 1 is satisfied, then the fixed settling time T, is:

L ! (S13)

€1,i6(1-a1) = ¢zi6(az-1)
In summary, the total settling time Ty .y is calculated by Ty max = max{Tyq, Ty} The proof has
been done.

Tow < Ti,upper =

Section S3
_ (su—sc)
Ta= (Sie—Sc)(Su=Sie)
T = Si,e(Sc—$u)—ScSutSusc
¢ (Si,e—Sc)(Su—Sie)
Taa=Tq
TC,Q =T, — Tdéop

(S14)

(S15)

Section S4

Establish the derivative of S with respectto t and substituting EQ into S, yields
SQ = Td,QéQ + TC,Q + Coég_ + klsigb169 + szigbZEQ

_ o (516)
=Tga(8aw + Aq) + T.q + coeq + kysig’req + k,sig”2eq

The first-order Taylor series expansion of S, in discretized time node (t + hy) is given
Sa(t +hy) = S(t) + 22 h, + 0(hy) (s17)



where hg is the time step, O(hs) is the high-order residual term. Neglect the residual expression O(hy) ,

and we can get a proportional relationship between the control signal % and control error estimation

ASq = Sq(t + hy) — Sq(t) attime step hg in advance. Thus, the derivative behavior in the control signal
(can theoretically foresee estimated state errors and suppress them effectively.

The proof process of Lemma 5:
Proof. Substituting Eq. (S18) in Section 3.3 into Sq, then we can get
Sq =Ko — kasig?sSg — k,sig’Sq — kstanh ™2 — kgexplanhGolg, (S18)
After that, the above equation can be rewritten as

—k3sigPs Sg—k4sigb4SQ—k5tanhSWQ+Zn

SQ - (1+k9exp|t3nh(sn)|) (319)
A Lyapunov candidate function is selected as
v, =3S8Sq (S20)
Differentiating V; and the following equation can be obtained
V1 = SESQ
= m (—k4sigPst1S, (s21)

—k,sig’+1Sy — ksSTtanh2 + STAL)

According to Remark 1, the estimated disturbance term satisfies S{Aq <Il Sq Il Dg. The function
tanh(-) directly denotes the sign of independent variable S, and the parameter w determines the upbound
of this adaptive term. Because of the parameter range of K, the range of denominator function can be
obtained by (1 4+ ¥g) € (1 + kq, 1+ 2.718k), then the following inequality can be deduced

Vi < o (kasigh*1Sq — kysigh*1Sq — ks Il Sq Il +1 S Il Do)

1 T bz+1 T by+1
= 1+kq (—k3(SaSa) 2 — ks (SQSQ) 2+l S Il (Do — ks)) (S22)
b3+1 ba+1
= _K3V1 2 _ K4‘/1 2 + fQ
b3+1 b+l _
Q Q Q

According to Lemma 1, the designed sliding mode manifold S, will reach the equilibrium hyperplane
So =0 inafixed time Tq, where Tg is given by

T, < 2 2

K3(b3—1) + K4(1-by)

(S23)
The proof is completed.
It should be noted that the convergence time T > Tgmax in Section S3.1 Eq. (S13). The stability
demonstration of the attitude angle sliding mode manifold explains that the first stage of sliding mode motion

has been accomplished. Then the system states will continue to move along this manifold until all the angles
reach equilibrium points.

The proof process of Lemma 6:
Proof. Similar to the proof process of Lemma 5, the quadratic Lyapunov function is given by

V, =5STS, (S24)
and then derive the derivative of V,



VZ = S(T)Sa)
_ 1
N (1+kwexp|ta“h(§w)|)

(_kGSigC3+lsw

—k,sigit*1S,, — kgSTtanh>2 + STR,,)

. (S25)
=T (—kgsigst1S,, — k,sigtst1s,,
IS, I (D — kg))
c3+1 cat1
==KV, * —K;V,* +¢,

: _ IS4 lI(Dy—ks) _ g3l _ ky et :
where the approximated error &, = ST >0, K¢ = Tk , K; = Tk 272 . According to
Lemma 1 and Remark 1, the fixed convergence time T,, can be deduced as

2 2
<
To = Ke(c3—1)  K7(1-c4) (826)
It also should be noted that the convergence time T, = Ty max in Section S3.1 Eq. (S13).
Section S5
The proof process of Theorem 2:
Proof. Select a Lyapunov function
Vs = %e;ﬂeg + %eZew + %ZEZQ + %K{,Zw (S27)

According to the time derivative of 1/, and transformed attitude error system é, and é,, then we can
obtain

Vs = EE (Toa(8ww + Ag) + Teq)
+el (f, +g,u+A4,) (S28)
+Z’!T)ZQ + Z};Zw
Substituting the proposed controllers w* and u* into Eq. (528) and Sy, =0, S, = 0 are satisfied, we
can obtain
Vs = —coeh€q — ki Xi4 | €ai|Mt —ky X7, | €g P21t
_Cwezoew - ll 21'3=1 | ew,ilcl+1 - 12 1'3=1 | ew,i|62+1 (829)
+eLAq + el A, +ALA, + ALA,,
According to Lemma 3 and Lemma 4, the following relationship is hold,

141 by+1
. 1\ =T — —T—=\ 2 —T—\ 2 1
Vs < — (co - E) €eneq — k; (eﬂeﬂ) 2 —k, (eQeQ) 2 - (cw - 5) ele,
€1+1 C2t1 ~ ~ 17~ 1 ~
—lLi(eje,) = —ly(ele,) = +A4Aq +ALA, +5A040 +ALA,
There are two exponential combination situations that need to be discussed respectively,
1) If the conditions b = b; = ¢; and ¢ = b, = ¢, are satisfied, considering Remark 1 and Lemma 3, then

b+1 c+1
. T T - T -
Vs, < —M, (eneﬂ + eLew) - M, (eﬂeﬂ + eLew) 2 — M, (eﬂeﬂ + el,ew) P+ g (s31)
b+1 c+1

(S30)

S _M1V3 - M2V3 z - M?,]/?)T + fD

=i~ (-2

M, = min{k,, l;},

where



M = min{k,,1,},&, = D3 + D2 + D3 + D2
b+1 c+1

and My = 2M; M, =272 M,,M3 = 22 M.
According to Lemma 2, the semi-global practical fixed-time stability (SPFS) is achieved, and the
convergence time is deduced by

In(14+22) 1n(14+2M1 ln(1+—) ln(1+5M1)
T3 < T3max = 2max{ _( 5MZ> ( 2 )} + 2max{ (S32)

M,(1-b) ' 6M,(1-b) M (c— 1) M4 (c— 1)

where § = 0.5, and the errors will converge to a sufficiently small residual set e;

2
. c+1
e; Smm{M1 15 [Mz s } (S33)

2) If by #c¢; and b, # c, , then

b+1

[M3(1 8)

c1+1

bi+1 ar
Vs < —M; (eneq + ele,) — ki (€nen) ° —ki(eea) * +ki (enen) °

T ba+1 T c2+1 T c2+1 c1+1 c2+1
_kz(énéﬂ) ’ “kz(égaﬂ) ’ 4'k2(énéﬂ) * o —l(efe,) 2 —L(eje,) 2 +&p
erta (S34)

f+ép

bi+1
-M, (EEEQ + ez,em) - M, (ESTIEQ + ez,ea,) P M, (EST)EQ + ez)ew)
et bpt1 et byt
+hy <(éﬁéﬂ) * —(%a%a) * ) +k; ((a}zéﬂ) CE )
Settlng my; = ClTH,nl = %,mz = CZTH,HZ = w, th
1t
2

vV, < —M, (EEEQ + eI,ew) - M, (EEEQ + ez,ea,)

cp+1

_T_
—M, (eQeQ+eZew) o+ (S35)
c1+1 cat1
—NVz =NV, 2 =NV, 2 + &)

c1+1 ca+1

Where N1 = 2M1, NZ = ZTMz, N3 = ZTM3
There are two special cases that can make the above inequality hold: 1< the term EEEQ >1,0<m; <

n, <1 and 1 <m, <n,. 2< the conditions 0 <EEEQ <1l,0<n;<m<1and 1<n,<m, are
satisfied. Then the error states e, and e, satisfy SPFS and the convergence time can be derived by
ln(1+—) 1n(1+%)}

T3 < T3,max = ZmaX{Nl(l ¢1) " 8N;(1-cy)

In(1450) 1n(1+5"’1) (S36)
+2maX{N1(cz—1) SNl(cz—l)}
where 6 = 0.5, similarly, the sufficiently small residual set el can be provided by
e < min{Mu -5)’ [N2(1 -5) Clﬂ [N3(1 -5) CZH} (S37)
Then the upper bound of total convergence time of closed-loop system T,;; satisfies
To = max{Tq, T} + Ts (S38)

The proof is completed.



