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Abstract

This paper investigates a tracking control problem for a class of strict-feedback nonlinear systems
with time delays, asymmetric output constraints, and deception attacks on the controller. First,
by introducing a novel error transformation techniques, any non-zero and bounded initial state is
converted into zero. Second, a barrier function with the asymmetric output constraints is designed,
which convert the problem of satisfying the tracking control problem of nonlinear systems under
output constraints boils down to ensuring the boundedness. In additional, the radial basis function
neural networks (RBFNNSs) are utilized to handle both unknown uncertain term and deception attacks
simultaneously. By utilizing the new asymmetric delayed barrier function error together with a
RBFNNSs technique, the tracking controller is designed to achieve asymptotic tracking, regardless of
presence or absence of output constraints. Finally, the effectiveness of the proposed strategy is verified
through its simulation on the unmanned aerial vehicle’s (UAVs) systems.

Keywords: asymmetric output constraints; error-shifting function; barrier function; deception attacks;
neural networks; unmanned aerial vehicle

1. Introduction

Most practical systems are inevitably subject to various operational constraints. For example,
when UAVs along the desired trajectory, it must maintain a certain pitch angle to avoid obstacles. The
output constrain problem of nonlinear systems has garnered widespread attention in numerous fields
[1-8]. For such problems, in controller design the optimal control [9] are achieves optimal tracking for
a continuous-time boiler turbine system with asymmetric constraints, [10] ensures that the system state
always satisfies the predetermined bounds, while tube-based model predictive control (MPC) scheme
is found in [11]. However, these methods often come with a significant online computational burden
or can only be applied to linear systems. In contrast, methods based on barrier functions (BF) and
barrier Lyapunov functions (BLF) not only require less computation but also can address the output
constraint problems of nonlinear systems. Therefore, it has attracted hot research [12-22].

In the majority of existing works, constraints can be divided into static and time-varying. Static
constraints based on barrier functions can be found in [23-25]. However, static constraints are difficult
to apply to complex scenarios. In [26-28], time-varying constraints are addressed, but the lower bound
must be negative in [26]. While [27] relaxes the requirement of the output constraints in [26], which
allowing the lower bound of the output be positive. The time-varying constraint functions in [28]
can be directly defined by users, but their first and second derivatives need continuous and bounded.
It should be noted that in the aforementioned work, the values of the upper and lower bounds of
the constraints must be known. It is inevitably increases the computational burden. Additionally,
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the constrains exist throughout the entire operation of the system, and the control scheme cannot be
directly applied to the constrain-free case without switching.

In general, asymmetric constraints can be categorized as undelayed and delay. The study of
undelayed asymmetric can be found in [5,29-32], and delay asymmetric can be found in [14,33,34].
Such as, for [31,32] a unified state feedback control scheme is proposed for nonlinear systems subject to
asymmetric output constraints, which can be applied to scenarios with or without constraints, without
the need to modify or switch its structure. It should be noted that the problem of delay constraint
is not considered in [31,32]. To cope with the delay constrain problem, a novel adaptive tracking
control scheme is proposed in [14], even if the initial state constraints are not satisfied. However, the
transformation function in [14] is non-smooth, which can easily cause output overshoot or oscillation
during the switching phase of the constraints. Compared with [14], the constraint switching in [33] is
smoother, but it fails to extend it to the control problem under cyber attacks. Thus, dealing with such
delay constraints inherently demands that the proposed method be uniformly applicable, regardless of
the presence or absence of constraints.

Inspired by the above research, in this paper a neural network-based output control scheme is
proposed for the tracking problem of strict-feedback nonlinear systems with delayed asymmetric
constraints, multiplicative attacks, additive attacks, and disturbances. The main contributions of this
paper are as follows:

(1) Compared with [14,35] the error transformation function constructed in this article has two
advantages: first, by introducing an exponential term, it ensures the smoothness of the transition
phase before the constraint is activated; second, by introducing the parameter b, the transition
speed when the constraint is activated can be flexibly adjusted.

(2) Barrier function constructed based on error transformation function, which not only satisfy the
delayed asymmetric constraints, but also allows the controller to be applicable regardless of the
presence of delay constraints, without changing its structure.

(3) Different from existing studies [9-11,32], the upper and lower output constraint boundaries are
not to be known, in this paper the proposed strategy only assumes that the existence of constraint
boundaries. It makes the control algorithm require less computation and easier to generalize to
more application scenarios.

2. Problem Formulation and Preliminaries

In this paper, we consider the following strict-feedback nonlinear systems:

§i = @i(8i)Ci +¥i(&) +di(Cit), i=1,...,n—1
Gn = Gon(gn)["(t/ te)u+ x(t, tx)] + l/Jn(Cn) +dn(Cn, t) 1)
y==a

where §; = [, - ..,§id]T € R?,i=1,...,n, denote system states, & = [¢1,...,&]T € R is the state
vector; u = [ug,...,uy)T € RY represent control input; ¢;(-) € R™*9,1;(-) € R? are unknown smooth
nonlinear functions; the multiplicative attack signal x(¢,t,) and additive attack signal x(t,t,) are
continuous time-varying deception attack signals that attempt to disrupt the normal controller u, with
starting instants t, and t,, respectively.

The systems subject to time-varying output constraints defined by:

(1) Fort € [0,ts), yx(t) is unconstrained;
(2) Fort € [ts,00), yx € Oy, = {(t,yx) € Ry xRN | Clk(t) <y < Chk(t)} .

where t; € R is the time instant when output must begin to conform to the constraints; C; (t) and
Cy, (t) represent the lower and upper asymmetric constraints of output y(t), respectively, some or all
of them may not exist in some time intervals, where it can be considered as Fco.
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Control Objective: For the strict-feedback nonlinear systems subject to delay asymmetric con-
straints, the aim is to design a new neural network tracking control scheme such that the reference
trajectory v, (t) should be tracked by the system output y; (t) which meaning the tracking error can be
made arbitrarily small.

The following assumptions and lemmas are needed.

Assumption 1. ([31]) The constraint functions Cy (t), Cy, (t) and the desired trajectory yy, (t) are all piecewise
differentiable, and their first derivatives are bounded but unknown. Specifically, there exist unknown finite
positive constants Cy,, Cy,, and gy, such that ||Cp || < Cp, |Cp || < Cpy, and ||(fyr, + fyr )| < Fr,. In
addition, there exist positive constants €, and & such that the desired trajectory y,, (t) satisfies y,, (t) € Qg :=
{(t,yr) € Ry x R[C(t) + €9 < yr, < Cp (1) — &0}

Assumption 2. ([20]) The control coefficients ¢;(¢;), i = 1,...,n are unknown and time-varying but bounded
away from zero, i.e., there exist certain unknown constants 2 and @; such that 0 < 9. < i (€] < @; < oo,
In general, it is further assumed that all of the signs of ¢;(¢;) are positive.

Assumption 3. ([36]) The unknown multiplicative attack signal x(t, t) and additive attack signal x (t, i)
are both boundary. In other words, the positive scalars k, & and X exist such that x < ||x(t,t)|| < & and

Xt t)ll < X-

Lemma 1. ([37]) On a compact set Qy; C RY, radial basis function neural networks can realize online approxi-
mation for any continuous function F(U), and the approximation accuracy can meet any preset requirement.
Its approximation relationship can be expressed as: F(U) = W*Ty(U) +¢. Let w; = W 2Vi=1,...,n,
where wj is an unknown constant. The definitions and properties of each parameter in the above expression are
as follows:

(1) Input and structural parameters: U € R! represents the input vector of the neural network; g > 1 is the
number of network basis functions, corresponding to the weight vector WT = [Wy, W, ..., W,]T € RS
and the basis function vector n(U) = [ (U), 12(U), ..., 1g(U)]T € RS, and the basis function vector
satisfies the norm constraint ||ly(U)||> < q.

(2) Form of basis functions: Each basis function y;(U) (i =1, ..., q) adopts a Gaussian function structure,

and its specific form is 1;(U) = exp [— w where k; is the center parameter of the Gaussian

function, and 1; is its width parameter.
(3) Approximation error property: e(U) denotes the error generated during the approximation process, and

this error satisfies the boundedness condition |e(U)| < ey (where € is a positive constant). Furthermore,
the error ¢(U) can be adjusted to a minimal value by selecting the ideal weight vector W*. The definition

of this ideal weight vector is: W* = argminwegs Sup e, |F(U) — WTy(U)|, which is the weight
vector that minimizes the "maximum deviation between the function F(U) and the neural network output

WTy(U)” on the compact set Q.

2.1. Error Shifting Function

To address the delay output constraint problem, the following transformation function is pro-

posed:
£t = 1_(%)n+zexp<—2t;—z"n), 0<t<t

1, t >t

)

with ts > 0 being a prespecified regulation time, # being the system order and b is a positive constant.
The novel error shifting function can make any nonzero and bounded initial state is converted
into zero, as show in Figure 1:
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(a). State evolution with arbitrary non-zero initial condition (b). Shifted state evolution with zero initial condition

Figure 1. The role of the shifting function f(f).

Remark 1. Compared with [35], the error transformation function proposed in this paper has two distinct
advantages: first, by introducing the exponential term exp —Zt;—; , the proposed error transformation function
can transition more smoothly when the constraint is activated; second, by introducing the parameter b, the
transition rate of constraint activation can be flexibly adjusted as shown in Figure 2.

| | | L | | | L 1
0 2 4 6 8 10 12 14 16 18 20
Time [s]

Figure 2. the response of f(t) with different b values and in Re.[35].
Lemma 2. ([14]) As shown in (2), the proposed error shifting function f(t) has the following key properties:
(1) f(t) is monotonically increasing for t € [0, ts]; forany t > 0, f(t) € [0,1] and f(0) = 0;
(2) f(t) attains its maximum value of 1 at t = ts, and remains 1 for t > t;;
(3) f(i) (t),i=0,1,...,n+1,are C"*1 and boundary for t € [0, 00).

2.2. Barrier Function

To address the problem of delay asymmetric constraints, based on the error shifting function (2) a
class of BFs is introduced as follows:

P(fxi) Q(fxx)
fxe—Ciy * Cr, — fxx +R(fx)

xx € {&yn b k=1,...,d

H(kar Clkr Chk) =

)

with the initial condition &, (0) € Oy, ,where P(fxy), Q(fxx) and R(fx) satisfy the following criteria:
For Vx, € R, 1) P(fxi) < 0,0 < 42 < 400;2) Q(fxx) > 0,0 < 42 < +o0;and 3) 0 < & < oo,
limy, 40 = R, limy, s _co = R with R and R being constants.

Remark 2. Compared with the barrier function in [31], in this work, a novel unified BF is proposed, which
allows the controller to be applicable regardless of the presence of delay constraints, without changing its
structure.
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Remark 3. A neural network-based tracking control scheme is proposed for systems with output delay asym-
metric constraints such that not only make sure that all the tracking errors become arbitrarily small, but also
guarantee the output obey delay asymmetric constraints in fixed time even if the initial restriction conditions are
not satisfied.

Lemma 3. [31] Forany ¢1,(0) € Qq,, H(fxx, Cy,, Cp, ), Xk € {G1,,Yr, }, has the following properties:

. X
C’11_r>1r100 H(fx, Gy, Cp) = m + R(fxi)
K k
. P(fxy)
lim H =_—~ TR
Chkl—I}-lﬁ-Oo (fxx, Ci, Ciy ) - Cy + R(fxk) (4)
olim  H(fxi) = R(fxx)
I~
Chk*>+°°

Therefore, it holds that, the absence of either C;,_or Cy,, does not affect the normal preservation of the remaining
constraints. For any xi € Qy, the external constraints C;,_and Cy, are not violated as long as H(fxy, C;,, Cp, )
is bounded. Moreover, the nonlinear BF H(fxy, Cy,, Cp, ), will be reduced to R(fxy) when both C;_and Cy,_do
not exist.

Lemma 4. ([31]) Even if the system (1) is potentially affected by delay asymmetric constraints, the constructed
barrier function H(fxy, Cy,, Cp, ), can always maintain the controllability of the original system.

Proof. Taking the derivative of x; € {¢1,, Y, } With respect to (w.r.t.) time yields:

H(fxx, Cp, Ciy) = pa (fxie) (fxie + fx) + pa(fx)Cr, — pa(fxi) Gy (5)
AP (fr—Cp )~ fP(fxe)  92(Cy —fr)+Q(fxx)
where ju(fx) = St + B S + el = i mifr) =
Q(fxk)
(Ch—fxi)*”

If constraints are not violated, then C;, < ¢;, < Cj_ holds, and we can readily obtain that
#1(¢1,) > 0 for V&1, € (Cy, Cy, ), which ensures that the gain term p1 (g1, ) of subsystem (5) is always
not equal to zero, further implying that the original system can always remain controllable. [

2.3. Error analysis

To proceed, for the sake of promoting the development of the adaptive tracking control framework,
the tracking error B;,7 =1, ..., n is defined as follows:

p1=

6
Bi=¢—0_1,i=2,...,n (6)

with ¢; being the virtual controller to be designed later.
Subsequently, to address the problem of delay asymmetric output constraints, on the basis of
barrier function (3), a new error z;,i = 1,...,n is defined as follows:

z1 = H(f¢1) — H(fyr)

7
zi=¢C—0_1, i=2,...,n )

Lemma 5. ([31]) If constraints are not violated, then z1, = 0 if and only if B1, = 0.
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Proof. In accordance with(3), (7) can be expressed:
_ P& PUyn) | Q%) QUfyn)
Cofe -G fun =G Gy — G, G — fyn (8)
+ R(f%1,) = R(fyr)

Z]

It is readily verified that z;, = 0 when B;, = 0, if z;, are bounded and the initial condition is
satisfied for any. To prove that z;, = 0 only when B, = 0, we take the derivative of z;, w.r.t. {;, and

o
then have % = p1(81,) > 0for Vxy, € (Cy,, Cy,). Therefore, we can draw the conclusion that zj, =0
k
if and only if f;, = 0. O

3. Main Results
3.1. Controller Design

The virtual control laws ¢;, actual controller 1 and adaptation laws & are designed as:

0 =—mjz; —Kj,i=1,...,n—1 ®
1
A Yi 2 N
b= 20—y i=1,...,n an
4a? "

the values of the above parameters are shown later.

3.2. Stability Analysis

Theorem 1. In terms of the nonlinear (1), suppose Assumptions 1-4 are true. Then, the actual controller (10),
together with the virtual controller (9) and adaptation laws (11) fori = 1,2,...,n, can guarantee the ultimately
uniformly bounded (UUB) tracking of the output y(t) to the reference y,(t). Moreover, even if the initial output
constraint is violated, the output y(t) = &1(t) of the resulting closed-loop system obeys the delayed asymmetric
output constraints in preset-time ts, i.e., C/(t) < y(t) = &1(t) < Cyu(t) (Vt > t5). All the internal signals in
closed-loop system are ensured to be bounded.

Proof. Step 1: Construct the Lyapunov function:

_ 1o, 1 5

where @1 = w1 — @1 represents the estimation error. As a result, differentiating (12) obtains:
. . 1.
Vi =2121 — — @1
T

. . 1, (13
=z1(H(f&1) — H(fyr)) — adncﬁl

For
H(f&1) = m(f&) (&1 + f&1) + ua(f61)C — ua3(f1)Co
= wm(f&)[f&1 + f(@18a + 91 +d1)] + pa(fE1)C — uz(fE1)Cy, (14)
= m(f&) [f&1+ (@122 + o101 + Y1 + dv)] + u2(f61)Cr — pa(fE1)Ci
similarly,

H(fyr) = m(fyr) (fyr + fyr) + w2 (fyr)Cr — p3(fyr)Cn (15)
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Substituting (14) and (15) into (13), we obtain:
Vi =21 [ (f81) (f&1 + frz2 + @101 + 1 +d1)) + p2(fE1)Cr — pa(f61)Co
= 11 (fyo) (Fyr + ) = w2 (Fyr) Cr s (fyr)Co] = %wla‘n 1
Based on Lemma 1, choosing;
i (f&) 1+ m(f&) fdr = Wil (Un) + & (17)
then
Vi =21 [ (f81) (f1 + fprze + f101) + ua(fE1)C — pa(fE1)Co — pa (fyr) (fyr + for) -

. . 1,
— 12 (fyr)Cr+us(fyr)Cu] + 22 Wi T (Un) + 261 — Sy

Based on Young’s inequality, Lemma 1, and Assumptions 1 and 2 and adaptation laws (11), we

have: . .
z1[(2(f&1) — m2(fye))Cr + (u3(fyr) — pa(£61))Co)
) ) 1 G+ C (19)
< @z [(a(fE) = () + (ms(fyr) = po(60)°] + =g =
. =2
21 [ (Foe) e+ £90)] < s (o + 0)
. . 1
2 (FE)f6 < gaziid (fE) 78 + 4 o (21)
)
21 (f&1)fprz2 < @ e 217 (f61)23 + 1 A (22)
P2
z1 (Wi (Up) + 1) < 4%2%01111 + a2 + 4112% + €4, (23)
1
h oo o5, o,
%wlwl < gwl - Ewl (24)

where ¢ and ¢; are positive control design parameters. Based on (19) to (24), (18) can be rewritten as:

. 1 hy
Vi < 21#1(f§1)f(€01191 + flKl) + a1z @+ 9,02 p (f61)25 + Ty + 471 — ﬁ“’% (25)

=2 21520 02
_ (222 _ 1 @ Jr+Ci+C 2 2, 2 _
where Ki = ciziui(fG1)f°¢y, Tn = i, + 4%162 + 41;1 L eyy + a7 + 2711“’1 and ®; =

(m2(FE1) — m2(Fy))* + (ua(fyr) — ua(fE1)) + #2(fyy)-. Since Ky, Ty and @; are both calculated, we

design the following virtual controller:

B = —mz — Ky (26)
with m; denoting the positive control design parameter. Then:

2 (f&) for101 = —mizZiun (FE1) for — zima (f&1) fpr Ka

o B (27)
< —mzi (f&)fe, —zm(f&)fe K

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Substituting (27) into (25) yields:

. 1 hi .
Vi < —mip (fG1)fo, 20 + 77 — 5-@F + 9,0021 4] (fE1)F + a1 12} + T (28)
b} 4 2 L)

44!
Stepi (2 < i < n—1): At the current i th step, it should be noticed that 8; = ¢; — ¢;_1 and
9;_1 denotes a function of CZ 1, ySl_l), w;_1, f(i_l), Cl(l j) and C( 7) withj =1,2,...,i — 1, where

G =[enc Gl i = ey T, i = n, - G, FOU = [f,. fDT
Cl(l_]) = [Cl,...,Cl(Z )] and C( D= =[Cy, . ..,C}(ll_])]T withj=1,2,...,i — 1. Ergo, we can derive:

i—1 819
b= L e (981 + 9+ ) + To,_, (29)
=
i-1 994 ]+1) 81 i—1 001
- B+ Yy T G+1)
Poos =L o G Z a0 T L af(j) /
]—0 Yy
(30)
g (p+1) p+1
) Z
j=1p=0 j=1p=0
Construct the Lyapunov function:
1, 1
Vi=Vi 1+ 22 + —@? (31)

270 2y

where @; = w; — @; represents the estimation error. We can calculate the derivative of z; w.r.t. time as:

zZj = 61’ - l9i—1
= (¢i(&i) ¢ i(Gi) +di(&;,
(¢z (Cll)gl;-l +¢ (C) + (g t)) (32)
-(E% w@gan@ @+
Based on Lemma 1, choosing;:
(1P1 (gz) +d gzr E a(:f] IP] (gj) +d; (gjl )) = Wi*Tﬂi(ui) + € (33)
then
=1 99;_4 T 1 _ .
Vi =Vic1 +2i9; (&) Cia — Z oF; Loi(&) &1 + T, | +2ziW, Wi(uz’)“‘zifi_?wiwi
] i
— 98;_ T (34)
= Vi- 1+ZZ((P1(¢Z)ZZ+1+(’)I z 1 2 a (P] é] €]+1+r19, 1 +z;W; 1i(U;)

1 .
+ z;e; — —@;Ww;
Vi

Based on Young’s inequality, Lemma 1, and Assumptions 1 and 2, adaptation laws (12), we have:

=2
z Pi
zi@i(Ci)zig1 < @., . Ci 122 z2 + (35)
z(Pz( z) i+ Yipqritleip1 4§9i+1ci+1
zily, | < go.cizlzl"lzg T ! (36)
L] i 4fjci
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2 i-1 @2
G+ Yy (37)

e (38)
hi hi 5 hi 5
—t < ) 39
A T )
where ¢; and c;, 1 are positive control design parameters. Accordingly, we can get
; 20, 1, Mo = ‘
Vi < =mip(fE)fo 2t + 471 — E +oa®Pizi + T+ ) —mig; Z + 4z] - 2—w +T;
=2 ! (40)
Lo hi o
+ Zi<€0i19i +fi1<i) +TI; +£i+1cz+1zl+1z TgE T 2—,;1“’

io1 901 i—1 gl’]
where K; —CIZZ 1+0121(2] 1 a?; ) ]+1+Czr19 -1’ i = 4¢Cz+2
h;

j=1 39,0 +44, e +8N—|—a +
2_77-“’ Since K; and I'; are both calculated, we design the following virtual controller

191‘ = —m;z; — Kz’

(41)
with m; denoting the positive control design parameter. Then
zi9i% = —miz; i — z;@;K; < —miz%i)i —zi¢.K; (42)
Substituting (42) into (40):

i
Vi < —myn(f&)fe,zt - Z(m]q) D)+ o, izt
j=2

i (1 " (43)
P22 22 Yy
+ ay 121—1—];(42] 2, P+ T

Step n : Construct the Lyapunov function

_ 1o, 1 2
Vn—Vn 1+22 +2’)/n n (44)

Wy represents the estimation error. We can calculate the derivative of z,, w.r.t. time
as:

Zn—(fn nl

where @, = wy, —

= (% (Cn) [K(t, ti)u + x(t )] + Pn (C_n) +dn (511/ t)) (45)
(% @)+ @) -0+, )
]

Based on Lemma 1, choosing;:

(90 (Ga) + 2 (En, 1)) + @0 (E) (1, 1) — 2&%1

. ($(5) +d; (G t) = WiTna(Un) + €0 (46)
=
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then:
Vn = Vn—l + ZnZy — a]n(j}n
= 2.2 o "1, b,
mlyl(fgl)f(plzl Z (m]f(p z ) + @ cnzuzy 1 T Przy + ) 15 ij +T;
j= j=1 ]

—1 P} _
+ 2 f@n (En) e (t, ti)u — zn Z g (¢j(Z})&j+1+Ts, ;)
j=1

1.
+ 2, Wl (Uy) 4 zugn — i
1

Based on Young’s inequality, Lemma 1, and Assumptions 1 and 2, adaptation laws (11), we have:

819 2 n—1 4‘)2
1 ]
—Zp E — (Pjg]-‘rl P,CnZn (Z ) (:.4-1 Z (48)
]_1 af; ]_1 a(;f] J ) 4£ncn
Iy < 2r2 !
—Zn B S annzn Bp1 + 4£ncn (49)
*T 1 1
(Wn 1 (Un) +sn) P 2z Wl + a5 + 4z 2+ ek (50)
hn hy 5 hn 5
— Wy < —w;, — w 51
’)/n n“n = 2,)/11 n 2,}’11 n ( )
where ¢, is positive control design parameter. Accordingly, we can get:
. , "= hj
Vng—mlyl(fg‘l)ﬂplzl— Z( 97 )—Hxl(l)lzl—i—z —z] ——w +T;
= e (52)
4z ((pnx(t, te)u +£nK")
1""2” 152
where Ky, = cuznz2 | + cnzn + nzn (Z” 1 ag’é] 1) it cnznl" T = TSH(PJ 4+ g2
Since K, and I'y, are both calculated, the controller is designed as: -
1
with m;, denoting the positive control design parameter. Then:
Zp@uik(t, b )u = —mnz%qon — 2y 9nKy 54)
< —mnzﬁfn — znann
) hj
V, < —mlyl(fgl)fgolzl Z(m](pz )+'yld>121+2 —z —z—w +T;
= Vi (55)
< —uVutv
where y = min{mlylflf, mig., %, 2%, 2% |i=2,3,... ,n}, v = 2}1:1 r;+ 71<I>1z%, we can infer from
(55) that:
0<Vu(t) < 2+ (Vn(o) - 3>e-w (56)
M M
1, v v\ _
22 < < Z -2 ut 7
57 Vu(f) < p —+ (Vn(O) y)e (57)
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|z1] < \/ 2y Z(Vnm) - ”)e-ﬂf (58)
I3 M

Whent — oo, |z1| < / 27”, and the tracking error can be made arbitrarily small by adjusting y and v,
satisfying the UUB tracking of the output y(t) to y,(f).

n
V, < —t;z]z+v (59)
=

where | = min{m]-ﬁjfj f, mjf], fli=2, 3,...,n}. For the sake of convenience, we denote z =
[z1,22,..., zn]T and B = [B1,B2,-- -, ,Bn]T, then (59) can be reconstructed as follows:

IzTz4+V, <v (60)

By means of integrating (60) and utilizing the fact that V;, is bounded, we can get:

lim / T <V (61)
Ty—o0 Ty Jo Tl
notice that:
lim / " BTRa = lim - / " Tt (62)
Ty—00 Tz, 0 - Ty—r00 Tv 0
Similarly, we can further obtain:
1 T 1 T
lim —/ zTzdt = lim —/ 21 zdt (63)
Ty—o0 1y Jtg Ty—o 1y JO
According to (61), (62) and (63), one has:
. 1 To 2 . 1 To T 1%
_ 24t < il < =
Tllinoo Ty /0 'BI dt < T},linoo T, /0 'B 'Bdt Tl (64)

The above analysis indicates that v is a key parameter affecting the mean-square tracking error
and virtual tracking errors. If v is chosen sufficiently small, the value of B; will decrease accordingly.
From the boundedness of V(t), it follows that z; and @; are bounded; Combining z; = f(t)p;,
Bi = ¢; — ¥;_1, and the virtual controller ¢; = —m;z; — K; (where K; is bounded), we can conclude that
1

¢; and ¢; are bounded; The actual controller u = (—=mpzy — Ky), since z,,, Ky, and x are bounded, u is

bounded; In summary, all closed-loop signals such as ¢i, u, @;, and z1 are uniformly bounded. O

4. Numerical Simulation

In order to attest the efficacy of the proposed control framework in this section, we give an
emblematic application example. The attitude control of the quadrotor UAV is described in [38] and a
part of parameters are designed as (65):

X101 = X1,2

X1 = lixopxsp — b Oyxop — I3x1 0 + biug +dy(t)
X1 = X202 (65)
Xop = lax10X32 — I5Qyx1 2 — leXop + boug + dy(t)

X371 = X32

J'c3,2 = l7x1,2x2,2 — ng3,2 + b3utp + dlp(t)
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where x = (¢, ¢,0,0,¢,9), u = [ug, up, u ]Tdenotesthein utvector. by = %, by =%, py=1
»,9,9,0,9, s @r 4o, Uy P - U1 I’ 2 Iy 7 3 L.’
L,—1I I k L—1I I k L—1, k
ll = yIXZ, 12 = ﬁ, l3 = I—f, l4 = ZIyx’l5 = ﬁ, l6 = Tye’ l7 = 7xlzy’ 18 = I—f, Q, =

W1 — Wy + w3z — Wy,

Table 1. Quadrotor physical parameters.

Parameter(s) Value(s)

dg 0.205 cm

Jq 28 x 107> kgm

Ly, Iy 9.3 x 1072 kgm

L 8.2x 1072 kg m
Ky, Ky 5.56 x 107> N m s/rad
Ky 6.35 x 107> N m s/rad
Q, 100 rad/s

The ¢, 6, and ¢ denote the roll, pitch, and yaw angles, respectively. The (I, I, I,) denote the body
inertia, (k(,,, ko, k¢) denote aerodynamic coefficients, J;, b, k, d; denote rotor inertia, thrust factor, drag
factor, the distance from the quadcopter’s center of mass to the rotor shaft respectively, and w; for i
ranging from 1 to 4 denote the angular velocity of each rotor i respectively.

Our control goal is to make the reference trajectory y, = [¢r, 6y, ¢,]T should be tracked by the
system output y = [¢,6, ¢]T.

Define the following vector to represent the attitude of the UAV: & = [¢,0,%]T, & = [¢,0,¢]T.
Then, the attitude control system of the UAV can be rewritten as:

L=20
& = glcu+x]+ 2+ do (66)
y==2a
by 0 0 £ 0 0 L6 — 1,00 — 3¢ dy(t)
where g = |0 by 0| = |0 f 0|, o = |Lgd—I5Q¢—1Ie0|, da = |dy(t)| =
0 0 bs 0 0 # l7¢0 — Isp dy (t)
0.5sin(2t)
0.5cos(2t) | .
0.2 sin(3t)

The parameter selection is determined as follows: The initial state of Case I is {(0) =
[1.2,1.33,1.5]7, the initial state of Case II is &(0) = [0.8,0.5,0.6]". The upper bound of the output
constraint is Cp, (t) = 1+ 0.1sin(4t), the lower bound of the output constraint is C;, (t) = —2 — sin(2t).
The multiplicative deception attack signals
(t, tx) = diag(0.01 4 0.01sin(20¢), 0.01 + 0.3 sin(30¢), 0.01 4 0.03 sin(20¢)), the additive deception
attack signals x(t,ty) = [Xroll, X6, Xy]T = [50.0sin(4t), 60.0sin(3t),70.0sin(3t)]T, there are the multi-
plicative deception attack and the additive deception attack on the controller when t, = 7.0s and
ty = 3.0s, respectively. The reference signal is selected as y, = [(0.3 + 0.3 tanh(2.0t))sint, (0.3 +
0.3 tanh(2.0¢)) cost, (0.3 + 0.3tanh(2.0¢t))0.8sint]T. The output should be constrained in —2 —
sin(2t) < &1, < 14 0.1sin(4t) after t = 10s. The design parameters are selected as m; = 3.0,
nmyp = 2.0.

Case I: The output restrictions are not obeyed at the initial time instant. The simulation results
are presented in Figures 3-8.
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Figure 3. The trajectory of ¢; of casel
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Figure 4. The trajectory of ¢, of casel
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Figure 5. The trajectory error of case I
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Figure 7. Case I: the evolution of tracking error S;.
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Figure 8. The output y and reference output y, of case I

Case II: The output conform to the constraint conditions initially and are free of restraint for
t € [0,ts). When t > t,, the output obey the corresponding constraints. The simulation results are
presented in Figures 9-14.

El -Roll
o 2 L T T T T T T T T T B
X
en
g - — —
Z 2
_4 | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20
Time 3]
&, -Pitch
- 2 [ T T T T T T T T T ]
£ 0 W
X
I8}
g -2 1
-
_4 | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20
Time |s]
& -Yaw
o 2 L T T T T T T T T T ]
iy
=14}
2t i
2
_4 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Time 3]

Figure 9. The trajectory of ¢; of case I
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Figure 10. The trajectory of &, of case I
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Figure 11. The trajectory error of case I
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Figure 12. The control input of case II
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Figure 13. Case II: the evolution of tracking error f;.
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Figure 14. The output y and reference output y; of case II

Figs. 3 and Figs. 4 describe the profile of the state ¢, {> under case I. Figs. 9 and Figs. 10 describe
the profile of the state ¢y, {» under case IL. It can be seen that all signals in the closed-loop systems
are UUB. The control input and the adaptive laws & are shown in Figs. 5 and 6 under case I. The
control input and the adaptive laws @ are shown in Figs. 11 and 12 under case II. It is observe that the
adaptive and controller have a good performance under the multiplicative attack at 7s and additive
attack at 3s. Figure 7 Figs. 13 illustrate the profile of tracking error under case I and under II. Figs. 8
and Figs. 14 present the trajectories of y and y,. Through the above simulation results, we can observe
that the good tracking performance can be derived and the system output y satisfies its restriction
condition just after the preset time ts = 10s whether the initial constraint conditions are observed or
not.

5. Conclusions

In this work, a unified output feedback control method is proposed for strict-feedback nonlinear
systems subject to delay asymmetric output constraints, deception attacks and disturbances. Specifi-
cally, by introducing a novel error shifting function and designing a novel barrier function, the issue of
delay asymmetric output constraints is effectively addressed, and the designed controller is applicable
regardless of the presence or absence of delay asymmetric constraints, without the need for changes or
switching. A key advantage lies in that the method does not require knowledge of the maximum and
minimum values of constraint functions, which effectively lowers the threshold for algorithm design
and brings convenience to practical implementation. Eventually, the effectiveness of the proposed
control scheme have been illustrated by a unmanned aerial vehicle application example.
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