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Abstract—This paper proposes an adaptive fuzzy command
filtering control (CFC) approach for non-strict feedback
stochastic nonlinear systems with time-varying all-state
constraints and dead-zone inputs. A novel barrier Lyapunov
function (BLF) is employed to handle time-varying constraints
on all states. The nonlinear dead-zone input is decomposed into
a linear part and a bounded disturbance component, simplifying
the control design. A fuzzy logic system (FLS) approximates
unknown system nonlinearities, while a second-order fast
command filter resolves the ”complexity explosion” issue,
compensating filtering errors regardless of initial conditions.
By integrating backstepping and stochastic stability theory, the
designed adaptive command filter controller guarantees that
all closed-loop signals are semi-globally uniformly ultimately
bounded (SGUUB) in probability, and all states remain within
prescribed dynamic constraints. Moreover, the tracking error
converges to a small neighborhood near zero. Simulation
results confirm the effectiveness and robustness of the proposed
scheme.

Index Terms—Time-varying all-state constraint, dead-zone
input, fuzzy adaptive control, command filter

I. INTRODUCTION

ITH the increasing complexity of modern industrial
systems, control strategies for stochastic nonlinear
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systems have become a prominent area in control science
research. Non-strict feedback stochastic nonlinear systems
represent a particular structure commonly encountered in
scenarios such as robot trajectory tracking, power system
stabilization, and aircraft attitude control [1-3]. Unlike strict
feedback systems, the nonlinear functions in these systems
depend not only on the current subsystem states but also
exhibit dynamic coupling with subsequent subsystems. This
coupling makes traditional recursive design methods like
backstepping ineffective due to the absence of explicit
analytic derivatives for virtual control variables. Moreover,
random disturbances—including white noise, colored noise,
and parameter jumps—further complicate stability analysis.
Although these disturbances are typically characterized
by Itd stochastic differential equations, a theoretical gap
remains between mean-square boundedness and practical
probabilistic constraints.

To address the challenges posed by non-strict feedback
structures, researchers have primarily proposed two
methodologies. One is approximation techniques based on
fuzzy logic or neural networks [4, 5]. The other involves
filtering approaches such as dynamic surface control (DSC)
or CFC [6, 7]. The former employs fuzzy rule bases or radial
basis function neural networks (RBFNN) to approximate
unknown nonlinearities. For example, the adaptive fuzzy
control method introduced by Tong et al. utilizes Lyapunov
stability theory for online adjustment of fuzzy parameters,
successfully achieving state tracking in non-strict feedback
systems [8]. The Ilatter strategy incorporates low-pass
filters to avoid differentiating virtual control variables, thus
preventing the “explosion of complexity” found in traditional
backstepping. Notably, the DSC framework proposed by
Zhou et al. significantly mitigates filter-induced delays
through error compensation mechanisms [9]. Although
both DSC and CFC utilize low-pass filters to circumvent
complexity explosion, CFC holds two main advantages.
First, DSC typically relies on fixed bandwidth filters, whose
phase lag can lead to cumulative tracking errors, posing
stability risks in non-strict feedback systems. In contrast,
CFC dynamically corrects filtered outputs via auxiliary
error compensation, substantially reducing steady-state
errors resulting from filter-induced delays. Second, CFC
effectively coordinates multiple constraints—including
all-state constraints, input saturation, and prescribed
performance—whereas DSC requires separate modules for
each constraint, increasing overall complexity. Reference
[10] explores adaptive fuzzy finite-time CFC for stochastic
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nonlinear systems with unknown dead-zone constraints and
unmodeled dynamics. Similarly, Reference [11] examines
finite-time adaptive constrained control for stochastic
flexible-joint robot (FJR) systems. By designing nonlinear
transformation functions dependent only on system outputs,
the challenges posed by asymmetric time-varying output
constraints are effectively handled, simplifying stability
analyses and relaxing initial condition restrictions.

In addition to these issues, actuator dead-zone inputs
and time-varying all-state constraints jointly exacerbate
control performance degradation risks [12-14]. Dead-zone

characteristics cause abrupt discontinuities in control
signals near zero, leading to cumulative steady-state
errors. Simultaneously, dynamic full-state constraints

demand controllers with enhanced adaptability to varying
boundaries, making traditional fixed-barrier methods
insufficient. Existing studies primarily tackle these problems
through two pathways [15-17]: one involves feedforward
compensation based on inverse dead-zone models—such as
the adaptive compensator by Wang et al., which dynamically
compensates asymmetric dead-zones by online estimation
of dead-zone parameters [18]; the other transforms state
constraints into dynamic inequality constraints using
time-varying barrier Lyapunov functions (TV-BLF). For
example, Ye et al’s adaptive controller couples TV-BLF
with stochastic stability theory, effectively bounding state
constraint violations below a predefined probability threshold
[19]. Nevertheless, current methods still exhibit three critical
limitations. First, many dead-zone compensation schemes
assume known or symmetric dead-zone parameters,
which contrasts with real-world asymmetric, time-varying
dead-zone characteristics, thereby diminishing compensation
accuracy. Second, existing TV-BLF methods largely target
deterministic systems, inadequately addressing probabilistic
constraint violations induced by stochastic disturbances,
such as sensor noise or abrupt loads. Lastly, the coupling
between non-strict feedback structures, dead-zone inputs,
and dynamic constraints currently lacks a unified theoretical
framework, often compromising dynamic response speeds
for stability, failing to satisfy high-precision real-time
control requirements.

Motivated by the above challenges, this paper investigates
a class of non-strict feedback stochastic nonlinear systems
with uncertain dead-zone inputs and time-varying all-state
constraints, and proposes an adaptive command filtering
control approach. Simulation results demonstrate that all
signals in the closed-loop system achieve semi-global
uniform ultimate boundedness in probability, while
strictly adhering to the specified time-varying constraints.
Additionally, the system output effectively tracks a given
reference signal, with tracking errors converging into a
small neighborhood around zero. The primary contributions
of this work are summarized as follows:

(1) A novel barrier Lyapunov function (BLF) is designed
to guarantee adherence of all system states to time-varying
constraints. By decomposing the unknown dead-zone input
into a linear component and a bounded disturbance, the
interference from its nonlinear nature on controller design
is effectively addressed, enabling robust control under
asymmetric unknown dead-zone inputs.

(2) A second-order fast command filter is introduced to

eliminate the complexity explosion issue. The filter-induced
error is compensated through auxiliary error signals,
significantly improving the overall control accuracy and
disturbance rejection capabilities.

The remainder of this paper is structured as follows.
Section 2 describes the system model and preliminary results;
Section 3 and 4 present the controller design and stability
analysis; Section 5 provides simulation verification; and
Section 6 concludes the paper.

II. SYSTEM MODELING AND PRELIMINARIES
A. System description

Consider the following stochastic nonlinear system with
non-strict feedback:

dzy = (z2 + f1(z) + di(z)) dt + h?(ml)dw,

dz; = (zip1 + filx) + di(x)) dt + bl (z;)dw, "
dz,, = (u(v) + fu(z) + dp(z)) dt + hz(a’:n)dw,
y=x1, t=2,---,n—1.

where v € R and y € R are the control input and
output, respectively. z; is the state of the stochastic nonlinear
system subject to the time-varying state constraint —k;1 (t) <
x; < kio(t), where k;1(t), ki2(t) are known smooth positive
functions. The functions f;(-) : R® — R and h;(-) : Rt —
R" (i =1,2,...,n) are unknown smooth functions. d;(-) :
R™ — R represents an unknown bounded disturbance. Let
T = [v1,m0,...,2;]T € R, and © = [11,29,...,2,]T €
R™. The process w(t) denotes a standard r-dimensional
independent Wiener process defined on a probability space
(Q, F,P), where Q is the sample space, F is a o-algebra,
and P is the probability measure.

The actual control input u(v) affected by a saturated
nonlinearity is defined as:

my(v—c¢.), v>ecp,
u= D(v) =<0, aq<v<ec, (2)
mi(v—¢), v<a,

where © € R is the actual control signal affected by an
uncertain dead-zone. v € R is the virtual control input to
be designed. D(+) is a piecewise function characterizing the
uncertain dead-zone.

Equation (2) can be rewritten as:

u= D(v) = mv+d(v), 3)

where m is the slope of the dead-zone and is piecewise
constant, and d(v) is the approximation error given by:

—Mmcy, v 2 Cr,
d(v) =4 —mv, ¢ <v<ec, )
—mc;, v <.

The control objective is to design a fuzzy adaptive
control scheme based on a second-order fast command filter
for a non-strict feedback stochastic nonlinear system with
time-varying full-state constraints and dead-zone inputs. The
proposed method aims to achieve the following:

(1) All signals of the closed-loop system are SGUUB
in probability. Furthermore, the system states satisfy the
prescribed time-varying constraints.
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(2) The system output tracks a given reference signal,
and the tracking error converges to a small neighborhood
of zero. The proposed controller effectively compensates for
the uncertainties introduced by the dead-zone nonlinearity.

B. Preparation knowledge

In order to facilitate the design of the controller, some
necessary definitions and lemmas are introduced in this
section. Meanwhile, relevant assumptions and remarks are
also provided. First, consider the following stochastic
nonlinear system:

dx = F(x)dt + G(x)dw, Q)

where € R"™ is the state variable of the system, w is a
standard Wiener process, and F(-) € R", G(-) € R™*"
satisfy the local Lip. condition. For any given scalar function
V(t, ), the stochastic differential of V' is given by:

oV (t,x)

dV(t,x) = LV (¢, z)dt + Tx’de. (6)

Definition 1. For any function V(t,z) : RT x R" — RT,
define the infinitesimal generator L as:

ov 1 0 02V

where Tr(-) denotes the trace of a matrix.

Lemma 1. For the stochastic nonlinear system in (5), if
there exists a positive definite, radially unbounded, and twice
continuously differentiable Lyap. function V (x) € C2, then
there exist u1, o € Koo and constants oy > 0, Sy > 0 such

that:
m(llzl)) < V(z) < pa(llzl)), ®)
LV (z) < —aV(x) + Bo.
Then for any zyp € R", the system admits a unique
solution, and the state is bounded in probability:
E[V(z)] < V(zo)e™ " + @, vt > to. )
g
Lemma 2. For o, € R and any positive constants u, v, €,
the following inequality holds:

a1 < a4 Lo gp. (10)

pw+v

Lemma 3. Let f(X) be a continuous function on a compact
set ¥x C R™. For any given constant £* > 0, there exists a
fuzzy logic system y(X) = WT®(X) such that:

sup {f(X)—WT@(X)‘<5*, (11)
Xevx
where W = [wy,ws,...,wy]T is the weight vector and

D(X) = [p1(X),p2(X), .- pw (X))T/ SV, pi(X) is the
basis function vector. N > 1 is the number of fuzzy rules,
pi = exp[—(x — pu))T(x — p;)/+?] is a Gaussian basis
function, p; = [i1, ..., tin]T is the center, and ~; is the
width of the i-th basis function.

Lemma 4. For any x € R satisfying |z| < k;, the following
inequality holds:

lo k;’L < z!
S kp —at) = kf —at’

(12)

Remark. Let e = k}} /(kif — %), then the inequality becomes
loge < e — 1. Define f(e) = loge — e+ 1, then f'(e) =
1/e — 1. Since f'(e) =0 ate=1, f'(e) >0 when e < 1,
and f'(e) < 0 when e > 1, we conclude that f(e) attains
its maximum at e = 1 with f(1) = 0. Hence, the inequality
holds for all |x| < ky.

Lemma 5. Define a second-order command filter as follows:

w; = G,
Gin = —Clwi — 1|V ?sign(w; — 1) + oy (13)
Ci,2 = _C’mSign(Ci,2 - Ci,1)7 1= 17 21 ceey N

Remark. Here, «;_1 is the virtual control rate (input), w;
is the command filter output. (, (,, are filter parameters.
Initial conditions are w;(0) = a;_1(0) and (; 2(0) = 0. The
command filter helps alleviate the explosion of complexity in
backstepping designs and simplifies the controller design.

Assumption IL.1. The desired trajectory xq and its i-th
derivative xg) are assumed to be continuously differentiable
and bounded.

Assumption IL2. The parameters of the dead-zone
nonlinearity c,,cy, m,, m; are unknown but bounded. Their
signs are known: c,. > 0, ¢; <0, m; >0, m; > 0.

Assumption IL3. The disturbance functions |d;(z)| < d;,
i=1,2,...,n, where d; are unknown positive constants.

Remark. Assumption 1 ensures boundedness and
smoothness of the reference signal and its derivatives,
which is realistic in engineering practice. Assumption 2
guarantees that the dead-zone parameters are bounded,
which follows from the expression of d(v) in (4). Assumption
3 ensures that system uncertainties are bounded, which is a
common condition in robust control theory.

III. CONTROLLER DESIGN

In this section, we design an adaptive fuzzy controller.
Based on the backstepping method and a command filter,
the stochastic nonlinear system (1) with dead-zone input
is ensured to satisfy time-varying full-state constraints. A
second-order fast command filter is introduced to reduce
the computational burden caused by recursive differentiation
of virtual controls and improve control performance.
Furthermore, to enhance control accuracy, a filter error
compensation device is incorporated.

The following coordinate transformations are considered:

w1 = T4,
(14)

Zi = Xy — wi,

fi:Zi—Ti, 221,2,...,?’7,.

where x; is the state variable of the system, x4 is the given
reference signal, z; is the tracking error, w; is the output of
the command filter, and r; is the error compensation signal
of the command filter.

Step 1: According to the coordinate transformations in
(14) and system (1), we have:

d{l = le — f’ldt

= (56’2 + f1(l‘) + d1(l‘) —&q—7T1)dt + hrlrdw. (15)
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Select the following Lyap. function:

1 Kk 1
Vzlog( ol )—i— r+—6
LTk g T2

where kp1(t) is the upper bound function of & (¢) defined on
the set Q¢, = {&1() | [61(8)] < ko1 ()}, 61 = 61 — 01 s the
parameter estimation error, and y; > 0 is a design parameter.

By Definition 1 and Eq. (14), the infinitesimal operator of
V1 is given by:

(16)

LV, = 451 (o + w2 —a1 +ar +r2+ fi
ky — &1
k
dy iy G m)
kb1

£ (3ky +61)
2(kyy — £1)?

According to Lemma 2 and Assumption 3, the following
inequalities hold:

.1
Hh1||2 + riry — 79191. (17)
1

&6

g < ek (18)

_ 1
e e

Eidy

1-4
ki H=4/3 4 =g 19
k§1 gil = 451( bl — gl) + 4 1» ( )

&1 (Bkyy +€1)
2(kyy — &1)°

Substituting Egs. (18)—(20) into (17), we obtain:

4 4 4\2 4

[ha]? <
W, -an T

3
L, < 46 —ay+oap+re—Tg— 7
kbl 61

+ ifl(kgl - f%)_1/3

n §1(3ky, + &1)°

LS (k= 67

Erkp
ky1

1-4 1 .
) + Zdl + 11% +rir

1~ x 1.,
- — —&5. 21
- 0101 + 452 (21)

As f1(-) contains an unknown nonlinear term that cannot
be directly canceled, we construct an unknown smooth
function as:

= i+ Se(kh e

| 63k + &)’
4l

T1(Z1)
(kpy = &0 2 liall*,
and approximate T4 (Z;) using a fuzzy logic system:

Ti(Z1) = WE®(Z)) +e1(Z1), |ei(Z))| <&, (22)

where 7y = [x, 24, 44,&1]T, and £1(Z;) is the approximation

error bounded by ] > 0.

Given that 0 < ®T(-)®(-) < 1, from Lemma 2:

3 0,£80T(Z2)®1(Z
4 8 4T1(Zl) S a2 4151 411(2 1"2“ ()
Ky — & (kbl §1)?®1 (X1)®1(X1)
+ 2a1<I>T(X1)<I>1(X1)
El 1 *4
Ak, — & T
0,£6 1
1 216}1“ +5ai
— )P0 (X1)P1(Xy) 2
3 1
g g T
where 91 = ||W1||2, X1 =
design parameter.
Substituting Eq. (23) into (21), we finally obtain:

_|_

<
2a§(k§1

+ (23)

[x17xd7(td7§1] 5 and ay > Ois a

3 . .3
LVI > 71 1 é- 1 wo + T2 —Tg—7T1+ 751(]6;)11 - fil)l/?’
kp — & 4
6‘15% flkbl 1-4 1 2
+ + + =dy + -1
207k, — ED@T@, |k ) AT AT

1, 1 . 1~z 1
+ 1512 + ia% + 7 — 50191 + 153. (24)
The virtual control law a1, the error compensation signal

71, and the parameter adaptive update rate 6, are designed
as:

Q] = —C121 — élf% + -i'd
20, — 99T,
3 _ k
_ *fl(ké _ 5‘11) 1/3 _ &7“ (25)
4 ky1
T = (WQ — a1 + 7“2) —C17y- (26)
A 71&$ 5
0, = — 0164. 27
YT 2a (k) - eh2ele, T

The design parameters satisfy k1 > 0, ¢; > 0, and o1 > 0.
Through equations (25)-(27), equation (24) can be written
as:

aél
k€

A 1
916,60, + =&t
+% 1 1+4§2+Ph

LV1 S +7"1(0J2—O[1)+7’17"2—617’%

(28)

where

1 1
461 +2a1>0

It should be noted that the term ;&3 will be dealt with in
the next step.

1_
Zd‘f l2 -

Step i (2 < 4 < n — 1): According to the coordinate
transformation in formulas (14) and (1), we have:

= (zip1 + fi(x) + di(z) — w; — 1) dt + hFdw. (29)
Select the following Lyapunov function:
1 k. 1
Vi:Vi_1+4log<k§l_£4>+ 92, (30)
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where ky;(t) is the upper bound function of &;(¢) defined in
the set

Qe, = {&@) [1&:(B)] < Kwi(t)} -

Here, éi =0; — éi is the parameter estimation error, 9i is
the estimate of 6;, and ~; > 0 is the design parameter.

By Definition 1 and formula (14), we can see that the
differential operator of formula (30) is:

3
LV;=LVi_1 + /#7154 (§i+1 twip1 —a; o+ rig
bi — Si
ikbi
+fi+di—wl—7'”i+£ b)
ki
&7 (3ky; + &) 2 155
S\ TSy T 0. 31
2(ky, — &1)? all™ i = Vi Gl

According to Lemma 2 and Assumption 3, the following
inequality holds:

3 i B 1
154 5_214 < 451 (kps =€)~ + g€k, 02)
bi
fdi 3 Mg — €™ + 13 (33)
k. 754 = 4> 408
§Bky +&) 1, 12 54(3k +54) ||h It 1,

Substituting formula (32)-formula (34) into formula (31),
we can get:

3

LV <LVio1+ % Wit1 — @ + 0+ Tig1
bi — &i

.3 N
+ fi — —Ti+*€i(k§i—€?) 1/3
fz(3k + &2 4 fikbi
9% Thi) g
T —eng 1l T
1-4 1 .
+ 74 + Zz% + ity — ” 9 b + ém (35)

As there is an unknown nonlinear term in F;(-), which
cannot be directly eliminated, an unknown smooth function
is constructed as:

T(Z) = fi— 56 (k€)M

n &i(3ky +&1)?

S (ki — &) Il

where fuzzy logic system is used to approximate T;(Z;), and
Z; = [z, w;, 0, &]T. According to Lemma 3:
= W/ ®i(Z:) +ei(Z)), Dl <el, (6

Ti(Z) lei(Z.

where ¢;(Z;) is the approximation error and &f > 0 is its

upper bound. Since 0 < ®7(-)®(-) < 1, Lemma 2 gives:
13 0:5 07 (Z:)®i(Zs)
o aLilZ) S o et
Ky — & 2a; (ky; — §)2@; (X;)P4(X5)
1
+ ga?@?(Xi)‘I’i(Xi
&
4(%}1 - f?)4/3
0;£¢
— &) (X;)®:(X;)
& 1,
4kt — 44/ 1 i
bi §i )
where 91 = ||VV1||2 and X,‘ = [xi,wi,wi,&]T
parameter a; > 0.
Substituting inequality (37) into (35), we obtain:

~

*4
%

+ +

<
 2a3 (ky,;

+ (37)

. The design

3
LV, <LVi_1 + e = &l (wi—H — 0+ + i — 7
bi &
0:&} Eikkyi
(KL — e3¢ i iKbi
#3000 =0+ e
1 1, 1., 1
Zdz Zl + 57,2 + 5(13
1.
4T — 7—9 i + &H (38)

The virtual control law «;, the error compensation signal

74, and the parameter adaptive update rate 6; are designed
as:

o= — iz — s - 15‘(k4 — &)
T 2@2(kh —EHTR, 4T
3 _ fzkbz
~ Ze (k1B 3
45 ( bi gl) ]be ( 9)
7 = (Wit1 — @ + Tig1) — GiTy (40)
5 i€} 2
0; = : — 0;0;. 41
203 (kj; — €hPeTe; ° 0

The design parameters satisfy x; > 0, ¢; > 0, and o; > 0.
Through equations (39)—(41), equation (38) can be rewritten
as:

LV < —Z 4 +Z’“a (i1 =) + D 7iri
j=1 j=1 j=1
Oj~ » 1 :
- ZW? + Z 2030, + 36+ _pin (4D
j=1 =1V j=1
where 1 1 ]
_ 4 2 2
pi=d+ l + 755 +2aj>0

It should be noted that the term ¢}, will be dealt with
in the next step.

Step n: According to the coordinate transformation in
formulas (1) and (14), we obtain:

A€ = dzy — Ppdt

= (u(v) + folx) + dp(x) — 0, — 1) dt + h}dw.
(43)
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Select the following Lyapunov function:

V.=V, Lo (Fm Vi ley Lo o
Vet i (g ) ke 50 @9
where kyp,,(t) is the upper bound function of &, (t) defined
in the set Q¢ = {&,(t) | [€2(1)] < kpn(t)}. O = 6, — B, is
the parameter estimation error, én is the estimate of 6,,, and
Yn, > 0 is a design parameter.

By Definition 1 and formula (14), the differential operator
of formula (44) is:

3
LV, =LV, 1+ 457714 (mV +dv) + fn+dn
kbn - €n
Wy — Ty + Ko, )
2 (3ky, +€3) 2 . L5
2 Tln L ond g, T — —0,0,. (45
2(kf, — g Il TP = o a0 49

According to Lemma 2 and Assumption 3, the following
inequalities hold:

fgd(l’) VP 4\—4/3 14
onVT) o 2 _ i
&d, 3 4,4 ay—4/3 , 14
_Sntn 2 _ - 4
g < gl = &) gl 4D
w”h 12 < &n (ki + &0)* (|| + 112
2ky, =& T Al (ky, — &0 am
(48)

Substituting formulas (46)—(48) into formula (45), we
obtain:

&

k;}n - E;’ll
3 _
+ Egn (kgln - f’i) 13

n 3k; )2 nk n
_’_5 ( bn+€n) (k4 _gﬁ)—i’)thHAL_’_g b
4ln kbn

LV, <LV,_1+ (ml/ + fn —Wp — T

n . @9

NG

_ 1 1 ~ =
di + 71721 + T’nf'n - 7071971 +
4 Tn

N

As there is an unknown nonlinear term in F),(-) which
cannot be directly eliminated, an unknown smooth function
is constructed as:

To(Za) = ot + Sl — D)

(3K 4 12 -
o 0O £ &S g gty=ap
n
Using a fuzzy logic system to approximate T,,(Z,) with
Zp = [T, Wn, U, &), and according to Lemma 3:
T (Zy) = Wg@ﬂ(zn) +en(Zn), len(Zn)| < en, (50)
where ¢,(Z,) is the approximation error and ¢}, > 0 its
upper bound.

Since 0 < ®7(-)®(-) < 1, Lemma 2 implies:

& 1z < OGP (Z0)0n(Z))

k;;ln*g;lz e QG%(kgnfgﬁ)Qq)g(Xn)q)n(Xn)
1
+ 500, (Xn) @0 (X5)
&n 1,

A, -y Tt
< 0n&S
= 242 (ky, — &1)?0L(X,,) P (X,)
&

A(ky, — &)Y

1
+ 16;4,
(D

1 2
+§an+

where 0,, = [|[W,, |2, Xy = [Tn, Wn, i, &R)T, and a,, > 0.
Substituting formula (51) into (49), we obtain:

5731 . 3 4 4\—1/3
LVn § LVn—l + m myv —nr, + an(kbn - gn) /
0,3 nhin
+ 2 4 54 T + 5 -
2an(kbn - §n)¢‘n (I)n kbn
loa 1, 1., 1
1~ = 1-
b i — — 0,0, + ~d . (52)
Tn 4

The virtual control law c,, the error compensation signal

7y, and the parameter adaptive update law 0,, are designed
as:

1 0,65
v=—
m\ T a3k, — EoT,
1 4 4 § 4 4\—1/3 gnkbn
4§n(kbn En) 4§n(kbn gn) kbn ’
(53)
Tn = —CpTn, 54)
X 6 ~

0, = -
203 (ky, — &) @L @y
The design parameters satisfy s, > 0, ¢, > 0, and o,, >
0. Substituting (53)—(55) into (52) yields:

n

4 n—1
ij-
LV, < =) T _24 + ) rilwin —ay)
j=1"0bj 5bj =1
n—1 n n i~
+ D rri = Y eri > 206
j=1 j=1 =1

. 1
R &
+;pj+4 7

174 152 12 1,2
where p; = ;d; + 715 + 757 + 3a5 > 0.

(56)

IV. STABILITY ANALYSIS

Theorem 1: Consider a class of stochastic nonlinear
systems with dead-time input and non-strict feedback (1).
On the premise that the above assumptions hold and
the initial state of the system meets z; (0) € Q. =
{2 ||z; (0)| < kei(t) },4 = 1,2,--- ,n, the control rates
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(25), (39) and (53), parameter update rates (27), (41) and
(55), and error compensation signals (26), (40) and (54)
are selected. Then, all closed-loop signals can be guaranteed
to be semiglobally uniform and ultimately bounded with
the probability of a quarter of a moment of an appropriate
compact set, and all states of the system z; satisfy
the predefined time-varying constraint |x;| < k.;(¢). The
tracking error of the system can converge to a small expected
neighborhood. The initial value of the residual error signal a

satisfies:
{e 1€ (0 |<kbz\/1 (o >}. (57)

Proof: Select the following Lyapunov function:

ki 1, 1 5

According to the analys1s in the previous section, the
differential operator of equation (58) is:

n 6]54
B Z —g Z (Wit —
bj  j=1

n—1
+ E Tj?”‘j+1
j=1 j=1

Oj~ - 1
— ZC]"I’JZ + Z JHJBJ + Zp] + id4
j=1 =1 j=1

In order to unify the form of the error compensation signal,
according to Lemma 2:

Vi=Vo1++ 10g < (58)

Lv, <

(59)

n—1 2 n—1 2 n
PO S DI
Accordlng to the boundedness theorem in the

literature [20], we have:

wj41 — | < Ej. (1)
Further, according to Lemma 2:
n—1 n—1 7'2- n—1 EQ
ri(wier —a) < ) S+ )y S
, — 2 — 2
j=1 j=1 j=1
n_ 2 n_og2
D R Dl R X))
Jj=1 Jj=1

Substituting formulas (60)—(62) into (59), we obtain:

~ 498 N 32 N i
Z Cj B Q—&—Z ~U;0;

- Z ki _ 4
bj gbJ j=1 =

j=1

LV, <

+
N
S

+
N
&
+
=1
wug

According to Lemma 2 and the identity éj =0, — éj, we
have:

. 2 p2
0;0; = 0,(0; — 6;) < 5—5J~ (64)

n

Substituting (64) into (63), and according to Lemma 4:
c;j&t ~
S-S (o 3) e
] 1 o gb.] Jj= 1
+zn+%+22+zﬂi
= 74 o 2 ;

< aoVy + Bo.

LV, <

2%

(65)

where
. 3 .
Qg = min 4cj,2(cj—§),aj, i=12 ...

an}7

(66)

n v—2 n 92

Bo—zpj-l- d4+z

Since the parameter selection must satlsfy oo > 0 and

Bo > 0, it is required that ¢; > 0, ¢; > %, o; > 0, and
pj > 0. According to Lemma 1:
0 < E[V(t)] < E[V(0)]e*" + F’ Vt > tg.  (67)

0
From equations (58) and (67), it follows that:

1 k4 o
,1 bi < E V 0 —apt -0 68
40g(kg¢_f?>_ V(O)le +50 (68)
Further, we obtain:
N : 489
O] < ko V1= e (VOTER) ()
| ]

Remark. According to the above theorem, the residual error
signal &;, the compensation signal r;, and the parameter
estimation error 91 are bounded. Given that & = z; + 74,
the error signal z; is also bounded. Since the unknown
parameter 6; is constant, its estimation él is bounded, thus
the virtual control rate c,;—; is bounded. Consequently, the
filtered signal w; is bounded, and finally the state variable
r; = z; + w; of the system is also bounded.

In order to understand the design flow of the control
algorithm, the following is the control flow chart in Fig 1.

= (ot + () + d, (x))dt + B (x)do, |
= (1 + £,(X) + A (X))dt + B (B)do, |
dx, = (u(v) + £,(0)+d, (x)dt + b (%, )do,|
|

y=x,i=2,--,n-1 |
A ___ 2 L~
xl i
X !
Tracking| ™4 ! Expected
error . |output signal
|
_________ e J___.

I
Virtual control]| |
> signal e et -

a, ?
Fast command i x;

filter i

@ |

|

|

error signal

I
I
I
|
I
I
I
[
: Residual error :———1
I
I
I
I
I
I

I
I
I
!
Compensation| |
I
I
I
I

signal 7
5 ;_ e i
Adaptive | Input dead|y> i
o update rate | sone e !
I
I

Control
signal

Fig. 1. Control flow chart of the control method in this script
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V. SIMULATION EXAMPLE
A. Comparative analysis with existing methods

In order to verify the effectiveness of the proposed control
scheme, consider the following non-strict feedback stochastic
nonlinear system with dead-zone input:

dry = (z1 + 0.2(22 + x3) + cos(w2)) dt
+0.3(0.2 + sin(z1))dw,

dxo = (x2 + 0.1cos((z1 + x3)x2) + sin(xix3)) dt
+ 0.3z172dw,

dzs = (u + zaxs + sin(xz) cos(z1)) dt
+0.1(1 4 cos(z3))dw,

Yy=2=x1.

Here, x1, x5 are the state variables, and u, y represent the

control strategy proposed in this paper, it is more complicated
and even leads to deterioration of the stability of the system.

Fig 2 shows the tracking of the system output signal to a
given reference signal under three control schemes. It can be
seen that the control method proposed in this paper has good
tracking performance and excellent system tracking accuracy.
In reference [21], its accuracy is not as good as the method
proposed in this paper, because the speed of the first-order
filter it uses is slow, and compared with the command
filter, it has no filtering error compensation function. In
reference [22], although the second-order fast filter is used,
the traditional performance function processing method is
extremely complicated, which leads to poor stability of the
system output. At the same time, the output trajectories of
the system under the three control schemes are all within the
time-varying state constraints.

control input and system output. The tracking signal is x4 = 10 ; ;
0.4sin(t). The system function components are summarized — T — P - - wy - - ke - - ka
in Table I. ka
5(_. - - e~ <.
TABLE I e
-k (21]
STOCHASTIC NONLINEAR SYSTEM FUNCTIONS el T
0
Component f; Component d; Component h; .’B\ .’cm]
0.2(z2 + z3) cos(x2) 0.3(0.2 + sin(x1)) F--1 0.4 ,\
0.1cos((z1 + x3)x2) sin(ziz3) 0.3z1z2 -5 0 Z’Q 0.2 A=
TaT3 sin(w2) cos(z1)  0.1(1 + cos(z3)) 1 \p -
10 0 1 2 3 0. 05 1
To achieve the control objectives, the time-varying state 0 10 20 30
constraints are set as follows: k.; = 4 + 0.3sin(0.22¢), Time(s)
keo = 4 +sin(t), and ke3 = 6.5 4 2sin(2t). Dead-zone _ o _
input parameters are ¢, = 0.4, ¢ = —1.9, m,, = 1, and Fig. 2. Output signal x1 and tracking signal x4 under the constraint of

my = 1.2. The system parameters and initial conditions are
shown in Table II.

TABLE I
DESIGN PARAMETERS AND INITIAL STATES

Parameter Group 1 Parameter Group 2  Initial Conditions

ki =ky =ks =5.7 a1 =az =a3z =2 6(0) = [0.25,1.1,0.5]T
o1 =02 =03=0.1 M=v2=v3=1 z(0) = [0.01,0.01,0.01]7
kpi(t) = 3.4 +0.2sin(t) hi =ha=hg =20 7(0)=[0.1,0.1,0.1]7
kpa = 3.9 + 0.9sin(¢) kp3 = 6.5 +sin(2t)  w(0) = [0,0,0]7

Under the same initial conditions and constraints, the
control scheme proposed in this paper is compared with
the following two control schemes: Hu and Liu [21]
prevents “differential explosion” by introducing a first-order
filter, and adopts coordinate transformation and backstepping
control strategy to deal with the performance function.
Although the design steps and calculation amount of the
controller are simplified, the order of the adopted filter
is low, and there is no filter error compensation function.
Compared with the second-order fast command filter (13)
proposed in this chapter, the control accuracy of the system
may be slightly insufficient. Wei and Li [22] proposes a
backstepping control strategy based on second-order fast
command filtering and traditional nonlinear transformation.
Nonlinear transformation is used to deal with time-varying
state constraints, and new variables are introduced for system
transformation, and complex transformation conditions must
be met between old and new variables. Compared with the

time-varying state

20

‘_‘TQ J}glj - iUgQ] - - kc2 ‘k(:2

Time(s)

Fig. 3. State of the system x2 under the constraint of time-varying state

Figs 3-4 show the change curves of system states x5 and
x3 under three control schemes. It can be seen that the control
method proposed in this paper and in reference [21] is more
stable than the control method proposed in reference [22].
At the same time, the trajectories of the states of the system
o and x3 under the three control schemes are all within the
state constraints. Fig 5 is the curve of the adaptive parameter
update rate, which reflects the online estimation process of
unknown parameters in the system. It can be seen that their
values are all greater than 0, which is in accordance with the
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0 10 20 30
Time(s)

Fig. 4. State of the system z3 under the constraint of time-varying state

0 10 20 30
Time(s)

Fig. 5. Adjustment of parameters 61, 62 and 0

parameter form given in this paper. Fig 6 is the variation
curve of the error compensation signals 71,72, 73, Which
reflects the online compensation process of filtering error
w;+1 — o in the system.

Fig 7 shows the change curves of the virtual control signal
and the actual control signal. It can be seen that when the
virtual control signal is greater than 0.4, the actual control
signal after inputting the dead-time function is: When the
virtual control signal is within the range of, the actual control
signal after inputting the dead zone function is: When the

0.1
_ —
_7'2
0.05 re|
0.\&
=
005|\&<_ m
-0.05 - 0 ————
T2
-0.05
0.1 0 05 1. 15
0 10 20 30
Time(s)

Fig. 6. Error compensation signals 1, 72 and 73

150

100

50

-50

-100 : :
0 10 20 30
Time(s)

Fig. 7. Actual control signal » and virtual control signal v

virtual control signal is less than —1.9, the actual control
signal is less than after entering the dead-zone function. The
control input signal of the system has a slight jitter at first,
which is because the uncertain stochastic nonlinear system is
selected in this paper, and random disturbance and uncertain
disturbance will occur.

B. Engineering case study with stochastic constraints

To evaluate the effectiveness of the proposed control
strategy, a simulation is conducted on a single-link
manipulator driven by a brushed DC motor (BRDCM).
The trajectory tracking problem is formulated based on the
dynamic model described in [23-25]:

M+ B+ Nsin(q) = I + Dy,
{q q (q) ] 0,

LI + RI + Kyj = u.

where ¢, ¢, and ¢ represent the angular position, velocity, and
acceleration of the manipulator link, respectively. I denotes
the armature current of the motor, and w is the actual control
input. Defining 1 = ¢, ©2 = ¢, and x3 = I, the model can
be rewritten in state-space form as:

T = x2,

.1 -

i = o (=Bay + a5 — Nsin(m) + D1), (77
1

i’g = Z(U - R.’Eg — Kb.’EQ).

The system output is defined as y = x1. The physical
parameters are selected as M =1, B=1, N =2, L =1,
R=1, and K, = 2.

To assess control performance in the presence of stochastic
disturbances, the corresponding stochastic nonlinear system
is given by:

dxi = (v2 + 0.2sin(x1x023)) dt + 0.15 cos(z1)dw,
dry = (x3 — 2sin(x1) — xo2 + 0.2 cos(xox3)) dt

+ sin(0.4xq x2)dw,
drs = (—2x9 — x3 + x3 cos(z1x2) + u(v)) dt

+ 0.1sin(z3)dw,

Yy=2=a1.
(72)
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Here, x1, =2, and x3 are the system states, v is the
virtual control input, u is the actual control input, and y
is the system output. The reference trajectory is defined as
xq = sin(0.2t) +0.2sin(¢). The stochastic disturbance terms
are: dy =0, da = 0.2 cos(zax3), and d3 = x3 cos(z1x2).

The fuzzy membership function is expressed as:

1
up(X;) = exp [—2(Xi +4 — 1)2] ,

i=1,23, 1=12,...,7T. (73)
The corresponding fuzzy basis function is given by:
H uFl
oi(Xi) =
S (T x
=1 =1
1=1,2,3, 1,2,. (74)

To satisfy time-varying state constraints, the upper bounds
are set as:

ke, = 240.1sin(t), ke, = 2.5+sin(t), ke, = 2+42sin(2t)
The parameters for the dead-zone nonlinearity are
specified as:
cr =1, m; =2

cq=-3, my=15

The remaining simulation parameters and initial conditions
are listed in Table III.

TABLE III
DESIGN PARAMETERS AND INITIAL STATE

Design Parameters 1 Design Parameters 2 Initial State
ki=ko=ks=5 a1 =ay=a3="T [61(0),62(0 ) ]T [0.25,1.1, oJ]T
hi=hy =hg =25 N=y=y3=1 [z1(0), z2(0 13(0)] = [0.0,0.1,0.1]"
o1 =100=1203=14 ky =1.6—0.1sin(t) [ul([]),wz([]),w;;([])]T =1[0,0,0]"
kp2 = 1.5+ 0.5sin(t) kp3 = 2 + sin(2t) [r1(0),72(0),73(0)]" = [0.1,1.0,0.1]"
6 T
—1- - @a- k-~ ko
4t . ]
cl
Db m e -~ -mm -l K _______
0 1
-2
_47 .0—"———\$d “Fecl
0 0.5 1
-6 : :
0 10 20 30
Time(s)

Fig. 8. Tracking performance of the output z; and reference x4 under
time-varying constraints

The simulation results are illustrated in Figures 8-13.
Figure 8 presents the trajectory tracking behavior of the
system output x; with respect to the reference signal x4
under time-varying state constraints. The output remains
confined within the prescribed limits and exhibits accurate
tracking. When the initial state is close to the reference, the

6 :
ke ‘—51?2 - - kea - - -kea
4 N ”\\2\/—\ "\\ s
\ , N ’ \ , N , \
2 \\ ’ ‘\,/ \\ 4 \\,I \\_

2+
_4 | \-k i
-6 . .
0 10 20 30
Time(s)

Fig. 9. System state xo response under time-varying constraint conditions

10 ‘ ‘
kc\ ‘—.22'3 - - k‘pg —k)cg
M a8 "\‘ PN I:\‘ SN0 N I/\L
5"/"\","1\'\\1‘/‘:
\\I \-I ‘/I \\’ ‘\I ‘,’ \/' \\’ \\I
€3
of 1
-5t
‘kc3
10 ‘ ‘
0 10 20 30
Time(s)

Fig. 10. System state 3 response under time-varying constraint conditions

convergence speed improves and the system demonstrates
stronger resistance to external disturbances.

Figures 9 and 10 depict the dynamic responses of
the state variables zo and x3, respectively. Both state
trajectories consistently evolve within their respective
time-dependent boundaries, without exceeding constraint
limits. This validates the robustness of the proposed control
strategy in enforcing state constraints. Minor fluctuations are
observable in the curves, which can be attributed to the
stochastic nature of the system. These oscillations arise from

0.4 ‘ ‘
1 —Tn
] 02 T3 —7
0.1 - T3
0.2 e 1
0 N
0.1

| >/a" 0.5 1
0
-0.2 : ‘
0 10 20 30
Time(s)
Fig. 11. Error compensation signals: r1, r2, and 73
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internal nonlinear interactions and uncertainty factors, but
their amplitudes remain minimal and are confined within
acceptable bounds, ensuring that overall system performance
is not compromised.

Figure 11 shows the evolution of the error compensation
signals 71, ro, and 73, which are designed to mitigate
filtering errors introduced by the command filter. While
command filtering effectively smooths control signals and
suppresses high-frequency noise, it can introduce lag-induced
deviations. These compensation terms dynamically correct
such deviations, thereby enhancing the precision of the
filtered commands and contributing to reliable control
performance.

20 30
Time(s)

Fig. 12. Adaptive parameter estimates: él, ég, and ég

Figure 12 illustrates the online adaptation of the parameter
estimates él, ég, and ég. All estimates remain strictly positive
throughout the simulation, in accordance with the theoretical
design of the adaptive law. Their convergence behavior
further confirms the system’s ability to perform real-time
estimation of uncertain dynamics, which is essential for
maintaining adaptive control capability.

0F-- Pl == Pt :"‘\l 7
1 '
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3+t
4+ v
5 . . . . .
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Fig. 13.  Actual control input » and virtual control signal v

Figure 13 compares the actual control input u with the
virtual control signal v. When v < —3, the control input u
enters a saturation region, which is caused by the dead-zone
nonlinearity inherent in the actuator model. Within this
region, u no longer responds linearly to v, resulting in
saturation behavior. Outside the dead-zone, u follows the
predefined piecewise function accurately, indicating proper

signal tracking. At the early stage of control, slight jitter
is observed in u due to external stochastic disturbances.
However, this effect diminishes quickly as the adaptive
mechanism takes effect, leading to stable system operation
and fulfillment of all control objectives.

C. Discussion

The numerical studies demonstrate that the proposed
adaptive CFC scheme, which integrates a BLF and a
second-order fast command filter, enables each state to
respect its prescribed time-varying bounds while ensuring
SGUUB tracking in probability. Compared with first-order
filtered backstepping and conventional DSC benchmarks,
our controller achieves tighter steady-state accuracy and
faster transient convergence, chiefly because the auxiliary
error compensation term effectively cancels the phase lag
introduced by the filter. Moreover, by decomposing the
dead-zone nonlinearity into a linear gain and a bounded
disturbance, the design avoids restrictive inverse mappings
and retains robustness against asymmetric, slowly varying
saturation. The fuzzy logic approximator converges rapidly
owing to the compact domain imposed by the BLF, and
its weight adaptation remains bounded, which precludes
parameter drift. Finally, the single-link manipulator example
under stochastic perturbations confirms that the scheme
preserves performance even when process noise magnitudes
approach the dead-zone thresholds, highlighting practical
applicability to electromechanical drives where sensor jitter
and input dead zones coexist.

VI. CONCLUSION

In this paper, an adaptive fuzzy command filtering
control strategy has been developed for non-strict feedback
stochastic nonlinear systems subject to time-varying all-state
constraints and actuator dead-zone inputs. To handle
these dynamic constraints efficiently, a novel coordinate
transformation coupled with a barrier Lyapunov function
is introduced, avoiding the restrictive matching conditions
imposed by traditional transformations. The nonlinear
dead-zone input problem is simplified by decomposing it into
a linear part and a bounded disturbance, facilitating controller
design. Additionally, a fuzzy logic system is utilized to
approximate unknown nonlinear terms within the system
dynamics. A second-order fast command filter effectively
mitigates the “differential explosion” phenomenon, with
auxiliary signals compensating for any filtering errors.
Stability analysis demonstrates that the proposed control
scheme ensures all signals remain bounded in probability and
conform to control specifications. Simulation results validate
the superior performance and practicality of the presented
control approach.
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