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Adaptive Fuzzy Output-Feedback Control Design
for a Class of p-Norm Stochastic Nonlinear
Systems With Output Constraints

Liandi Fang™, Shihong Ding

Abstract— This paper considers the control problem of p-norm
stochastic nonlinear systems with output constraints, while the
system nonlinearities are completely unknown and the system
states are unavailable except the output. A nonlinear observer
is constructed to estimate the unmeasurable states. Then, based
on the constructed observer and a tan-type barrier Lyapunov
function (BLF), an adaptive fuzzy output-feedback control strat-
egy is developed by combining the technique of adding a power
integrator with the fuzzy logic systems (FLSs). The proposed
scheme enables that all the signals of the considered closed-loop
systems are bounded in probability while the prespecified output
constraint is not violated. Finally, a numerical example verifies
the validation of the proposed scheme.

Index Terms—Fuzzy output-feedback control, stochastic non-
linear systems, adding a power integrator, output constraints,
state observer.

I. INTRODUCTION

VER past decades, various control problems of nonlinear

systems have always been concerned in the control
field, such as event-triggered control [1], sliding-mode control
[2], [3], finite-time control [4], [5], neural/fuzzy control [6]-[8]
and so on. In recent years, the constrained control problem of
nonlinear systems has received growing attention since many
real systems are often subject to output/state constraints for
performance specifications and/or safety reasons [9]. Since
the barrier Lyapunov function has been proposed and verified
to be a useful tool for dealing with the constraints [10], lots
of BLF-based strategies have been subsequently developed to
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address the control issues for different deterministic and sto-
chastic nonlinear systems with output/state constraints. After
the work of [10], references [11] and [12] have respectively
solved the adaptive state-feedback control and event-triggered
control by means of log-type BLFs for pure-feedback and
interconnected nonlinear systems with state constraints, and
the integral BLFs have been proposed to address the adaptive
control problem in [13], [14]. Later, the BLF-based approaches
have been extended to stochastic nonlinear systems. For
examples, an adaptive controller and a finite-time controller
have been successively designed by using tan-type BLFs
in [15] and [16] for strict-feedback stochastic systems with
output or full-state constraints. Ulteriorly, references [17], [18]
have proposed two novel tan-type BLFs and considered the
second-order sliding mode control of nonlinear constrained
systems. Meanwhile, some adaptive neural or fuzzy control
schemes have also been recently presented for some kinds
of nonlinear systems subject to output/state constraints and
unknown nonlinear functions. For instances, reference [19]
has addressed the adaptive fuzzy constrained control for
multi-input multi-output nonstrict-feedback nonlinear systems;
the adaptive fuzzy and neural control problems have been con-
sidered for stochastic constrained nonlinear switched systems
with unknown nonlinearities in [20] and [21], respectively.

It should be noted that above methods are strictly restricted
on the state-feedback control field. Nevertheless, it is gen-
erally known that the system states are rarely completely
measurable, or are observable with requiring high observation
costs in the practical systems [22], [23]. For this reason,
the output-feedback control has been paid much attention
since it does not need the measurability of the states. For
stochastic nonlinear systems without constraints, the results
about output-feedback control are rich. References [24]-[29]
have focused on studying the output-feedback control problem
for stochastic nonlinear systems with satisfying some growth
conditions or with unknown nonlinearities. In contrast with
stochastic systems without constraints, few valuable results of
output-feedback control have been obtained for stochastic con-
strained nonlinear systems. An observer-based control strategy
has been proposed for strict-feedback stochastic nonlinear sys-
tems with an output constraint in [30], and reference [31] has
investigated the neural output-feedback control for stochastic
full-state-constrained systems.

However, the stochastic nonlinear systems considered in
above-mentioned works are all strict-feedback systems rather
than p-norm stochastic ones with the ratios of positive
odd integers as the fractional powers. Compared with the
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strict-feedback systems, the research on p-norm stochastic
nonlinear systems has started relatively later and is more
challenging due to the lack of controllability/existence in the
Jacobian linearization. Also for this reason, such a class of
stochastic systems have attracted more interest. By taking
advantage of the adding a power integrator technique [32],
the state-feedback or output-feedback control have been well
studied under some nonlinear growth conditions for such
kinds of systems without any constraints [33]-[39]. Recently,
the researching topics of p-norm stochastic nonlinear sys-
tems have been extended to the control problems in the
cases of unknown nonlinearities or output constraints. The
requirements of growth conditions in [33]-[39] have been
removed by references [40], [41], and subsequently the decen-
tralized neural state-feedback controller has been constructed
for large-scale stochastic high-order nonlinear systems. Also,
references [42], [43] have further addressed the neural control
for switched stochastic high-order systems. The progress of
constrained control of p-norm stochastic nonlinear systems
has only been made in recent three years, which has been
motivated by the achievements of p-norm deterministic con-
strained systems [44]—-[46]. Based on some growth conditions,
two state-feedback control algorithms have been successively
developed for p-norm stochastic nonlinear systems with sym-
metric and asymmetric output constraints in [47] and [48].
Meanwhile, references [49]-[51] have further considered the
neural or fuzzy control for this kind of systems subject to
output/state constraints.

It is however worth noting that all above works [47]-[51]
about p-norm stochastic constrained systems are strictly
required to be available on the states, which implies that the
proposed constrained control schemes would be invalid when
only the output is available. What’s more, different from the
strict-feedback nonlinear system, the defined error dynamic
systems of p-norm stochastic nonlinear systems definitely
contain the items with exponential powers, which causes
the proposed output-feedback constrained control schemes
in [30], [31] can’t be extended to solve the output-feedback
control problem of p-norm stochastic constrained systems.
To our best knowledge, up to now, no results are available for
p-norm stochastic nonlinear systems with output constraints,
unknown nonlinearities, and some unmeasurable states.

Motivated by this observation, in this paper, we investi-
gate the output-feedback control issue for p-norm stochastic
nonlinear systems with output constraints and unknown non-
linearities. This issue is challenging in at least two aspects.
First, an adaptive fuzzy controller needs to be contrived
to concurrently handle unknown nonlinearities, unmeasurable
states and output constraints. Second, both the reconstructed
observer-based system and the error dynamic system are
p-norm nonlinear systems, which makes the stability analysis
very difficult. To resolve these obstacles, a BLF-based adaptive
fuzzy output-feedback control approach is developed, which
shows all the signals of the considered system are bounded
in probability while the output constraint requirement is
achieved. Compared with the existing results, the contributions
of this paper are mainly reflected in three aspects:

1) It is first time to investigate p-norm stochastic nonlinear
systems with output constraints, unavailable states and
unknown nonlinearities. Notably, the existing control
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strategies for p-norm stochastic constrained nonlinear
systems are mainly based on the requirement that all
the states are measurable (e.g., [49]-[51]), while this
work considers the constrained control problem in the
case of that only the system output is available for
feedback design. Moreover, the system nonlinearities
in this paper are totally unknown instead of satisfying
some growth conditions which is required in [33]-[39].
In other words, three types of restrictions (i.e., out-
put constraints, unknown nonlinearities and unavailable
states) are simultaneously taken into account. Hence, our
work can develop the control theory of p-norm systems.

2) A nonlinear observer is constructed to estimate
the unmeasurable states. Different from the strict-
feedback stochastic nonlinear systems [30], [31],
the state-observer for p-norm stochastic nonlinear sys-
tems is a p-norm nonlinear system. Thus, the observer
gains can’t be directly gotten from the Hurwitz matrix,
but need to be obtained by analyzing the stability of the
defined error dynamic system.

3) A BLF-based fuzzy output-feedback control strategy
is developed. A tan-type BLF is adopted to handle
the output constraint. Based on this BLF and the con-
structed observer, an output-feedback control strategy
is proposed by combining the FLSs into the adding a
power integrator technique. It is proved that the proposed
strategy can guarantee the boundness of all the signals
in the considered systems without violating the output

constraint.
This article is organized as follows. The problem statement

and preliminaries are presented in Section II. Section III
provides the fuzzy output-feedback controller design and theo-
retical analysis. In Section IV, a numerical simulation example
is given. Finally, Section V concludes this paper.

II. PROBLEM STATEMENT AND PRELIMINARIES
A. Problem Statement

Consider the following class of p-norm stochastic nonlinear
systems

dxj = xIldt+ f;(&)dt + g (%;)do,

i=1,---,n—1,

dx, = uPrdt + f,(x)dt + gl (x)dw,
y = xi, (1)
where x = (x1,---,x,)7 € R", u € R and y € R are

the system state vector, control input and output, respectively;
o denotes a m-dimensional independent standard Brownian
motion; for i = 1,---,n, i = (x1,---,x)) € R, the
fractional power p; € Rozdld = {s/rls > r, s and r
are positive odd integers}, f; : R* - R and g; : R* — R™
are unknown functions satisfying locally Lipschitz continuous
condition and f;(0) = 0, g;(0) = 0. The system output
y = Xx1 1s measurable and required to remain in the set
Iy = {y(t) € R,|y(t)| < &} with a given constant ¢ > 0,
while other states x», - -- , x;,, are all unmeasurable.

As an important kind of stochastic nonlinear systems, the
p-norm stochastic nonlinear systems (1) can be applied to
model many practical systems, such as, the under-actuated
and weakly coupled mechanical system [33] and coupled
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inverted double pendulums [34]. It should be noted that,
system (1) is an extension of the standard strict-feedback
stochastic nonlinear systems (i.e., p; = -+ = p, = 1),
which means the proposed method can also be applicable to
strict-feedback ones.

The objective of the paper is to develop a fuzzy
output-feedback control scheme for system (1), which can
enable that all the variables of system (1) are bounded in prob-
ability with keeping the system output within the pre-given set.

B. Preliminaries

As preliminaries, a definition, some lemmas and an assump-
tion are following listed.
Consider the stochastic system as below

dx = f(x)dt + g(x)dw, 2)

where w and x respectively represent a standard Brownian
motion and the system state; f(x) and g(x) are locally
Lipschitz continuous functions with f(0) =0, g(0) =0.

Definition 1: [5] For any C? function V(x) related to
system (2), the differential operator £ is defined as:

v = 6—f(x) i ig 055 g(x)] 3)

Lemma 1: [19] For system (2), if there exists a C? Lya-
punov function V (x) such that
{un(l)cl) < V(x) = ma(lx))

,Vx e R",1 >0,
LV(x) < —mpV(x)+ v o -

then, the system has a unique solution satisfying
E{V(x(1))} < V(x0)e ™" + vg/mo, ¥Vt > 0,

and all variables in system (2) are bounded in probability,
where w1, wy are Ko functions, and zg, vg > 0 are constants.

Lemma 2: [3] For any real numbers ¢ > 1 and any
variables (1, {2 € R, one has

M I¢f =& =qQ” 2+2)Ia Czl(lcl

(ii) (I4“1|+|4“2I)q =< ICqu +|Cz|‘1 <2! ‘1(|4“1|+|4“2|)3~
Lemma 3: [44] For any positive real numbers &y, k2, 9, ¢
and any variables {1, 2 € R, the following inequality holds

ol +c%‘"1),

ky ki+ko
A 11l

91 (K k2<
(1 g2l S

Ky +ky

2
9 R

ky
_E k]—l—kz.
+k1 +k &)

Lemma 4: [3] For g € (0,00), ¢ =
Vi€ R,i=1,---,n, we have

(al+ -+ 1aD? = clal? + -+ [al?).

Lemma 5: [36] If p > 1 is an odd number and 71, (> are
any real numbers, then

max{n?~!, 1} and

—C =) =) = - T 1(Cl o)t

Lemma 6: [52] Suppose F(Z) is a continuous function
defined on a compact set I1y. Then, for any positive constant
d, there is a fuzzy logic system YT ¥ (X) such that

sup |F(Z2) —YTW(2)| <6,
Zelly
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where Y = (vg,--- ,vN)T is the ideal constant weight

vector, N > 1 is the number of the fuzzy rules,

¥Y(2z) = (WI(ZZBV "”Zg)) is the basis function vector with
I

vi(Z)(j = . , N) being usually chosen as Gaussian

functions.

Assumption 1: Suppose the fractional powers satisfy

p1=p2z--=pp =L

Remark 1: 1) In view of Lemma 6, any continuous
function F(Z) defined on a compact set [Ty could be
approximated as F(Z) = YT W (Z) 4 €(Z), where €(Z)
is the approximation error with |e(Z)] < Jd (0 > 0 is a
given constant).

2) Assumption 1 shows that the fractional powers in system
(1) have a known constant upper bound, and there
is a certain relation among these powers. Evidently,
Assumption 1 is standard and common, which can be
found in the existing related works (e.g. [35], [38]).

III. MAIN RESULTS

First of all, introduce a coordinate transformation as
Xi . 1 - u
= 5 ... . n’ u frd Hrn+1 N

“)

where ri = 0, rj11 = r’;l(j = 1,---,n) and the scaling
J

gain H > 1 is a constant to be determined later. By adjusting
the value of H, the drift and diffusion terms (i.e., f;(-)’s and
gi(*)’s ) can be dominated. Thus, H plays an important role
in the later controller design and stability analysis.
According to (4), system (1) turns into an equivalent system

dyi = Hyll dt + ¢iGr)dt + hi (x;)do,

l_l’...,n—l’
dyn = HiPdt + ¢, (x)dt + hl (x)do,
y =y, %)
where y = (1,5 ) 7 = Gt )T () = J;}(n)»
h ( - 5;1“ .

A. State-Observer Design

In this section, we will construct an observer to estimate
the state vector y. The variable vectors ¥ = (1, -+ , Zn)’
and 7; = (71, -, xi)T respectively represent the estimators
of the state vectors y and ;. For the sake of brevity,
the functions ¢;(-)’s and h;(-)’s are replaced with ¢;’s and
hi’S.
Firstly, motivated by [36],
state-observer is constructed as

[37], a full-order nonlinear

A H7Pi

xi=Hzl +HyiooonGQl =20,
i=1,---,n—1,

)?n:Hﬁp"+H)’n~-~V1(X1 _Xl) ©)

where y;(j = 1,---,n) are the gains to be determined later.

Then, the error dynamics of above observer can be defined as
ei=Ji— fii=1,---,n

Further, we introduce the following coordinate transformation

er=ey, e =e¢ —yiei_1, i =2,---,n. @)
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From the equivalent system (5) and the state-observer (6),
one can infer an error dynamics system

déey = H(yd' — 73")dt — Hy1(xU" — 77"dt
+¢1dt + hi do,
de; = H(yll =zl pde — Hyi (™! Nt
+(i — yii—1)dt + (hi — yihi—)  do,
i=2,---,n—1,
de, = —H)’n(){p" f— ifl]n_l)dl‘

o — pugn_11dt + [y — yphp-11"dow. (8
Besides, we reconstruct a new system from (5) and (6)

dy1 = Hyy'dt + $1dt + hi do,

dyi = Hyldt + Hyi ..oy (et — 21 )dt,
i=1,---,n—1,
dyn = Hal"dt + Hyn...p1(x" — 77"t )

Remark 2: Observer (6) is constructed by borrowing from
the work of [36], [37]. However, observer (6) is a full-order
nonlinear observer different from the reduced-order ones used
in [36], [37]. It should be mentioned that, the systems investi-
gated in [36], [37] are p-norm systems without constraints and
with some given growth conditions, while this paper considers
the output-feedback control problem for the systems with the
output constraint and removing the growth conditions.

In addition, the output-feedback controller design method
proposed in [36], [37] is first constructing a state-feedback
controller and then applying the equivalent principle. In a
word, this method is however invalid for p-norm systems
with output constraints since the coefficient gains of the con-
strained state-feedback controller are functions of the origin
state vector rather than constants. Thus, motivated by the
output-feedback control design method for the strict-feedback
constrained nonlinear systems (e.g., [30], [31]), this paper
designs the state-observer at first, and then reconstructs a new
system (9) from the origin system (5) and the state-observer
(6). Then, based on the new system (9), the output-feedback
controller is directly designed by the adding a power integrator
technique, which will be explicitly shown in next subsection.

B. Output-Feedback Controller Design

Set up the following transformation
_fiflai =29-'-3n

where &_1’s are the virtual controllers to be designed later.
Next, the controller design procedure of system (9) will be
explicitly shown.
Step 1. From (10), we can get

m=xi ni =xi (10)

dnm =dy1 = (Hyy' + ¢1)dt + hi do. an
Define the first Lyapunov function
LN (.2 WU )+§2 (12)
= — n _— = —_—
T o M 2er ) T, T BV Ty
where b1 > 0 is an adjustment parameter, 51 =0 — él is the

error with 6, being the estimation of #; to be given later.
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4
Clearly, the tan-type BLF Vg (71) = 5= tan e j

to handle the system output constraint. It is clear to see that
V1 is positive definite. In light of (3), (11) and (12), it is easy
to obtain

) is used

oVp

102V
£V1= —B

(H n +¢1)+ hlhy — 15151

’71
3
K(m)fﬁ(szp' + 1) + S K ()l 1273

2z 7”74
+€—4tan(2 4)K(771)||h1|| n — b—9191,

T
2e4

where K (171) = sec? (
Applying Lemma 3, one gets

3 3 3
SK@Im P < 2K m) i+ 7.

Then, we have

LVI < HK () G =& + HK(m)n%f{"

4
18 Tn
+HK (n)mi Fi(Z1) — —t (—1)

2et
015 3
__g 13
1+ (13)
where Z; = (3] , 7). 11 > 0 is an adjustment parameter,
4 4 4
~ T1€ . Ty T
F(Z)) = P S —
1(Z1) -0 +27rH;7% sm(284)cos(284)
2w
PO G+ '“ an( ’“)uh 12

Obviously, F|(Z1) is an unknown nonlinear function need-
ing to be approximated. Analysing the expression of this
function, it is easy to deduce that Fi(Z;) is continuous, and
a reduced fuzzy system proposed in reference [49] is an
appropriate approximator for it. Based on Lemma 6 and [49],
F1(Z)) can be approximated as

F((Z1) =] ¥1(Z) + e (Z), (14)
where Z1 = (x1, 71)7. l€1(Z1)| < 6; and d; is a given positive
constant. In view of Lemma 3, it is easy to obtain

K (m)ni Fi(Zy)
< Kl PN +51)
30116, pit3 p+3 pL
K \P 1 _rt Pl
< ( ()l 1||) +p1+3‘711
3 m e
+ Ko™ AR, N 15
1 +3 (771) 1+ 3 1 (15)

where 6 = || Y| 73 and 011 > 0 is an adjustment parameter.
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Combining (15) with (13), gets

LV < HK(m)m G — &MY + HK ()i
4 4
1
S0 an( ) - L4,
2 24 b1

[n%n o0+ 1]

16, 3Ho p1+3 91
p1+ b1
3
p1H —% 3 pH A&
- 0 . 16
pr3 At (16)
Thus, we can design
A AL
&G, 21,00 = —(Mi(x1, 1, 601) v
£ —01001, 21, 0)m, (17)
A 3Hbo11 3 3
6 = W(K(m)u%u) 't
—di0y, (18)

1
where M () is a pos1t1ve smooth function satisfying

MO = 5K 1917 ond +1] + 28 + =
p1(#1) is a positive smooth function to be given in the next
step and d; > 0 is an adjustment parameter.

Apparently, the property of Mj(-) infers that the virtual
controller &((-) is smooth. Meanwhile, if 91 0) = 0, it is
casily gotten from Lemma 2 in reference [29] and (18) that
61(t) > 0 for V¢ > 0. This implies the positivity of M;(-) can
be guaranteed. Similar characteristics will be always fulfilled
in next steps of the design procedure.

Then, substituting (17) and (18) into (16), gets

4 4
LV < 0 a2 ) py ;7"’1Jrg
2 264

—Hpi ()™ + HK (q)m 7 = &)

dy 3, Hpi -5 Hpi AP
6,0 P 6,
QR R LT L
Additionally, it is easy to get
d d d0? a0}
—66 — (@ - 0o, < ——L + —L.
101 = 1(1 DO < 2b1+2b1

Hence, we can obtain

4 4
T1€ i d1(9 3
£V =~ tan (z—i) =g, Her

—Hog" 4 01+ HKu)nd G — ¢y, (19)

P13
P1H Pl Hpi s r dl‘gl
where 01 = § + Jzoy " + 60" + 5

Remark 3: The tan-type BLF Vp(n1) is adopted to handle
the output constralnt issue, since it possesses the property

lim; 0 Vp(11) = 4 which implies that the proposed method
is also applicable to the systems without output constraints.
What’s more, it is worth mentioning that the function K (71)
is the key to keep the output variable to remain in the
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constrained region, since K (#1) increases along with the state
x1 approaching the boundaries x1 = |g|.

Remark 4: (i) Obviously, one can verify

4 4
. 717’]] 71'171 77:;71 71;7]
sin (_254 ) cos (_234 ) o cos (25 )
m 3 =lim ————~ =0
2r Hpy 27[H;71

which further ensures that Fj(Z1) is continuous.

(i) Note that Fi(Z1) in (14) includes variables x1, x2, X1,
%2, hence the FLS TlT Y1(Z;) is a reduced fuzzy system
utilized to perform the approximation task. In fact,
if a traditional fuzzy system is used to approximate
it, the first virtual controller &{(-) will include all the
variables y1, y2, x1> x2.- That means the backstepping
approach can’t be continually applied in the later design
procedure. As stated in [49], the reduced FLS is more
proper to estimate the unknown functions.

Step 2. Based on (10) and It 6’s formula, one has

dmp =[H7) + Hyop1 (17 — L& 1dt

T
—(a—éhl) do, (20)
ox

>

n1—0 n—0

Apl)

where £61 = SL(H 20" +g0) + 57, + Sy + 12540

is a smooth function due to the smoothness of .
Choose the Lyapunov function as

Vo=Vi+ A 20
with
p1—p2+4 02
Ay = m _2’ (22)
p1—p2+4  2b

where by > 0 is an adjustment parameter, 52 =6, — éz is the
error with 6, being the estimation of 6, to be given later.

By the definition of V3, it is easily seen that V is positive
definite. According to (3), (20) and (22), it can be gotten that

LAy =n5"" Py 5+ Hyan (! )?pl) — L&)
A D1~ P2+3 851 2
——9292 _ = H ny1 TP (23)
by
Using Lemma 3, one can dlrectly deduce
p1—p2+3 a_flh 2 ;7171—1724—2
2 on 2
8{ 2(!’1—!’2+2“) 3
1 PPt p—py+d | PLT D2
=q@|\z—mh +— (29
ox & p1—p2+4
where g2 = (p1 — p2+3)(p1 — p2+2)/2(p1 — p2 +4).

Besides, it can be obtained from Lemmas 2 and 3 that

Komm Gyt =&

_1 _
< KImPDillmal? + o nallm 17171
p1+3
< (K nrs o3 p1+3 P1012  pi+3
< (771)) +3 12 1 —p1+3 o)
~1)(p1+3)
pi+2 a3 (@ ()P 143
K
+ 13 (mony " + P K (m)n,
3 pl 12 3 3
<p1(f11)f1”‘+ e b o1 (', (25)
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where D = (27172 4+ 2)p; is a positive constant;
01() = (601())(”‘ 1)(Wr3)1<('71)/(101 +3) and pi(m) =

2
p12+3D 5 a1 (K(m))"‘“ + 1?:#31((’71) are  positive

smooth functions; and o1 > 0 is an adjustment parameter.
Then, in light of Definition 1 and Egs. (19), (21) and
(23)-(25), one gets
4 4 N2
1€ T p+3 d1‘91
LV) < ———t — H
2=""g an(24) o 20,

o
+H p1—+_]23 p1+3 +H;7P1 pz+gF2(Z2)
+H;7P1 Pz+3(AP2 52172)4_1_1,7171 pz+3§ 2
pir—p2+3 1.:
+01+ ———FF— — —6hbs, (26)
pi—p2+4 b
where Z) = (7;,7;,@1)T and
8{ 2(p1—r2 +z4)
qr2m 1 ri—p2+
Fa(z) = B 5Ly
H |ox
ﬁé‘l
+o1(ny +yan G =2l -

Obviously, F>(Z;) is an unknown and continuous nonlinear
function. By following the same lines to obtain Fj(Z;) in
Step 1, F2(Z3) can be approximated as

Fa(Zy) = YT 9(Z2) + e2(22),

where Z, = (Xl,j(_\zT,él)T, le2(Z2)| < &> and &, is a given
positive constant.
By Lemma 3, one obtains

_ 3 _
' R (Z2) < P PR+ )
— +3
- (p1 — p2 +3)o216, ”\quﬁngrﬂﬂ
p1+3
_p1—p+3
P2021 P PL—p2+3 543
p1+3 p+3 7
n+3
P29 7)
p1+3°
1+3
where 6, = || Yz||71—72*3 and o021 > O is an adjustment
parameter.

Then, combining (26) with (27), it is easy to infer

4 4
T1€ T 13 Hpiown pi43
LV) < ———t — Hrpf! —
1= an % 4 un o+ it3
+3)H
(’npp—ig) |:||l}'2||171 p2+302192+1] p1+3
| (p1—p2+3)H s 43 <92
O | —= =T ||| 71 p2+3 e
+ 2[ P 1P| 0211, by
3, 3 d6}
+H;7P1 p2+3 ( ) fzpz)-i‘Hﬂpl P2t 52 _ 2b
_p1—m+3 p1+3
p1—p2+3  Hpao,, " H p10, " 10
1.
p1—p2t+4 p1+3 p1+3
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Thus, one can design

=T 2 =T A7\, -L
&1 72.07) = —(Ma(x1, 72,03 N2 o

4

=T A
—02(x15 2203 Y2, (29)
b, — (p1 — p2 +3)Hbro2;
Pl + 3
Wl 7B g2 oy, (30)

1
where M)? (-) is a posmve smooth function satisfying M (-) >
Pi— pz+3

_pt3
el Lk 21 K "2“02192 + 1+ B2+ py + 12 p2 > 0is
a constant to be given in the next step; and 7, do > 0 are
adjustment parameters. Combining the property of M (-) with
the definition of &(-), infers that &(-) is also smooth.
What’s more, it is not difficult to deduce

d d . 03 dr03
6,0 —(0; — )0y < ——= + —=. 31
b, 202 = 2(2 2)02 < 2, T 2by (31)
Substituting (29)-(31) into (28), yields
4 4 ;2
T T p+3 D
LV) < —— 1t — - H -
2= "0 an(zg4) e 2b,
a0,
—Hps 77p1+ Hrzné"” )
2b>
HHRS PR EE -8+ 00+ 02 (32)
_pi—pot3 plpf 5
+3 Hp25 dz@
where Qz—%—}-pl+3 o +Tﬁ_3+ BT

Step k(3 < k < n). Suppose at Step k — 1, there exist
a Lyapunov function Vi_; and a series of smooth virtual

controllers 5,-()(1,3(_\?,9;)@ =1,---,k —1), such that
4 4 k=1 7.92
T1€ 71'7’]1 JYj
LV < ——1t — - —
k=1 = 27 an(284) ; 2b;

+3 +3
_ZHTJ’?pl — Hpx —1’71?11

+H,7P1 Pk— 1+3(Apk 1

fpk 1

+H77P1 —Pk— I+35Pk 1+ZQ1’ (33)

k — 1) are positive adjustment
k—1) are positive constants.
’s formula that

where n;,d;j(j = 1,---,
parameters; px—1, Q;(j =1,---,
Meanwhile, one can infer from (10) and It o

_Xl ") — LE&—11dt

—(aik‘hl) do, (34)
oxi

dme = [H7P 4+ Hye 71 (e

where L& is a smooth function in the following form

fk 1 5fk 1;\

Lé_1=

(HX +¢1)+Z

155k1
26

—hi hi.

_’_Zafk 1A
j=1
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We choose the Lyapunov function as

Vie = V-1 + Ax (35)

with
P1—pit4 52
M 0

Ax = (36)

7+_,
p1—pk+4  2b;

where by >AO is an adjustment parameter, ék =6, — ék is the
error with 6 being the estimation of 6y to be given later.

Evidently, Vi is positive definite. Based on Definition 1,
it can be obtained from Egs. (34) and (36) that

EAk—’?}fl pk+3[HXk+1+Hyk"' _X11)_£fk 1]
P1L—Pk+3 i pr2 || Ock—1
2 ¢ ox1
Apparently, it is not hardly gotten from Lemma 3 that
1, I’
ox1

2(p1—pr 4
P1—Pkt2

Vl(X]

. 2
——ékék + hi (37)
by

P1—Pk+3 pipii2
i

hi

0&k—1

= qk (38)

p1—pi+4 P1 _Pk+3
1 Mk

ox p1—pe+4
where g = (p1 — px +3)(p1 — Pk +2)/2(p1 — pr +4).

In addition, it can be verified from Lemmas 2 and 3 that
’751 lpk 1+3 (Apk 1 é:l’k 1)

< It 1P Dy [P Il 171
Pk—=10k—1 2 p;+3 P43
P +ok-1( ,
p1+3 k o ()”k
where Dy = (2Pk—l*2 + 2)pi_1
e
(Dk,l)prpk_wzak 111 I’k l“/(p] 4 3) 4+ Pli% are positive

constants; gx—1() = [Dy—1(pk_t )PP/ (py + 3) is
a smooth positive function; and ox—; 2 > 0 is an adjustment
parameter.

In light of (28), (37)-(39), one has

4 é .
EVkS—%tan( ) ZHTJWPIH —i@k

Pk—10k—1 2 p]+3

p1+3

< ety + (39)

and pr—1 =

+H + Hyl PP E(Zy)

p+3 K
k=1 5.52 k-1
-y 4o S 4 D petSd
= 2bj o P pi—pet+4
—pk+3 o~ —pi+3
HH PGl = O+ Hl TG
(40)
—p =T = X A A
where Z; = ()(g,)(k ,HkT_l)T, Ok—1 = (01, --- ,01(,1)T and
- L&k
F(Z) =yk- () =70 — - + o1 ()
64‘ 2(prpk+24)
— PPkt
L | 0G|
H || 0x1

Clearly, Fy(Zy) is an unknown and continuous nonlinear
function. Similarly to the first two steps, we rewrite Fi(Z)
by applying a reduced FLS TkT Yi(Zy) as

Fi(Zi) = YT (Zk) + e (Zi),
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~ —T = -~ . .
where Zix = (x1, 75, 0L )7, lex(Zr)| < d and 6 is a given
positive constant.

Hence, from Lemma 3, it is easy to obtain

—pit3
' F(Z)

_ (p1 — pix + 3)or10k

p1+3
5 R ARG
P1

3
pkék *
p1+3

_p1— Pk+3

Dk o, b1 pk+3np1+3
p1+3 k1 p1+3 k

>

(41)

+3

pl . .
where Oy = ||[Yk||?177%F and of; > 0 is an adjustment

parameter.
In light of (41) and (40), it is easy to get

4
€ T
LV < —Tzl—ﬂtan( ’71) E Hr]np1+3

k—1

Pk—10k—1 2 p+3
+ Oj+H—F— +
JZ:; / p1+3 i

p1—pr+3

PP S A o + 1
i3 [Pl K10k + 1],

_ NH P13 g
(p1—pr+3) ¥ | 7 oy = %
1+3 by
3~ — 3

+H71p1 Pk+ (Xlikrl é:]fk)+H77£1 Pk+ ég]fk

Hp, —H5k= T il +3

p1+3 %k p1—pr+4
Hencg, the smooth virtual controller & with the adaptive
law of 6 can be designed as

=T A7\ -
—(Mi iy 2x 00) P i

k—1 7.792
> o
2,
Hpy 5%3
p1+3Fk

p1+3

+0kl —]

(42)

=T 3
6]{(%15 Xk 56](T)

=T =
2 —ok(eis 2k 00 )k, (43)
b, = (p1 — pr + 3)Hoybi
D1 + 3
X PR g iy, (a4
_ L
where 6 G, - ,007; Mk”k () is a positive smooth
function satisfying
_ 1+'§
Mi() = % (o1 B ¥ | 775 + 1)
Pk—10k—1 2
—— 4+ pr +
p1+3 p

pk > 0is a constant to be given in the next step; and 7, dx > 0
are adjustment parameters.
Furthermore, we have

(45)

From (42)-(45), it can be deduced that

’ 1'184 ”77411 k d 92 k 13
Vki—?tan 2t JZ;——ZHTM
p1+3

—pkt3 (Apk

+Hyp! Tt —

P@+§:@,<%)

j=1

—Hpiny,
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P1—pEt3 r+3 d 6
where Oy = ;{i30k1 Py Hpk3 kl’k 4 iz Pk+3 + 2k k
That is to say, for Vk = 3, --- , n, Egs. (43P) (514) and (46)
all hold.

Step n. It easily renders from above steps that, there exist a
sequence of smooth virtual signals with corresponding adap-
tive parameter laws (é‘,-,é,-)(i =1,---,n) such that Eq. (46)
holds for k = n with y,4+1 = u. That is, the Lyapunov function
can be chosen as

Vi = Voot + Ay
—pjt+4 n 2

4 4 n P 9
€ T ’7,
= — |+ S — + 47
and the controller & can be designed as

&G 2T, 0Ty = —(Mu G, 27, 07 ))P"nn

|
-+

L

_¢H(X15X 59 )77" (48)
with
A — pn+3)Honb 3 N
6, = p; +; IO |, |71 2 — 0, (49)
L
where 6 = (91,-~- ,én)T, M," (-) is a positive smooth
function satisfying
— 3 1+'§
Moy = PP O 1]
p1+3
Pn—10n—1 2
— t+ 1.
p1+3 !

Clearly, one can further get
4 " d:6%
71€ T iY;
LV, < ———tan —
S (2 4) Z 2b;
j=1
n
DI
j=1

Then, by the definitions of nx(k = 1,---,n), we obtain the
implementable output-feedback controller of system (9)

(50)

i=—(p1)1+ @202+ + Onjin) (51
where g = [}y pj fork=1,...,n

Thus, the fuzzy output-feedback controller of system (1) is

+ @nn), (52)

where ¥;(i = 2,---,n) are provided by the observer (6).
In light of the design procedure, the actual controller (52) is
evident smooth.

u=H""g=—H"" (101 + @202+~

C. Selection of the Observer Gains

In this part, the values of the unknown gains
yii = 1,---,n) will be obtained by the Lyapunov
analysis. At the same time, one will get the values of some
other parameters appearing in the output-feedback controller.

Based on the error dynamic system (8) and Assumption 1,
we define the Lyapunov function

Pl pi-1+4

~4 n
_yel yl
Un=ZH+2

— (33)
= p1—pi-1 +4

where y > 0 is an adjustment constant.
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By the definition of U,, we can easily know U, is positive
definite and obtain that

LU, = Hyé%oc —72’”) —Hyn& Gl =20 + 7
~ i—2+3 i— ~Pi—
+ yeluh]n +ZHye,” Ol =20
~p1—pi-1+3 i— —Pi—
—ZHVyief" PGP =7l
=2

+ZH[ el Pt (g — J’i¢i—1)]

P 1+3 . 142
+ZH[ LT ey, ,_1||2].

(54)

To find the appropriate values of y;’s, the upper bound of each
item in the right side of Eq. (54) will be given in the next steps.
Firstly, we can directly infer from Lemma 5 that

PP opi43

—rneOd =7 = e (55)
Furthermore, from Lemmas 2 and 3, one can get
y& oA =78 < yleilf -2 eal ' + [x2l?"] (56)

< a215f1+3 + a225§1+3 + A1l xal P,
Y -3 3V 20 2
——e7|h
X Hel¢1+2H81|| 1l

9 Y plTM +3

where ap; = az1(y2) > 0 is a constant independent of H and

y1; a2 > 0 is a constant independent of H and yr(k = 1,2);

_ pi+3 2pi+3)
and FI(XI)_ n 2( )"”‘“) Ayl 5T,

On the other and it can be given from Assumptlon 1 that

4<pi+pi-1—pi2+3<p+3forali=3,-.
Then, for V3 <i < n, it is verified from Lemmas 2—5 that
i— +3 i— ~Pi—
yelpll Pi-2 (Xl 1 P )

~ —p; 3 i i
e Y L R [T L N P LG

pii—piat3 |
Pl Pi—1—Pi-2 +Qi5

1

~p1+3
E a,-jej.] —i—}.il){l
—

where aij = aij (yi, e

IA

(58)

,7j+1)(j =1,---,i — 1) are positive

constants independent of H and yx(k = 1,---,)); aii,
Ai1 > 0 are constants independentof H and y;(j = 1,--- ,1),
Q; > 0 is also a constant.
For V2 <i < n, it is obvious that
~ 1l +3 11— ~Hi—
_yylempl (p _ p )
~p1—pi-1+3 ~ | =pie
= —yyiél —pi-1+ [Xl _ (Xl +e.)Pt 1]
~ i +3 ~ o~ ~pi_
~y yle”‘ PTG e = (59)
Then, for V2 < i < n, it can be inferred from

¢ = (i +é;) — ¥ and Lemma 5 that

PI=Pi 3o | s pit i
—yyier P (G +el)”‘ -7
—y i TP GG+ ey — 2P
YVi ~p1+3

T opici—17i (60)
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Meanwhile, for V2 < i < n, we can deduce from Lemmas 2
and 3 that the following inequalities hold

~p1—Pi-1+3_ pi- = | Z\Pi-
| —yyiel " = Ga el
< yyiDioile PP

X |:|)’iei71 [Pt 4 |yiei—y ||Xl.|17;—171]

i
~p143 3
<> et g, (61)
j=1
Y <p1—pi—1+3
Eefl P (B — yiddio1)
P1—Pi-1+3 _p—pi+2
+72}-I ye' = ? Ny — yihioa |
(P1 = Pic1 +3)% (VN 43 =
<o () AT Ra,
(62)
where ¢;j = ¢;j(yi,---,7j+1)(j =1,---,i — 1) are positive
constants independent of H and yx(k = 1,---,7)); cii,
Ai2 > 0 are constants independent of H and y;(j =1,---,i);
and
= pi-1 bt
Fi(xi) = p1l+ 3(¢i — yigi—1) Pi-1
_ . +3 2(p1+3)
_{_%HH(%)‘(m—m_lpls)(p,v_ﬁl) i — yihii | el

Substituting (55)-(62) into (54) yields
n
Y71 ~p1+3
=D @ji+epn |t
j=2

LU, < —H e

n—1 n
V7Vi B B ~p1+3
_H; wpimi—1 Zz(aﬂ +eji) | &
i= j=

I
—H (2);3)31 - (ann + Cnn)) 6’1171+
3
+Hi (p1 — pi-1 +3)? (1)71;113;1% Spi 3
= p1+3 H !
r1+3

9H [y \"5 .p+3 = .
+ (—) e+ F()+ Y HO;,

o +3 \H 1 () ; Qi
where F(y) = Hizl%zpﬁ_s + >0, Hiil%il’ﬁp"‘l*l""z” +
>, Hlnyl 3y >y HF;()x;) is an unknown continuous
function.

Apparently, a FLS can be applied to handle the unknown
function F(y). Consequently, using Lemmas 4 and 6, one
easily deduces that

F() =%+ eo(x) <

(63)

360 P1
p1+3 p1+3

+ do,

p1+3 . .
where 6y = || Yo]| 73 , and dp > O is a given constant.
Therefore, the observer gains y1,---,y, and constant H
can be selected as bellow:

2Pn—1 -1

v

yn > max I

(En+l+’€n)sl]5

v

2[77172_1 _
Yn—1 maXI ; (Cn_1(yn)+1+lcn_1),1],
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v

opi—1 -
72 maX[ . (cz(yn,---,y3)+1+kz),1],

v

op1—1 _
71 max[ y (Cl()’n,"',)’2)+1+’fl)>1]a

( 9 )ﬁ
> maxq 1,
p1+3

P1=Pp—1+3
x ((m — o1+ 3)2) TE=:
p1+3 ’

=
\

(64)

where ¢, = ann, + cnn 1S a positive constant independent
of H and y;’s, ¢; = ¢i(yn,-++,7i+1) = 2 joa(@ji + ¢ji)
(i =1,---,n— 1) are positive constants independent of H
and y;(j = 1,---,i), and k;(i = 1,---,n) are adjustment
parameters.

Then, substituting (64) into (63) yields

n
LU, <= Hxjel'™ + 70, (65)

j=1

where Q = 3", HO; + p3f£3 + f’jr3 + Jp is a constant.

So far, we have completed the design of the output-feedback
controller with appropriate observer gains.

Remark 5: 1t should be pointed out that, since the error
dynamic system is also a p-norm stochastic nonlinear system,
the observer gains can’t be directly assumed to satisfy the
Hurwitz matrix widely used in strict-feedback constrained
nonlinear constrained systems. In this paper, the gains are
devised by the rigorous analysis of the stability of the error
dynamic system. The exponential terms with p;’s as the
fractional powers are handled by fully and subtly taking
advantage of the properties of the FLSs for the error dynamic
system.

D. Verification of Keeping the Output Constraint and
Stability

A theorem is first provided in the following to summarize
the main result of this paper.

Theorem 1: For system (1), there 1is a fuzzy
output-feedback controller (52) with the parameter adaptive

laws (18), (30), (44) and (49), such that
1) the output constraint is not violated in the sense of

probability, i.e., P{|y(t)] < ¢} =1;
2) all the signals in system (1) are bounded in probability.
Proof. Firstly, we define the overall Lyapunov function for

system (9) as
V=V, + U,

where V, and U,
(47) and (53).
Then, based on Egs. (3), (50) and (65), it is easy to infer

4 4 n o 4.02

T1€ 71'771 JYj

LV < ——an| =2 )-> L
- 2z an(284) Z 2b;

Jj=1

have been respectively defined in

n n n
3 ~ 3 Y
=D Hen" =" Hid" >0+ 0. (66)
j=1 j=1 j=1
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In addition, it is easily obtained from Lemma 3 that

4 —1
6? < é{)l+3 P1 i
p1+3 p1+3
Gopit _ PLT Pil +4é,7,+3 Pj—1— 1’
/ pi+3 p1+3
17717_/+4§Pl_Pj+4 p1+3 P/—l’]_z’. .
! pi+3 p1+3
(67)

WhiCh renders
- ~p] pi—1+4
Kie =

- et a—
B Y TN R il
— J 4 F pj-1+4

o P

—1)Hxk " (pi—1— DHxk;j
+(P1 ) 1+Z(pj 1 ) 1’
4 — P1—pj-1+4
-  P1— P/+4 n
z 3 il (pj — DHz;
_ Hrmpwr < z J +z J J
— p1—pj+4 “~ pi—pj+4
j=2 j=2
(68)

where k; = (p1 +3)Hkj, Tj =
Further, we get

4 4 " d:02 = ~4

T1€ La7h j0 ke

v -2 () > L B4
=" an(ze4) =, 4

(p1+3)Hz7j(j=2,---,n).

_ p1—pjt4 no oz sPImP- 1+4

Tin; Kje;
D -> + 0%, (69)
— pi—pjt4 S P Pi- 1+4
= (pi—DH (pj-1=1)Hx;
where 0% = 3>7_, Qj—l—Q—l—w-i-Z?:z[w-i-
(pi=DHz ¢
P1—pj+4

1) Since V = V,, + U, is continuous and positive definite,
we can obtain from Lemma 4.3 in [53] that there exist Koo
class functions @ (||Z]]) and @7 (]| Z]||) such that

71 (1Z]) =V < m(1Z]), (70)
Wherezz(rlla”'9’7n3613”'aenaéla”'aén)r'
Let Ty = min{rlafz3"'3fn3k15"'5’€n3d15"'3dn} and
vo = Q*. Then, Eq. (69) can be rewritten as
LV < —moV + vo. (71)

According to Lemma 1, one can directly verify from
Egs. (70) and (71) that

o
7o

EV(t) < V(0)e ™ +

Due to 0 < e™ 70! < 1, it is easy to get

EV() < V() + 2. (72)

70
For any initial state x(0) = (x1(0),---,x,(0)7,
if |x1(0)] < &, then |71(0)] = |x1(0)] < &. Hence, by

the definition of V (¢), it is easy to gain V(0) < oo for Vx(0)
with |x{(0)| < &, which gives

EV() <V©0)+ 2 < . (73)
T
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Eq. (73) renders the boundness of the mean of V(¢), which
also indicates V (¢) is bounded with probablhty one. Keeping

this in mind and noting that V = Vg + 2b + Z" o Aj+ Uy,
one directly gains

P{Vp(n) < oo} =1.

Thus, it can be deduced that P{|5;(t)| < ¢} = 1, that is
Plly®)| <e} = P{lxi(0)] <&} =1. 74

Consequently, the output of system (1) remains in the set I1;
with probability one.

2) On the other hand, combining Eq. (71) with Lemma 1
directly infers that all the variables in system (9) (i.e., x1, xi’s,
6;’s, &’s and i) are bounded in probability, which indicates
é,-’s are also bounded owing to é,- =6; —9,-. Meanwhile, noting
that the controller u = H'"+1i, one can easily deduce that the
controller # is also bounded. Equally, one directly gets from
Eq. (71) and Lemma 1 that all the error variables (i.e., ¢;’s
and ¢;’s) are bounded in probability. Since y; = e; + J;, all
the y;’s are bounded. Moreover, by (4), one has x; = y; H'i,
which verifies that x; is bounded, Vi = 1, ---, n. Till now,
we drive the conclusion that all the signals in system (1) are
bounded in probability. ll

Remark 6: 1) This paper designs a fuzzy output-
feedback controller rather than the state-feedback con-
trollers in existing literatures about output constraints.
Compared with the existing results, the main feature is
that three restrictions (i.e., output constraints, unknown
nonlinearities and unavailable states) are simultaneously
taken into account, which implies the topic is quite
difficult and challenging.

2) Although the paper has made some contributions on
p-norm stochastic systems with output constraints. How-
ever, the proposed method still has some shortcomings.
On one hand, the proposed control strategy has been
developed under Assumption 1, which is still somewhat
restrictive from the practical point of view. On the other
hand, the considered output constraint is constant and
symmetric, which causes the proposed scheme cannot be
directly applied or further extended to the cases of state
constraints or asymmetric output constraints. We will
focus on these issues in the future.

Remark 7: It could be observed from (71) that the control
performance depends on the parameters zg and vg. As stated
in [28]-[31], a better control performance could be obtained by
carefully adjusting the values of all the adjustment parameters,
the observer gains y1,---, 7, and scaling gain H under the
given rules (64). Undesirably, to arrive the better performance
may make the altitude of the controller u# larger. Consequently,
in practical applications, the careful adjustment of all the
parameters and gains also should take into consideration the
tradeoff between the better performance and control action.

IV. SIMULATION EXAMPLE

A p-norm stochastic nonlinear system is presented in
the following to demonstrate the validation of the proposed
scheme.

dx) = x5dt + 2x?d: + 4xjdo,
dxy = u’dr + x1x3dt + 3x3do,
y =X1.

(75)
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Fig. 1. Trajectories of x1(r) and x(r) with ¢ = 0.8.

Suppose ¢ = 0.8, that means the output y = x; is required
to be kept in II; = {y(t) € R,|y(t)| < 0.8}. Obviously,
rn=0,rn= %, r3 = % Letting y1 = 771, x2 = 7% and
i = 5, the following equivalent system is gotten
dy1 = Hyjdt + 2yidt + 4y1dw,
dyr = Hiibdt + H5 y1 72dt +3HS y2do,
Yy =X

(76)

Based on system (76), a two-order observer is first con-
structed as

X1 =Hz+HyGd — 1) .
X2 =Hi> + Hyp1 () — 7).

Thus, the fuzzy output-feedback controller with adaptive
laws is designed from Theorem 1 as

2 2 % 11
u=H5i=—H5M; 2+ M; M} x1),

3 3 5y 4 1(m
My = -(K(m))3 [I|T1(21)Il3a1161 + 1} 4+ 2 () + 1,
8 K(m)
3 ALY, 5012
My = SlI¥2(Z2)IP 0210y + 11+ == + w2,
A 3Hbio11 - 3 .
O = T(K(m)ll‘f’l(zl)||)3f7§ —di01,
5 SHbooy ~ 8 .
Or = == W2 Zo)I° 1 — o, (78)
1
where nm = 1 = X1, i = )’672 _fl’ 4“1 — _M15;71’
Zi = (. Za = (7.0 ;) = 5

_5 ~
5036,,7 (K(n)s + 2K (n); Wi(Zi)(i = 1,2) are the fuzzy
basis functions; o11, 012, o21,7;(i = 1,2), bj(i = 1,2), and
di(i = 1,2) are adjustment parameters; H and y;(i = 1,2)
are constant parameters to be designed. Choose
(v (Z1), -+, y1r(Z)T

> v (Z)
(y21(Z), -+, yar(Z1)T

S wai(Z2)

¥i(Z)) =

¥2(Z) =

with

—(n —8+2j)? —(1 — 8 +2j)?
—2 exp —2 N

w;(Z)) = eXP[
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Further, we choose the adjustment parameters as

011 =02, 012 =0.1,0021 =5,b1 = by =1, d; =d =0.05,
71 = 13 = 0.5. At the same time, one chooses and designs
other parameters appearing in the controller as y = 20,
k1 = xkp = 005, H = 21, y; = 300, y, = 2. Then,
the initial values of the states and adaptive parameters
are selected as [x1(0), x2(0), 71(0), ¥2(0), 01,017 = [0.4,
7.5,0.4,7.5,10,10]7. The simulation results are displayed
in Figs. 1-3.

Fig.1 shows the trajectories of x;(¢) and x;(z) under con-
troller (78), which clearly demonstrates that the system output
x1(¢) and the estimate Xx1(¢) are kept within IT;. In addition,
since x1(¢) is available, the error between it and the estimate
X1(¢) constructed by the aid of the known x(¢) can reach to
be very small. Further, the trajectories of x,(¢) and x,(¢) are
provided by Fig. 2, which illustrates that x;(z) can be well
estimated by x»(¢). In addition, the trajectory of controller u
is given by Fig. 3. Also, it is easy to observe from Figs. 1-3
that all the variables in system (75) remain bounded under
controller (78) all the time.

V. CONCLUSION

This paper has investigated the controller design problem for
a class of p-norm stochastic nonlinear systems which suffer
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from output constraints, unmeasurable states, and unknown
nonlinearities. A tan-type BLF has been used to handle the
output constraint issue, and a full-order observer has been
designed to estimate the unmeasurable states. On these basic,
the fuzzy control algorithm has been developed by applying
the FLSs and the adding a power integrator technique, thereby
an output-feedback controller being constructed. The designed
controller ensures the stability of the considered system in
the sense of boundness without violating the given constraint.
However, there are still some challenging and unsolved prob-
lems, such as the strong restriction of Assumption 1, how
applying the type-2 FLSs to enhance the computational issue,
how to solve the output-feedback control for systems with state
constraints or asymmetric output constraints and so on. In our
future work, we will try to investigate these issues.
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