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Abstract

This paper addresses the design of an observer based adaptiveneural controller for a class of
strict-feedback nonlinear uncertain systems subject to input delay, saturation and unknown
direction. The input delay has been handled using.of an integral compensator term in the
controller design. A neural network observer has beendeveloped to estimate the unmeasured
states. In the observer design, the Lipschitz condition’has been relaxed. To solve the problem
of unknown control directions, the Nussbaum gain function has been applied in the
backstepping controller design. “The.explosion of complexity” occurred in the traditional
backstepping technique has beenyavoided utilizing the dynamic surfaces control (DSC)
technique and the designed.centroller is singularity free. It has been shown that all closed-
loop signals are semi-globally ‘uniformly ultimately bounded (SGUUB) and the output
tracking error converges to a small neighborhood of the origin by choosing the design
parameters appropriately. The numerical examples illustrate the effectiveness of the proposed

control scheme.
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1. Introduction

During the past decades, control design of nonlinear systems has attracted numerous
researchers’ interests. Adaptive control based on the backstepping technique is one of
the most common strategies for a large class of nonlinear systems [40]. Nevertheless,
the most common drawback of backstepping technique is “the explosion of
complexity”, resulting from differentiating the virtual controllers repetitively.
Particularly, as order of the system increases, the complexity grows extremely-[29].
This problem can be solved using the DSC technique [19, 20, 22, 36, 38, 49];
however, in the case of model mismatch, the controller design.can_be much more
difficult. To deal with this problem, neural network (NN) and fuzzy logic systems
(FLS) are used to approximate the unknown system dynamies [6]. In [8, 18, 19, 30,
31, 33, 37, 39, 46], adaptive intelligent output feedback controllers have been
proposed for the nonlinear strict-feedback systems. ‘ln [2], the sliding-mode control of

nonlinear uncertain systems with unmolded actuator dynamics has been considered.

Input time delay is frequently encountered\in practical systems such as hydraulic
systems and chemical processes. Input.delay can lead to instability of the closed-loop
system and degradation of the.controller performance. In [45, 50], an adaptive fuzzy
feedback controller design”for nonlinear single-input-single-output (SISO) systems
with input delay has been addressed. In [17], an adaptive fuzzy tracking controller for
nonlinear systems{ with “input delay has been designed utilizing the Pade
approximation.<Zhu et-al. [51], extended this approach to control the multi-input-

multi-output (MIMO) nonlinear systems with input delay.

In most practical control applications, usually some of the states are unavailable for
measurement and the system dynamics are not completely known. In such cases, the
NN or FLS observers can be used to estimate the unmeasured states of the systems
with unknown dynamics [32]. Adaptive fuzzy observer for control of SISO nonlinear
systems has been proposed in [16, 35, 21]. In [7], design of an adaptive NN controller
for the non-strict-feedback nonlinear systems in the absence of full state
measurements has been addressed. In most observer designs, the Lipschitz condition

for the unknown nonlinear functions describing the system dynamics should be



satisfied. The stability analysis can be independent of the Lipschitz condition if fuzzy

logic systems or neural networks are used in the design of adaptive observers [42].

Control of many industrial systems is faced with input constraints such as dead
zone, backlash, or input saturation. Among these system input nonlinearities, input
saturation is one of the most important constraints which severely restricts the system
performance and can lead to instability [21]. In [48], an augmented system which has
the same order as the nonlinear system, is incorporated in the controller design to
compensate the effect of input saturation. An innovative approach_.for.design of a
robust adaptive controller for uncertain nonlinear systems in the“presence of input

saturation and external disturbances has been proposed in [25;41].

In designing the adaptive neural network controllers,.control singularity problem
might occur. If the system dynamics are not known,these dynamics should be
estimated. When the estimated values of unknown dynamics approach zero, controller
singularity can occur [27]. To deal with this problem, some approaches have been
proposed in the literature namely; the projection algorithm [10], the integral Lyapunov
function method [47], the coordinatextransformation method [15], and the direct
adaptive controller technique [12}=In this'work a novel approach has been proposed to

avoid the controller singularity preblem.

Additionally, in some,contrel applications, the control directions are not known.
When there is no.a priori’knowledge of the virtual control coefficients, controller
design becomes much more difficult. This problem has been solved using different
approaches/such as‘utilizing the Nussbaum function [29, 34], estimating the unknown
parameters including the unknown control direction [14], and using the correction-
vector method [5]. The Nussbaum gain function has been used in the design of
adaptive controllers for nonlinear systems with unknown control directions in [11, 13,
29].

Some of the aforementioned restrictions are considered by other researchers. For
example, in [21, 23] an adaptive fuzzy output feedback controller for nonlinear
systems in the presence of input saturation has been proposed. In another work [9], an

observer-based adaptive NN controller is proposed for a class of uncertain nonlinear



systems in the presence of input saturation. In these works, it has been assumed that
the control directions are known a priori which is not true in many control
applications. In [29], an adaptive neural network controller is designed for a class of
uncertain nonlinear strict-feedback systems with unknown control directions in the
presence of input saturation. In the mentioned work, the authors assumed that all
states are available for measurement which is not a realistic assumption from a
practical point of view. In [1], an observer-based adaptive fuzzy output feedback
controller for a class of nonlinear system with unknown control directions and input
saturation has been proposed, but the input delay and “explosion of complexity”,
occurring in the conventional backstepping controller design, ‘are=not taken into

account.

To the best of authors’ knowledge, there is no published work that considers
simultaneously all of the aforementioned restrictions;,i.e. unmeasured states, input
saturation, input delay, controller singularity problem and unknown control directions
for a class of uncertain SISO nonlinear systemsy In this work, a controller for such
systems has been proposed. In addition “theiexplosion of complexity” which occurs in
the traditional backstepping control strategy has been avoided using the dynamic

surfaces control technique.
The main contributions of-the present work are summarized below.

1- In the development of the proposed control scheme, the Lipschitz condition
which is@ restrictive assumption in the design of the NN adaptive observer has
been relaxed; while this assumption has been made in several related works
[21, 507

2=».The proposed method for handling the singularity problem, avoids the
complexities in stability analysis presented in [47]. Additionally, compared to
the approaches proposed in [11, 13, 29], the presented method is simpler and
depends only on one Nussbaum Nussbaum function which leads to less

oscillation in the control action.



3- Through the DSC technique, "the explosion of complexity" occurring in the
conventional backstepping controller design has been avoided. This advantage
becomes more highlighted when the uncertain nonlinear system has high order

dynamics.

4- The proposed method is able to tackle the effect of time-varying input delay,

while in [45, 50], it has been assumed that the input delay is constant.

5- Using the Nussbaum gain function is one of the most common approaches for
handling the unknown control directions, but the control“action becomes
oscillatory as the number of Nussbaum functions increases. In the present
study, by utilizing a change of coordinate, only one' Nussbaum function has

been used which leads to fewer oscillations in the ¢control action.

6- Stability of the closed-loop system and boundedness of all signals have been
established in the presence of input saturation, observer dynamics and input

delay.

The paper is organized as follows. The problem formulation and preliminaries are
presented in Section 2. In Section 3;design of the Luenberger-like observer is
addressed. Design of the NN, adaptive controller based on the backstepping technique
and stability analysis are presented in Section 4. Effectiveness of the proposed scheme
has been demonstrated via simulation study in Section 5. Conclusion is drawn in

Section 6. Finally, the future works are discussed in Section 7.

2. Problem/formulation and preliminaries
2.1 Control'problem

Consider the following uncertain nonlinear strict feedback system with time-
varying input delay, unknown control directions subject to external disturbances as

given below



X = giXipa + fi() + i) 1<i<n-—1

Xy = Gp(20)u(t — 7) + fr(xn) + dn (1) (1)
y=X1

where x; = [x, %5, ..., x;]7 € R* are the state variables and it is assumed that for
i > 2, x; are unavailable. g;,1 <i<n—1 are the unknown control coefficients.
fi(.),1 <i<nand G,(.) are the unknown nonlinear smooth functions. d;(.),1 <
i < n are the unknown bounded disturbances and = > 0 is the input time.delay. y € R
and u € R are output and input of the system, respectively. Dug to input saturation,
the system input, u, is related to the designed control signal v. € R as‘given below

umSign(v(t — T)), lv(t —17)| = u,y,
v(t —1) , vt — o< Wy,

u(t) = Sat(v) = { (2)

where Sat(.) and Sign(.) denote saturation.and unit sign function, respectively. u,,
is the known magnitude of the saturation limit: The control objective is designing an
adaptive controller for the above nenlinear system in the presence of the

aforementioned restrictions,

Remark 1. G, (.) is ahonzero function with unknown sign which can be expressed as

follows

Gn (x0) = H(2)9n 3)

where H(x,) = abs (Gn(gn)) and g, = sign (Gn(gn)). Utilizing the above
equation and the following transformation are two important steps in simplifying the
controller design and minimizing the number of the Nussbaum functions used for the

design of the controller. Existence of the unknown control coefficients, g;,1 <i <n,

in the system (1), makes the controller design much more difficult. In order to



simplify the controller design, the approach proposed in [44] has been used. Define

Xi
n R/
j=i9j

the new state variables X; = 2 < i <n, the new smooth functions F;(X;) =

Jie) 5 < i < and the new disturbances D;(t) = 2. 2 < i < n. The first state

j=19j Jj=19]
variable, X;, the first smooth function, f; (x,), and the first disturbance, d,(t), remain
unchanged. For notation consistency, they are presented by X;, F;(X,)-andwD,(t),
respectively. By using the above transformation and Remark 1, system(1) converts to

Xl = g,XZ + Fl(Xl) + Dl(t)

, (4)
X, = HX)u(t — 1) + F,(X,,) + D (2)
y=X
where g’ = []}-, g; is defined as a new control.coefficient. The above transformed

dynamical system has only one unknown:control coefficient which can be handled by
a Nussbaum function. To design an adaptive NN controller, the following assumptions

are made.

Assumption 1. The desired reference signal, y,., and its derivative are known and

bounded.

Assumption 2, ‘There are known positive parameters g,1 <i<n such that

inequalities 0 < |g;| < g,,1 < i <n — 1 are satisfied.
Assumption 3. The positive time-varying delay, 7(t), and its derivative are known.

Assumption 4. The unknown new disturbances, D;(t), 1 <i < n, are bounded and

there are positive constants, D, such that |[D;(t)| < D/, 1 <i < n.



Remark 2. Regarding the above assumptions, the following points should be
considered. In most of control applications, the reference signal is known and
therefore the first assumption is not restrictive. Also for the real systems, the input
directions and disturbances are bounded; consequently, their upper bounds should
exit. It must be also noted that for implementation of the proposed control .scheme,
these bounds are not required. Therefore the second and fourth assumptions are not
restrictive either. Regarding the third assumption, it should be mentioned that in most
process control applications, the source of delay is due to liquid transfer through a
pipe. For such cases, the time delay can be calculated by(dividing the pipe volume by
the liquid flow rate. Therefore the fourth assumption is not restrictive for many

practical control applications.

Definition 1 [13, 28]. To compensate the effect of the unknown control direction,
consider the continuous function N({), called the Nussbaum gain function, which has

the following properties:

limg_, 4o sup%fosN(()d{ =+ -

limg_, 4 o0 infif;N(C)d{ = —0
These integral equations indicate that the Nussbaum functions have infinite
frequencies of switching sign. According to [29], there are many functions that satisfy

equation’(5). Continuous functions ¢{%sin({) and {?cos({) are good examples of the

Nussbaum gain function.



Lemma 1 [11]. Let V(.) and ¢(.) be smooth functions defined on [0, tf) with V(t) >
0, vt € [0,¢) and N(.) be an even smooth and continuous Nussbaum function. If the

following inequality holds:

V() < co + [, (gN(Q) + 1)¢dg, vt € [0,¢/) (6)
where g is a nonzero constant and c, represents a positive constant, then V'¢.), {(.)

and fot(gN(() + 1) {d¢ must be bounded on [0, t;).

2.2 Neural Network

In control engineering, the radial basis function neural network (RBFNN) is usually
used as a tool for estimating any smooth nonlinear function over a compact set. In this
paper, the following RBFNN [26] is used to approximate the continuous function

F(x): R™ — R over a compact set as follows:

Fyn(Z) = WT'S(Z) (7)

where Z € 2 ¢ R™ and W= [wy,w,, ...,w,]T € R"are the inputs of NN and the
weight vector, respectively. Parameter r > 1 denotes the number of the NN nodes.
The elements of-the regressor vector S(Z) = [s,(Z),s,(Z), ...,s,.(Z)]"denoted by

s;(Z), are usually ehosen to be Gaussian functions in the following form:

s;(Z) =‘exp [W] 1<i<r (8)

where 11, = w1, iz, v, Uim )T are the centers of the receptive fieldsand o;,1 <i <r
are the width of Gaussian functions. It has been proved that the RBFNN is an
approximator over a compact set 2 ¢ R™ with any degree of accuracy. The function

approximation can be written as



F(Z) = WTS(Z) + £(Z),VZ € 0 (9)

where £(Z) is the NN approximation error and W* is given by

W* £ arg minyegr{supzeq|F(Z) — W'S(Z)} (10)
Lemma 2. There exists an ideal constant vector W*such that || < &* forall Z € 2

[19].

The RBFNN given by (9) is used to approximate the following nonlingar functions:

[Fi(X;) = (9' = DX, + F (X)) = WS, (X,) + & (X5)
{ F(X)=wTsi(x) +e(X), 2<i<n (11)
kH(Kn) = W;;TSH (Kn) + gH(Kn)

Since X;,2 < i < n are unmeasured, equation (11)s net applicable for approximating
the nonlinear functions F;(.), H(.), F;(.),2 <i.<n. To solve this problem, the
following approximations are used:

(9 — DX, + F,(X)) = f1(Xz) + AF;

Fi(X;) = F;,(X) + AF, 2<isn

HXDu(t — 1) = AX Dult — 1) + AH (12)

where AF;, 1 < i < and AH are defined as

AF, = Fy (X)) ~F1(82)
AF; =F (X))~ F (X)), 2<i<n (13)
AH =\(H(X ) — HX ))ult — (1))

and
?1 ()_?2) = W1T51 (Xz)

FX)=w/s&), 2<i<n (14)
ﬁ(Xn) = WJSH(Xn)



Applying equations (11)-(14), the unknown smooth functions F,(.), F;(.)and
H(.),2 < i < n can be estimated. Utilizing (11)-(14), the transformed system (4) can

be rewritten as

(X, = X, + Fy(£,) + WiTS,(X2) + &, () -W'$,(£,) + Dy (6)
Xi = Xi+1 + E(X i) + Wi*TSi(Ki) + gi()_(i) _ WiTSi(Xi) + Dl(t),z <i<n- 1
X = (WiTSu(X) + en (X)) ult = ) + Fu(&y) + WS, (X ) Disp

_WnTSn(Xn) + H\()_?n)u(t - T)_WgSH(Xn)u(t - T) + &y (Kn) + Dn (t)
\y = X3

A

The above form of the system will be used to obtain the“erroridynamics of the

adaptive NN observer.

3. Adaptive NN observer design
As mentioned before, the state variables X;,2 <i<n of system (4) are
unavailable. In this section, an adaptive NN observer is designed to estimate the states

of system (4). The structurg ofithe adaptive NN observer is given below

)?1 )?2 + Fl(XZ) + k1()’ - X1)

X=X +EE)+k(y—-X%X) 2<isn-1 (16)
Xn = HEDu(t 50 + F(X,) + ka(y — 1)

where X,.=1%,, X,, ...,)?i]T, 1<i<n are the estimated states vectors. F;(X;),1 <
i < nyand H()_?n) are defined by (14). The positive gains, k;, 1 < i < n are chosen
such that the polynomial P(S) =S™+k,;S™ 1+ -+ k, S+k, is Hurwitz,

Defining the state observation error vector as e =X-X= les, e, ..., e,]T, and



substituting equations (14)-(16) into time derivate of the observer error, results in the

observation error dynamics as given below

(€1 =e; + W1*T51(X2) + 51(&2) - W1T51(Xz) —kye; + Dy (0)

é = e + WTSi(X;) + &(Xi) —WTSi(Xi) —kies + Di(),2<isn—1
# én = (WiTSy(Xs) = WESu(8n) ) ult = D+WLTS,(X,) — WTSu(R,,)
k +sn()_(n)u(t — 1) — ke, + D, (t)

17)

The above equation can be expressed in the matrix form. By defining W& W* — W,

and (X, X;) = Si(X;) — Si(X), the observation error dynamic'can-be written as
¢=Ae+WTYXK) +WsT0 (X, £ u(t - 1)) + W'S(X) &Fekhe + A+ D (18)
where

—k,
A= :

A ‘ &= [e(Xo ) 8 (X) ') D = 01O, DO T
—kn . .

r=[0,.. Wisy(X,)ult — ) a =10, ., (X Jult - o),

WY (X, 8) = Wi (X4 X0), Wi Yo (X2, R o), oo W™ (X X)]

WTS(R) = [W7S.(R8).WTS,(R), o, W Su(R2) ]
T

1xn’

WsT0 (X R ut 20)) = [0, ., WiV (X, £, )ut — 0]
It should be noted,that to derive the observation error dynamic (18), the following
equalities have been used:

Wil Si(X,) — Wi'si(X;) = Wi (X0, X,) + WSy (X,)

wiTs (X)) - wis(X) =wiTY(X, X)) + WS (X,),2<i<n (19)
WI;TSH(KTL) - WJSH()_?n) = WI;TYH(Kn' Xn) + WgsH(Xn)



Remark 3. Using the approach proposed in [1] and properties of the Gaussian
function, we have the following inequalities which will be used later in the stability

analysis of the observer:

{Y;T(Ki' Xl)Y;(Kerl) < 7, 1 < i <n (20)

V7 (X5 X0 )V (X X)) <73y
where r;, 1 < i < n and ry are numbers of the network neurons in appfoximating the
ith nonlinear function F;(.) and H(.), respectively. The above inequalities imply that
each element of ¥(X;,X;),1<i<n and Y,;(X, X,) lare bounded and their
maximum values are one. It should be noted that inequality (20) is also valid for
regressor vectors S;(.),1 <i < n and S, (.). By using inequality (20) and Remark 3,

the Lipschitz condition can be relaxed in the'eontroller design.

To analyze the stability of the error«dynamic (18), consider the following Lyapunov

function:
Vo =elPe (21)

where P > 0 is a. Symmetric matrix. By substituting (18) into time derivative of the
above Lyapunov function one gets
Vo = ef(ATP + PA)e + 2¢"P (WTS(X) + WiTO(X, B u(t — ) +

(22)
WTE(X,£)) + 2e"P(I + £+ A+ D)
To proceed the stability analysis of the adaptive NN observer, the second and third

terms in right hand side of (22) need to be separated from the estimation error vector



e = e}, e, ...,e,]T. Using Remark 3, Lemma 2, Assumption 4 and Young's

inequality, the following inequality can be obtained:
2¢"P (WY (X, 8) + WaT0(X, & u(t — 7)) + WTS(X)) + 2¢"P(I' +

e+ A+ D) <3e"PPe (g + um) + Uy (WETWE + WEIW, ) +
(23)
o (WTWE + W) + el + wplles 12 + 11D*112
where vectors D* and &* are defined as D* = [Dy, ..., D:]Tand“e* =)[e], ..., 17,

Using inequality (23) in (22) yields
Vo< el (ATP+PA+3(+u,)PP)e+R, (24)
where R; is defined as

Ry = X0 i (Wi T Wy + WIW)) + wpyry (W ™W3 + WIWy) + lle*|1? +
(25)
wn e |12 + 1D* 12

Inequality (24) will be used. in the stability analysis of the closed-loop system in the

presence of observer-dynamics.

4. Adaptive controller design

In this~section, the procedure of designing an adaptive output feedback NN
controller-based on the backstepping technique for system (4) is presented. Designing
the adaptive NN controller includes n-steps. The following change of coordinate is

introduced:



— W
- w;, ZtSiSn—l (26)
—w, —A+H(X,) [, u(s)ds

=Yy
z; =X
Zn =X

n

T(t)

where z;,1 <i<n and y,. are the control surfaces and the desired trajectory,
respectively. Variable A is the output of a first order differential equation which will
be defined in the final step. The integral term appeared in the last control surface has
been considered to compensate the effect of input delay. Variables w;, 22.< i < n are
the outputs of the first order filters with adjustable time constants-m;;2 <i < n as

given below

d)l'T[l' + w; = i1 ,(l)l'(O) = Ofi_l(O), 2 <i<n (27)
Using the above filters, computational burden-in calculating the virtual control
signals, a;, 1 < j < n — 1 and input signal, v,\will be decreased compared to the load

required for the traditional backstepping. technique. To proceed the DSC controller

design, the variables L;, 2 <.i~<'n are defined as
Lis=w;—a;y, 2<Hsn (28)

Using (27), thedollowing equalities for time derivatives of L;_; can be obtained:

Li =/, -y =—-2240Q,, 2<i<n (29)

Tj

According to [39], Q;—1 = a;_4,2 < i < n are continuous functions. Equations (28)
and (29) are used in the stability analysis of the closed-loop system and finding the

appropriate intervals for time constants ;, 2 < i < n.



Step 1: By taking time derivative of the first control surface (26) and substituting for

the first state of system (4), one has
Z = g'X, + Fi(X;) + D1 (t) -y (30)

Because the nonlinear function F,;(X;) is unknown, it is approximated with a NN as

given below
Fi(X1) = Wi Se1(X1) + £61(X1) (31)
Using (26), (28) and (31), z, can be written as

Z1 = g'(z; + ay + Ly + e;) + W S51(Xq) + &5, (Xy) +D1 =% (32)
where e, = X, — X,.
The following Lyapunov function has been cansidered for the first step:

1

_ 12,152 1

~ o~ 1 o~ ~
WlTW1 + 2_)/.9: ng W1 (33)

where y,, and y, are the pasitive, design constants. By substituting (24), (29) and (32)

into time derivative of thevabove Lyapunov function and adding and subtracting term
W{'S,(X,)z, we obtain
; TA AT 4 1 =T (1 o
vy < eV(a"P+PA+3 (2 + 1) PP)e - W (W = 1151 (R2) %) +
1
Zq (g'(22 +a;+L) -y + (WsT1 + ng)Ssl(Xl) — W1T51(Xz)) —

1 s L ,
EWsEWﬂ - L (ﬂ_z - Q1) +2z,(g'e; + €1(X1) + D) + Ry (34)

Using Assumption 2, Remark 3, Lemma 2, (20) and Young's inequality, the following

inequalities are obtained:



(@) (35)

212,9" < (212,)* + T

~ ~ v T
—2, WiS1(R,) < 22 47 2 (36)

—I2

. 2 -
z.(g'e; + £,(X) + D) + L (Q) + z,) < 4zZ + gTeTe + @ + % +

P (37)
—+ Qi
Substituting inequalities (35)-(37) into (34) yields
. (a1 4 i (1 1
V,<e (A P+PA+3(§+um)PP+TI>e—L1(n—2—E)+
p . 1\~ . 5
z,(5z1 + g'ay + Wi S5 (X1) — 3,) + (212,)% — ZW1T(W1 - V151(K2)Z1) -
BT (v 2 7\ el 1002
» W51(Ws1 Vs15s1(X1)Z1) + 07 + 2 t+n + 2 + 2 + Ry
s1 (38)
where g’ = ’;zlgj. Based onAssumption 2, g is positive and known. It should be

noted that to derive (38); Wi.=~W, and W,, = —W,, have been used. For the first
step, the followingwirtual control signal «,, tuning function ¢, and adaptation laws for

W,, Ws, are propesed:

a; = N(Q)(Cyz; + 5z, + W571551(X1) - ) (39)
é = Z;l (Cizy + 52z, + W571551(X1) ) (40)
W1 = Y12151 (&) —o(W, — W10 (41)

Wsl = ¥51Z215s1 (Xl) - U(Wsl - Wsol) (42)



where terms o(W; — W?),i = 1,s; are called sigma-modification which make the
adaptive laws robust in the presence of NN approximation error [3, 10]. C;, K and o
are positive design constants. W5 and W are strictly positive design vectors.
Substituting the virtual control signal (39), (40), and adaptation laws (41), (42) into

time derivative of V; gives

—I2
vV, <erl (ATP + PA+3 (§+um) PP +gTI>e +K(g'N() + 1) <

C1Z12 + (2122)2 + ]/%WSTi(Wsl - Wso1) + %W1T(W1 - W10) -

2 (L _1 W{W: | 2 43
2 (ﬂ2 2) +1——=+Qf + R, (43)
where

* 2 *112 —I12
Ry = Ry + Il 100, 5 (44)
4 4 4

Step 2: Using the adaptive NN observer (16), (26) and (45), time derivative of the

second control surface can‘he written as

Zy =73+ ay + L& W S,(X,) + k(v — Xy) — @ (46)

For the second step,-the following Lyapunov function has been chosen:

Vo = Vit 222 + - 13 + — W] W, (47)
Y2

where y, is a positive design parameter. Substituting (29), (43) and L, = — ;—23 + Q,

into time derivative of V, gives



IQSJ(NP+PA+3(+WQPP+izyHJHgN@)+D{—
C1Z12 - YLWZT(WZ — )/252 ()_?2)22) + Zz(Zzzlz + Z3 + a, + LZ +

2
WZTSZ (XZ) - WZTSZ(XZ) - kz(y - Xl) - (1)2) + %WlT(Wl - Wlo) +

W1T Wi

L WEWey = W) = 13 (= 3) + Lo (324 Q)+ 52 + Q7 + R,

(48)

Note that to derive the inequality (48), term WS, (&)z2 is added and subtracted.

Using Young's inequality and Remark 3 we have

ZaLy — WS, (R,) + 1,Q, < 22 + 2 : 4, Wiﬁz 4 02 (49)
Substituting (49) into (48) yields

v, < eT<ATP+PA+3( +um)PP+——’ZI)e+K(g N() + 1) +

—C,z? + z, (22212 + 2z, + a, F WZTSZ(XZ) + kz(y - )?1) - d)z) +

ZyZ3 — Y_ZWZT(WZ - stz()_?z)zz) + iW1T(W1 - W10) + iWSE(Wsl -

WW]

WE) = B3 (= 52) + S, L+ 51, 0 + R, (50

Consider the following second virtual control signal and adaptation law as
ay =~Cy2, — 22, — 2,27 — WzTSZ(Xz) - kz()’ - )?1) + w, (51)
Wz = V22,5, ()_?2) —o(W, — Wzo) (52)

where C, and o are the positive design constants and W, is a strictly positive design

vector. Using virtual control (51) and adaptation law (52), (50) can be rewritten as



12

VZSeT(ATP+PA+3( +um)PP+_—I)e + K(g'N(@Q) + 1)¢ —

1 o
1L2 ( ; - E) - 212<=1 CkZI% + Zyz3 + EW5T1(W51 - Wso1) +

Wi W

(53)

P 13 WkT(Wk — W)+ Zi_im +Y5.,Q7 + R,

Step i,3 < i < n — 1: Using the adaptive NN observer (16), control surfagesi(26) and

L; = w;41 — a;, time derivative of the ith control surface can be written as:
zi = @+ Ly + ziq + WTSi(X;) + ki(y — K1) —o; (54)
For this step, consider the following Lyapunov function:

Vi=Vi1+3 Szt 4 L2+—WTW (55)

where y; is a positive design constant. Froam the previous step, we have the following
inequality for V;_;:
—I2
V. <el (ATP +PA+3 (2 + 1, ) PP +—I)e + K(g'NQQ) + i —

Z Cka iWSE(Wsl 1) +Zl L= kT(Wk _WI?) -

Wyt Wy,

S (A~ Y+ iz, + D e 4 T 0 4R (56)

Tj+1
Substituting” V;_,, (29) and (54) into the time derivative of V; and adding and
subtracting term W/'S;(X;)z; yields

—I2

ViSeT(ATP+PA+3( +um)PP+— )e+ K(g'N(Q) + 1) + 22141 —

B ez — B 12 (2= ) = 207 (W = vimi(R,)) + 2 WE (W -

Tjt+1



W3) + i - W (Wi —W,?)+Ll-(— i)+Zi(Zi—1+Li+ai+

Wi Wi

WIs(R:) + ki(y = £2) — @ = WISi(8:)) + Thea T+ 202, Q7 + R,

(57)
Utilizing Remark 3 and Young’s inequality, the following inequality can obtained:
L;Q; + zL; — zWTS;(X,) < 277 + Ly W'T W g2 (58)
Substituting the above inequality into (57) gives

—I2
ViSeT(ATP+PA+3( +um)PP+—I>e+ K(g'N(O=+1) +
1 QF = Zh2h Gz + SR T W (Wi — W) + ZWEWe, — W) -

yliWiT (VVL - ViZiSi(Xi)) +2i(zi—q + 22; + a; FWES (X)) + ki(y — X1) —

) + 2241 — Doy 12 (ﬁ——>+2k 1rkW Ve | R (59)
The following virtual control signal.and adaptation law are proposed:
= —Ciz; — zi_1 =22; =W S;(X;) — ki(y — X1) + (60)
W; = ViZiSi(Xi) < a(W; = W) (61)

where C;,3 <i<n—1 and ¢ are positive design constants and W°,3<i<n-—1
are positive design vectors. By using virtual control (60) and adaptation law (61), V;

can be rewritten as

—I12
v, SeT(ATP+PA+3( +um)PP+—I>e+ K(g'N(Q) + 1)¢ +



Z;.c=1yikaT(Wk - WI(()) + iWSZ(Wsl - Wso1) - ch=1 CrZ + ZiZipq — (62)

; 1 1 ; ALY ;
B (=3 + e n B 4 T, 0 4 R,

7T]‘+1 4

Step n: Similar to the approach proposed in [1], to handle the input nonlinearities and
design a nonsingular controller, the following first order differential equation for the

last step is considered:

9 )
TR (Cpzy + WS Ss(W) + 24 + 32, + Cy(t) — @y) —

H(Xn)

BIA(R) 12+ A(£,)(u(®) - v(®)) (63)
where Cy(t) is given by

Cu(t) = Fy(Ry) + kney + (WFSu(R,)) [fsput)ds (64)

£, 9 and C,, are positive design constants=Term WJ S¢(3) in differential equation (63)
Is used to estimate the integral term appeared in time derivative of the nth control
surface. By substituting the“last state of observer (16) and differential equation (63)

into time derivativeof z,,, the following equation can be obtained:

Zn = ﬁ()_’fn)v + WSTSS(I.D) + gS(lp) + CH(t) + ﬁlﬁ(Xn)M +

)

m(CnZn + WSTSS(IP) + Zn-1 + 3Zn +

AX,)i@®ult—1) -
Cu () = @, — @, Displ:

where 7(t) is time derivative of 7(t). Similar to the approach proposed in [12, 24, 43],
in order to avoid the computational burden of complex terms arising from time

derivative of Sy(X,,) in (65), the following NN approximation is used:



(S wif ZEA ) [ uls)ds = WETSs () + es () (66)

~ T. -
where Y = [WH,X_n,y, ftt_T(t)u(s)ds] is the input vector to construct the NN

regressors. For the last step, the following Lyapunov function is proposed:

1 1 ~7 1 ~7.~ 1 o~~~
V,=V,_1+ 52121 + EWnTWn + ﬂWgWH + %WSTWS (67)
where y,,, vy and ys are positive design constants. Using (65) and time derivative of
V,_, (obtained from (62) for i = n — 1) in time derivative of-(67) and adding and
subtracting term z, (VT/nTSn(Xn) + W,ISH(X,I)), leads to'thesfollowing inequality:

—I2

V,<el (ATP +PA+3 (g + um) PP + 971) e+ K(g'N() + 1)¢ —

- 1 1 _ _ 1 -~ f ~
ot i (2= 3) + Tt 0 - TR sk A W (W — yuzaSu(22)) -

Tjt+1

% ~nT (Wn - Ynann(Xn)) + Zz;%%WJ(Wk - WI?) + Zy (H(X_n)v -
TS (R,) — WiSu (R, ) KWESSGH) + &) + 2y + Cy(©)) -

9

Zn@(cnzn + WSTSS(IIJ) + Zn—1 + 3Zn + CH(t) - (‘)n) +

zo(A(X ) tu(t <)+ BlH(X )2 — dn) + iWSZ(Wsl -w9) -

(68)
LT (W = yszaSs)) + Sio 1y B2 4 R,
Applying Young's inequality, Remark 3, and Lemma 2 results in
0 (£6) = WTS,(£,) = Wi Su(R,)) < 323+, B0y, Wiy
(69)

lles1I?

4



Using the above inequality in (68) gives

—I2
v, < eT(ATP+PA+3( +um)PP+—I>e+ K(g'N(Q) + 1)¢ +

1

— Yki1 Crzip — X2 1L2( —‘)'*‘Zn LZWI (W, —wd) +

Tjt+1
il7‘75?1(‘/‘/51 - Wsol) - %WnT (Wn - ynZnSn(Xn)) - iwg (WH -

VHZnSH (Xn)) - V_ZWST (WS - YSZnSS(l/))) + Zn(H(Xn)V + WSTSS(IP) + Zniy +
32n + Cu(t) — o) + 2n(B(R)E@u(t — ) + B|A(R,)[2) -

Zn m(c 'nZn + WISs() + zp_q + 3z, + Cy(t) — w,) +

n .. WW, wiwy sl
k:lrk +rH + +R2

The following control signal and adaptation laws are proposed:

vV =— H(I;ELX—)n) P (C Zy + STSS(IIJ) + Zp gt 3Zn + CH(t) — wn) _

HOu(t — 1) - pasign (A(Z))
Wn = YnZnSn(Xn) - U(Wn N Wno)
WH = YHZnSH(Xn) —o(Wy — WI-(I))

Ws = y§2,Ss(p) — o (W5 — Wso)

(70)

(71)

(72)

(73)

(74)

where W,2, W9 and W are strictly positive design vectors. Substituting (71) and (72)

- (74) into (70) yields

—I2
VnSeT(ATP+PA+3( +um)PP+—I>e+K(g N+ 1)+



1 ~
= 2) = By Gt + Ty SW (W, —WR) +

T[+1 2

Q- (2
il/’ffsﬁ(ws1 -wl) + %WJ(WH - W) + VU—SWST(WS - W)+

(75)

n . WW A

In order to make the closed-loop system stable, a positive and symmetric matrix
Q € R™™ is selected and the following algebraic Lyapunov equation,is solved to

obtain a positive systematic matrix P satisfying the following inequality:

12

AP+ PA+3(3+u, ) PP+1-1<—Q (76)

According to [4], the above inequality has a feasible selution which can be obtained

by using the interior-point method. Using (76).in (75) yields

V< —e"Qe+ K(g'N(Q) + 1) + X154.07 Z?%@( ‘%*

7T+1 2

n:l%WJ(Wk _WI?)-I_iWS’Ii(WSl _Wsol)_l_%wg(WH _WI-(I))+

- T 77 T * 12
WS (Ws = W) = SRNCezg + Dy mie o+ g =+ ”gj” +Rr, (7

Theorem. Applying control law (71), virtual control signals (39), (51), (60), adaptive
laws (41),4(42),.(52), (61), (72), (73), (74), and state observer (16) to system (1) under
Assumption 1-4 and in the presence of input saturation and delay, guarantees semi-
globally uniformly ultimately boundedness of all closed-loop signals and the output

tracking error converges to a small neighborhood of the origin.

Proof. Using Young's inequality, the following inequalities can be obtained:



b W (Wi —WR) < =By o WIWye +Zhoa W —W2IP (78)

Wi (Wey = Way) < — o= WEWey + 2= IWey = W2 (79)
ST WO < — T T, + - IlW* — WOll2
" Wi (Wy —wyg) < — WyWy + - W — Wyl (80)
9 7T _ 0 9 7 TY7 g * 0112
W (W —wd) < S WIWs + -~ \we — w2l (81)

Substituting (25), (44) and (78)-(81) into (77) yields

V< —e"Qe + K(g/'N@) + D¢ + 5353 1 (= - 1) = S, G

T[]'+1 2

n o 5 )~T~ O 5T o 1 =T
(=S W, — =AWy — (5= — (wm #5) 1) Wi W —
k=1 (ZYk 4k k"k 2Ys1 s1¥¥s1 2yH m a) ' H HYYH

LW Wy + T2 QF + By = Wi = wi|I” + =Wy - w117 +

T WE — WOl + - w — worz 4 Ll e | o Ty
2 Ws = We'll* + =W — Wyl + R+ Y (WTW) +

Efipepe + @) (82)

e ll? + wmlleiI? + wmra Wi Wit 2

Definition 2. Similar to‘the approach proposed in [6] and considering boundedness of

(Z]i':]_ Tj)+3i+1"51—1)

¥, and y,., the compactsets W¥; € R( are introduced

¥

{Z§'=1”3j+1”2 +Z] 1 ] Z -1 +Z§'=2ij L+

j ¥s1

(83)

T/ s s < Zwi},l <i<n
YH Ys

where @; denotes the positive constant for all initial conditions which satisfy the

above inequality. Since W; is a compact set for continuous functions Q; defined on



R((Zf=1rf)+3i+r51_1),1 <i<n-—1, then there exist positive constants M; 1 <i <

n — 1 such that inequalities |Q;| < M;,1 < i < n — 1 are satisfied.
Using the above inequalities in (82), V, can be written as
Vo < —uVp + K(g'N(Q) + 1§ +1 (84)

where positive constants n and u are defined as

/,L=min{'1L”(Q) 2C (nz —1),2)/,,(#—(um+%)rH),2yi(i—

Amax(P)’ 77V \p4q 2Yi

%)ri,a},lsiSn,lskSn—l (85)

_\'n g * 0([2 g * 012 o * 0((2
= _— (|W, — W +— W5 —W. +—|\We — W, +
n k=13, Wy k | 27er Wy sl 27 s S |l

A1 g2 L T e onz L vn Aoy lesl® | lezli? ‘112
Bt ME 5 IW = WRI + By 1y (0 T ) S+ 1 e +

(86)

ey 2
Uplleg|I? + wpry Wi Wi + " ID:]I1* + (T)

Amin(Q) and A, (P) denote the minimum eigenvalue of Q € R™*™ and the maximum
eigenvalue of P € R™*", respectively. Multiplying both sides of inequality (84) by

exp(—ut) and4ntegrating over range [0, ], yields
17 <Y S THT0) + [ U OK(gN@) + Dide @)

Using (87) and Lemma 1, we conclude that all closed-loop signals including the

output tracking error and the state observation error vector are bounded. Additionally,
according to Lemma 1, we have |f0tf e Htr-K(g'N(Q) + 1){dt| < C, where C is a

positive constant. Using this inequality and (87), we have



2] < (2(0(0) + /e + ) (88)

From (88), it is clear that \/z(vn(o) + 7/ + C) can be decreased by increasing u.

Therefore the output tracking error, z;, can be decreased by choosing the design

parameter u appropriately.

In what follows the steps required for designing the proposed controller and some

guidelines for choosing the design parameters are provided.

1) Choose a positive vector k = [k, ..., k,]T to maké matrix’A Hurwitz.

2) Select a positive symmetric matrix Q € R™" and solve (76) to obtain the
positive symmetric matrix P € R™*™,

3) Construct the appropriate Neural:Networks with Gaussian functions given by
(8) to estimate £;(X;),1 < i < n.

4) Select positive values for, design parameters y;, ¥s1, Vs, Yu, 0, Tjs1, B, U, K

such that Z33r, 1<i<n, m,,<21<j<n-—1, and i2(1+
v~ 2 ] ye  \2

Zum) Ty

Choosingularge values for C; and k;, 1 <i <n decreases the control surface
errors,|z;|, and estimation error e;, but results in an aggressive control action. In
order to reduce the growth rate of ¢ and avoid oscillations in the Nussbaum
function, it is recommended to choose high values for K. Set each elements of

design vectors W, W2, wg, Wl-o, 1 <i<n to a positive constant. It is worth



mentioning that these fixed vectors do not have significant effects on the closed-

loop tracking performance.
5. Simulation results

In this section, two numerical examples are presented to verify the effectiveness of

the proposed adaptive NN controller.

Examplel: Consider the SISO nonlinear system described by, they following
differential equations with unknown control direction and.ssubjected to external
disturbances:

. X1

X1 = 01X — Toxd +d; (1)
7u(t—T)

o 15+tanh(1+x4)
Yy =X

— x,exp(—xf) + d,(t) (89)

X7
where x, = [x;,x,]" € R? is the.states vector. g, = 0.3 and input time delay 7 is set

to 0.35. The unknown bounded“disturbances d,(t) and d,(t) are selected to be

0.2sin (é) and —0.1cos (2) respectively. It is assumed that the second state variable
Is unavailable.and-u,,,”= 10 is considered as the upper bound of the input. The
reference,signal is set to y, = cos(t) and x,(0) = [1.5,1]7 is considered as the initial
condition_of the states vector. For estimating the nonlinear functions, the NN
approximator, Wl S, (Z,,), with input vector Z,; = [X;] containing 4 nodes with
centers g, (rs1 = 1,...,4) and width oy, =8,(rs; = 1,...,4) evenly spaced in

[—10,10] has been considered. To approximate the nonlinear functions F;(.), F,(.)

and H(), three NNs, W'S;(Z,),i=12,H with input vector Z, =



[Xl,)?z]Tcontaining 16 nodes with centers p;, (i =1,..,16) and width o;,, =

8,(r; =1,...,16) evenly spaced in [—10,10] x [—10,10] are selected. Similarly, the
~ T - -
NN WJ S¢(Z) with input vector Z, = [Xl,XZ, Wy, ftt_ru(t)dt] containing 256 nodes

with centers ug,. (s = 1,...,256) and width o, = 8, (r; = 1, ...,256) evenly spaced

in[—10,10] x [—10,10] x [-10,10] x [—10,10] is chosen.

The observer for this example has been designed based on (16). Furthermore, the
controller has been applied by utilizing (70). The virtual control signals are calculated
by utilizing (39), (51), (60) and to update the unknown parameters adaptive laws (41),

(42), (52), (61), (72), (73),and (74) have been used.
The above mentioned equations for this example are provided below.

Equation used for the observer is as follows:

X = X, + WIS, (%) + k(= X))
X, = WiSy()ult — D& WIS (R,) + ke (y — £1) (90)

Furthermore, the control action is given by

S
—_ _L@(szz + WSTSS(II)) + Zl + 322 + WZTSZ(XZ) + k2€1 +
(Wisa(Z)) +9
e 5 . _ . e o (91)
(WH SH(&)) J,_, u(s)ds — a)z) — BAsign (WHSH()_(Z))
where w, and a; are obtained from the following equations:
WMy + Wy = g, w,(0) = a;(0) (92)

a; = N({)(Cyz; + 52, + W571551(X1) - ) (93)



and ¢ satisfies the following differential equation:

. Z
¢ = El(C1Z1 + 52y + Wi S (X1) — )

The corresponding adaptation laws are given by

W1 = V5121551 (X1) — oWy — Wgh)
W1 = V12151(&) —o(W; — W10)

Wz = Y22,5, (&) —o(W, — Wzo)
Wy = VHZnSH(XZ) —o(Wy — Wy

Ws = Y5z, Ss(Y) — o (Ws — Wso)

(94)

(95)
(96)
(97)
(98)

(99)

The design parameters are set to ¢, =2,C, =4, n; =0.5,0 =6.5, y, =0.1,

Y, =0.1, y, =0.1, yy =0.015, y5;, = 0.1, =7, 9 =03 and each element of

design vectors W2, W2, W2, W5 and W2 is fixed to 0.1. Observer design parameters

are chosen to be k; = 30, k, = 50.

The tracking performance” of the proposed control scheme has been shown in Fig.

1. As can be seen, the reference signal has been tracked quite well. The corresponding

control action has been shown in Fig. 2. The system states and their estimates are

shown in Figs. 3 and 4. Variations of the Nussbaum gain function and its argument are

shown in Fig, 5.
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Fig. 5. The Nussbaum gain function and its argument.

Example 2: Consider the following two cascaded. stirred isothermal reactors depicted
in Fig. 6. It is assumed that the m order chemical reaction, mA — B takes place in
these reactors. The dynamical model.ef these-continuous stirred tank reactors (CSTR)

can be obtained via mass balance of'species A as given below

d 2 1 2
(4020 = B, (6) <2 Ciplt) — e CB(O) + =y (6)

dt V2
dCaq(t Fi F :
Zi( )= S Cai 6= 7) = 72 Ca1 (0) — by C1(0) + - d (D) .
1 1 !
ly = Cy2(2)

where G, (t) and C,,(t) are the concentrations of species A in the first and second
reactor, respectively. Constants F;, F; and F, are the flow rates of liquid streams as
shown in Fig. 6. V; and V, are volumes of the two reactors and positive constants k,,
and k,, are the isothermal reaction coefficients of the first and second reactors,

respectively. Variables d,(t) and d,(t) are unmeasured inlet mole flow to the first



and second reactors and considered as external disturbances. C,;(.) is the inlet
concentration of species A into the first reactor and considered as the manipulated
variable. It is worth mentioning that variable C4;(.) can be calculated easily through a
mass balance on the mixing zone of the two adjustable diluted and concentrated

streams which leads to

Fc(£)Cact+Fp(t)Cap

CAi(t) = Fc(t)+Fp(t) (101)
Fe®) +Fpy(t) = F

It is assumed that only C4,(t) is measured and there. is"a known constant

transportation delay 7 = % for C,;(.) enteringcto the first reactor. Values of the

constants appearing in (100) and (101), are given in, Table 1.

Table 1

Values of parameters for the two series of continuous stirred tank reactors

Parameter Symbol Value

The first reactor volume Vi 251it

The second reactor volume v, 25 lit

The first reactor inlet flow:stream F; 10 (lit/min)
The second reactor’inlet flow stream F; 10 (lit/min)
The second reactor outlet flow stream F, 10 (lit/min)
The isothermal reaction coefficient in the first reactor k.1 0.428 (mOLll:nin)
The isothermal reaction coefficient in the second reactor k,» 0.454(mOLli:nin)
Order of the reaction m 2
Concentration of the diluted stream Cap 0 (T—iotl)
Concentration of the concentrated stream Cac 20 (T:—;l)
The steady state concentration in the first reactor Ca1ss 2.56 (T:—iotl)
The steady state concentration in the second reactor Cazss 1.15 (T:—iotl)

The transmission delay T 0.18 min
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Fig. 6. Schematic diagram of two continuous stirred tank.reactors with input delay.

In order to examine the capability of the proposed-controller in load rejection, d,(t) is
setto 6 (Z—Z) during the simulation and'the first disturbance d, (t) is subjected to step

wise changes as given by (102)

_ (0 t<20min
d,(t) = {5 t > 20 min (102)

It is desired‘that the“concentration of the second reactor tracks the reference trajectory

mol

Cazrer = 1.15 (—). The initial conditions of both reactors concentrations, their
f Lit

10| — [5.05 [61(0) _ [2.65

estimates, and other required parameters are: [CZ(O) 210l ey 5100

W, (0) = 0.1, W,(0) = W,(0) =0.13, W;(0) =0, Wy(0)=0.5 ¢(0)=0,

A(0) = 0.



To estimate the nonlinear functions, the NN approximator, W[ S, (Z,,), with input
vector Zg; = [C,,] containing 4 nodes with centers pg, (r5; = 1,...,4) and width
Os1r,, = 6, (151 = 1,...,4) evenly spaced in [-8,8] has been considered. To

approximate the nonlinear functions F;(.), i = 1,2 and H, three NNs, W/ S;(Z,),i =

1,2 and H, with input vector Z, = [CAZ, CAl]Tcontaining 16 nodes with centers
Wi, (v =1,..,16) and width o0;,, =6,(r; = 1,..,16) evenly spacethin [-8,8] X
[-8,8] are selected. Similarly, the NN WJIS¢(Zs) awith _input vector
Zg = [CAz,éAl, Wy, ftt_ru(t)dt]T containing 256 nodes with~centers/us , (s = 1, ...,256)
and width o, = 6, (r; = 1, ...,256) evenly spaced in[—8,8} [~8,8] x [-8,8] x [-8,8] is
chosen.

The rest of design parameters are given as follows: k; = 12, k, = 19.5, K = 45,
C,=7, C,=5, m,=0.65 0=68wy,=0.15 y;, =01, y, =01, ys=0.1,

yu = 0.015, 8 =159 = Land W= 0.08,j = 1,2,5,,S, H.

The process output and<the desired trajectory are demonstrated in Fig. 7. Fig. 8 and
Fig. 9, represent variations of species A concentrations and their estimations in the
first and second reactors. Variations of the manipulated variable C,; and the applied
control/signalare shown in Fig. 10. Fig. 11 depicts the Nussbaum function and its

argliment.
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6. Conclusion

As stated in the introduction section there Is no singularity free controller scheme
proposed in the literature that.can control an uncertain nonlinear system with
unmeasured states subject-to, input saturation, input delay, and unknown control
directions. In this paper,.an observer-based adaptive singularity free output feedback
NN controller is-preposed for a class of nonlinear strict-feedback systems with
unknown control directions in the presence of system input time delay and saturation.
The proposed design method does not require a priori knowledge of the unknown
virtualeontrol coefficients signs. The controller singularity problem is avoided by
employing a novel approach. The effect of input delay has been compensated utilizing
an integral term in the last step of the controller design. “The explosion of
complexity” occurring in the traditional backstepping technique has been avoided by

utilizing the DSC technique in the controller design. It has been shown that all closed-



loop signals remain semi-globally uniformly ultimately bounded (SGUUB) and the
output tracking error converges to a small neighborhood of the origin by choosing the
design parameters appropriately. Some guidelines for designing the proposed
controller and selecting the design parameters are provided. Effectiveness of the
proposed control scheme has been demonstrated via simulation study. In one of the
simulation examples a chemical reactor system has been considered-to show the
application of the proposed control scheme. Simulation results show that all desired

objectives have been achieved satisfactorily.

7. Future work

To make the proposed control scheme more suitable for the practical applications,
actuator failure should be also taken into account: Extending the proposed algorithm
to multi-input multi-output interconnected. large-scale nonlinear systems is another
aspect which improves the capability “of the proposed control scheme. These two

subjects will be considered as-future works.
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