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ABSTRACT

This paper presents asymptotic stabilization strategy for nonlinear systems, in which the
individual states are constrained within certain ranges. A barrier function whose value
increases to infinity as the argument approaches the boundary of the constrained region is
utilized as a Lyapunov function candidate. The derived control law guarantees that, for all
initial conditions within the constraint range, the asymptotic stability of the origin is
achieved and the state constraints are not violated for all time. The control gains assign
the desired spectrum of the closed-loop system in a neighborhood of the origin, and a fast
convergence of the states from initial conditions to the origin is achieved. By simulation,
the performance of the proposed control law is compared with that of the control law
derived upon a quadratic Lyapunov function and that of the nonlinear model predictive
control.
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1. INTRODUCTION

Nonlinear control problems with state constraints exist in many physical systems including robotics
(Widyotriatmo, 2012; Zhang, Shang, & Gao, 2013), electrostatic microactuator (Tee, Ge, & Tay,
2009a), magnetic bearings systems (Do, 2010), and aeroelastic systems (Xiang, Liu, & Liu, 2013).
Constraint violations can cause poor performance or component degradation, and damage of the
system. Asymptotic stabilization of nonlinear systems without violating the constraints is of great
importance in many applications. In this paper, a control design for uncertain nonlinear systems with

state constraints is focused.

For linear systems, the set invariance method (Blanchini, 1999) can be used to handle state

constraints. For nonlinear systems, the model predictive controls (MPCs) (Mayne et al., 2000;
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Findeisen et al., 2003; Mhaskar, El-Farra, & Christofides, 2006; Bravo, Alamo, & Camacho, 2006) and
the reference governor methods (Bemporad, 1998; Gilbert & Ong, 2011) have been proposed. The
MPC utilizes an iterative finite horizon optimization of the plant model. The reference governor
methods modify the reference signal using an optimization algorithm to avoid constraint violation. For
successful implementation of the methods, a proper optimization problem should be well formulated.
In (Mahindrakar & Sankaranarayanan, 2008; Ding, 2009) linear-matrix-inequality-based (LMI-based)
optimization methods were utilized in the control design of nonlinear systems with state constraints. In
(Kristic & Bement, 2006), a backstepping method with appropriate control gains was used to ensure a
small overshoot of tracking response. In (Liu & Zhao, 2012), fuzzy systems are utilized in
backstepping design procedure. Necessary conditions for optimality for regular solutions of the

terminal optimal control problems with state and endpoint constraints are presented in (Imanov, 2012).

The Lyapunov method allows the direct design of a control law, which is embedded in an
appropriately chosen Lyapunov function (Freeman & Kokotovic, 1996; Khalil, 2002; Widyotriatmo &
Hong, 2011; Rehan & Hong, 2011). A quadratic function is usually utilized as a Lyapunov function
candidate. Recently, for the systems with state constraints, the use of barrier functions was introduced:
In (Tee & Ge, 2011), a barrier function method for output tracking of a state-constrained nonlinear
system in strict feedback form was presented. However, in this work, an offline optimization method
was utilized to determine the control parameters for maintaining the states inside the ranges of
constraints. For the case of an asymptotic stabilization problem, it was shown that the initial conditions
close to the boundary of a constraint region are not feasible to converge to the origin (Tee, Ge, & Tay,
2009b). On the other hand, for the systems with output constraints, the tracking control of a single-
input-single-output (SISO) system using the barrier-function-based method was applied to
electrostatic parallel plate microactuators (Tee, Ge, & Tay, 2009a) and to magnetic bearings (Do,
2010).

In this paper, a control law for a nonlinear system utilizing a barrier function as a Lyapunov function
candidate is designed. Using the proposed control law, the time derivative of the Lyapunov function
becomes negative semidefinite, and the convergence of the states from all the initial conditions within
constraints to the origin is guaranteed. The boundedness of the barrier functions ensures that the

states never violate their constraints.

Contributions of this paper are the following. First, a control law that achieves the asymptotic stability
of the origin of a nonlinear system with state constraints is proposed. Second, using the proposed
control law, all the initial conditions inside the constraints are forced to converge to the origin, while
not violating the state constraints for all time. Thus, the method can be a viable solution to the
problem in which any violation of constraints is absolutely prohibited. Third, the proposed method
does not require an offline optimization method for determining the control parameters. Fourth, the
proposed method can be applied to multi-input-multi-output MIMO systems. Fifth, the control gains

determine the performance of the closed-loop system in a neighborhood of the origin, and a fast
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convergence of the states to the origin is achieved. Sixth, the effectiveness of the proposed method is
shown by comparing the performance of the proposed control law with the one derived from a
quadratic Lyapunov function, and that based on the nonlinear model predictive control (NMPC) in
(Grune & Pannek, 2011).

This paper is organized as follows. Section 2 provides the problem formulation including the
considered system and the properties of a barrier function. Section 3 discusses the derivation of
control law based upon the barrier function as a Lyapunov function candidate. Section 4 presents
simulation results of the proposed control law showing the effectiveness of the methodology, and the
comparison of the proposed control law with other two methods available in the literature. Section 5

draws conclusions.

2. PROBLEM FORMULATION

Let x, () =[x,,(®),....x,, (] "eR" and x, ()= [x,,(),..., L ®)]" e R™ be the partitions of the
state vector x(1) =[x, (1), x; (O], and 6,(1)=[6, (1), ... 0,, (O]" € R"" and 6,(t)=[0,,(®), ...,

6,, (01" e R™ be the unknown parameter vectors, where 8(t)=[6, (1), 6, ()] . The following

a1,y

nonlinear system is considered.
%,(0=F,(x(0)0,()+G,(x(0)x,(1) , (1)
%,(0 = F,(x(1))0,(0) + G, (x(t))u(t) » (2)

n,+n

where F,(x(n)): R"™ — R"™", G, (x(n): R"™ > R"™, F(x()): R"™ - R" , and G, (x(r):
R™™ — R'" are smooth mappings, and u(r)eR" is the input. Let X,, and X, be the upper

bounds of x, ; and x

; ... » respectively. The control objective is to achieve the asymptotic stability of the

origin, from the intial values x,(0)e Q, = {x,,(t)eR"/’: xp,,(t)‘<;?1).,., i=1, .., n, ., and x,(0) €
Q- {xq(t)eR”” . ‘xq,i(t)‘ <X,;»i=1,..., n,}, while keeping x,(r) € Qp and x,(ne Q, forall time. The
following assumptions are made.

Assumption 1: ‘9,“ <6,,,i=1,...m,and |0, <6, ,,i=1,...,ny, where 8, and g , are the

upper bounds of ¢, ; and ¢,

i q,i?

respectively .
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Assumption 2: HFp(x(t)X‘ <k qu(t)H and HFq(x(t)]‘ <k

xq(t)Hfor all time, where k.. and k,_ are
14 q

positive constants.

Assumption 3:G,' (x(1)) exists for all time.

Remark 1. Assumption 1 limits the upper bounds of the uncertainties. Assumption 2 indicates that the
uncertain term of the system can be directly compensated by the control input. Assumption 3 ensures
that the control input always exists for all time. The three assumptions are adopted from the literature

that discusses nonlinear control problem (Freeman & Kokotovic, 1996 ; Khalil, 2002).

To prevent all the states of x from violating their constraints, the following barrier functions for
individual states, ¥,(x,(1)): (-%,%)— R", i=1, ..., n, + n,, are utilized as a Lyapunov function (Ngo,

Mahony, & Jiang, 2005; Tee, Ge, & Tay, 2009b):

v (x,())= %m[ X ] , 3)

X - xi (1)
which are continuous on (-X,, x,) , positive definite, and Vl(xl(t))—>oo as x,(t)—>*x,. The following

lemma shows the use of barrier functions as a Lyapunov function candidate.

Lemma. (Tee, Ge, Tay, 2009b; Do, 2010) Let z() = [z,(1), ..., z, )] € R™ . For some constants z,, i
=1,..n,let Q ={ze R": |z(|<Z,i=1,..., n.}. Consider the system

20=/(2), (4)
where £ R* xR —»R™ . Let V;: (-%,,%) >R, i = 1, ..., n., be positive definite functions that are
continuously differentiable on Q. . LetV,(z,)) >® as z; >+z,,i=1, ..., n,. Let V(z(t)):z::lV,.(zl(t))
and z(0) € Q, . If

V(z(t) <0, 5)

in the set Q_, it follows that z(r) € Q. for 1[0, »).

Proof. Since V is a positive definite function, the negative semidefinite form in (5) implies that
V(z(t)<V(2(0) Vie[0,%), that is, V(z(r)) is bounded Vie[0,x). Since V(z)=) " V(z) is a
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positive definite function, then »'" ¥(z,) becomes bounded Vi e[0,). From the property of the

barrier function, that is, V;(z;,) > o only if z Stz i=1, ..., n,, and given that z,(0) € Q_, it can be

concluded that z,(r) e Q. ,i=1, ..., n,,Vt€[0,0).00

3. CONTROL DESIGN

Let a Lyapunov function candidate for (1)-(2) be introduced as
VZkln(fx] Zm[z } (6)
p xfl
where k,,,i=1,..., n,, are positive constants. The time derivative of V' is as follows

T T
V= x,Kp(I),x,+ququq @
—€FK<1)x+xGKCDx+6’FCDx+qu<quq

pip BTt T g p T p tp

where K, = dlag(kpvl,...,k ,,/’), and ®, and @, are as follows.

P

®©, =diag(¥, ~x . B, -2, ), ®)
o, = diag()?;yl - X )?;_,,q 7x:‘,,‘/ ) 9)

Let the control law be designed as

u=-G,'®,GK,®,x, + K x,+v), (10)

qg-p P PP
where K, = diag[kq‘l, ...,kq‘ﬂq) is a diagonal constant matrix, k,,,i=1, ..., n,, are positive constants,
and v is to be designed. The time derivative of J” becomes

T T T T
V——quqCquq—vd) x, +6’ FT Kpd)pxp-%—@qF]Cqu]

(1)
oo, s, ks 7 0 s ] ot |
Let v be designed as follows.
[l o, DG )i o .
0, if [, |=0.
If qu H #0, (11) becomes
V<- xTKq(DI x, +k HHFH H(D;IXPH (x;xq)/quH
8 2 A L o R A 1T A [ R A e (13)
<_xll K‘ICD‘I xq
<0,

in the set that x,e 0, andx,e Q. If [x,[|=0, V() <0.
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Theorem. Consider the system (1)-(2) under Assumptions 1-3. Let the control law be chosen as

follows.

b e
~G,(@,GTK, 0%, + K x,), if x| = 0.

606K 0, el oo, D

Then, if x,(0) € Q, and x,(0)e Q_, it follows that x,(f) € Q, and x,() € Q, for 7 €[0, ). The origin x =0

is asymptotically stable.

Proof. We first show that x,(1) e Q, and x, () e Q, for #€ [0,%) . Since V<0 for x(0) e Q, and
x, (€ Q,, itis concluded that ¥ (x(z)) <V (x(0)) for 7 €[0, %) . According to the lemma, if x,(0)€ Q2 and

x,(0)e Q, , it follows that x,() € Q, and x,(1) € Q, for 1[0, ).

Now, we show that x,(r)—» 0 and x,(f)—> 0 as r— . If quH¢0, the closed-loop system of (1)-(2)

becomes
x,=F,0,+G,x (15)

rTq’

5, =F6,+®,GTK,0x, ~K,x, -k, o, +[6,] |7 ), 1) (16)

PP

0,

-1
K, D, x

Pop

Let = { x,(Ne Q,. x(De Q,: V (x,(0), x,(0) = 0}. Since V <-x]K,®'x, <0, V=0 implies that x,(7)

P’

=0. Then, S = {x,(1) € Q,, x,(N e Q, : x,() = 0}. Suppose that x() is a trajectory that belongs

P>

identically to S, then x,(#)= 0 implies that x (#)= 0. According to Assumption 2,

F,(x)| < ke [x, 0

x,(t)= 0 implies that Fp(x(t)): 0. Then, from (15), x,(r) = ¢, where c is a constant vector.

Since x,(1) = 0, x,(1) = 0, and from the Assumption 2 HFq(x(t)) Hs ququ(t)

, (16) becomes

d)quTKpé;‘c: 0, and therefore x,(r) = ¢ = 0. The only solution that can stay identically in S is

x,(#) =x,(1)=0. Thus, it is obtained that x, and x, go to zero as ¢t —>. O

Remark 2. By using (14), the origin of (1)-(2) becomes the only equilibrium point for x,€ Q ,, x,€ Q.

The linearization of (15)-(16) around the origin yields

OF, ()0, Fy o
‘:xp:| _ 6Xp 8xq ’ ‘:XP:| (1 7)
¢ || OF (x)6 - OF, (x)0 '
X, ,,(x) (i —EZG; (X)Kp;i q(x) ] _Kq X,
ox, ox, »

Then, the spectrum of the matrix in (15) and (16) is completely assigned by K, and X, .
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4. SIMULATION RESULTS
4.1. Simulation of Second Order Nonlinear System

In this subsection, to demonstrate the performance of the proposed control law, a numerical study of a
single-input second order system is presented. The following nonlinear system is considered (for
brevity, the independent variable t is omitted if there is no confusion).

X, =X, +6x sinx,, (18)

X, =60,x; +x, +u, (19)
where x, and x, are the states, which are constrained by |x,(s)| <%, and |x, ()| <X,, respectively, 6,
and 6, are unknown parameters with |§,|<6, and |0,|<6,, 6, and o, are the bounds, respectively,
and u is the control input. Let a Lyapunov function candidate for (18)-(19) be the following.

v =(1/2) (k, n(@; "% )+ n(@;'%2)), (20)

where k, is a positive constant, ®, =X’ -7, and ®, =¥, — x; . Let the control input be designed as

. {— (/’cICDl’ICID2 + l)x1 —kyxy — (kldll’ld)zg’le + @xzz)sgn(xz), if x, #0, 21)
~ (k@ o, +1)x, if x, =0,

where £, is a positive constant. If x, =0, the substitution of (21) into (18)-(19) yields:

X, =X, +6x;sinx,, (22)

%, = 0yx] — k@' D, x, — kyx, — (kld)l’ltbzglxlz + @xf)sgn(xz). (23)
Using (22)-(23), the time derivative of Vin (20) becomes

Vv =k, ®,'x] —(k,(l)f]alxlz +<1);l§zx§)‘x2‘+kl®flﬂlx,2 sinx, +®,'6,x3

<—k, ®'x] (24)

<0,

in the set that |x, (| <X and |x,(|<X,. From (21)-(23), it is concluded that, if |x(0)| <X, and

[x,(0)| <%,

x (1| <X and |x,(1)| <X, for €[0,%), and x,(t), x,(t) >0 as 1 —>o0.

A quadratic-function-based control law is also simulated. Let a Lyapunov function candidate for (18)-
(19) be
v =0/2)(kx? +x2), (25)

and the control law be

_ {7 (b, +1)x, — ko, — (B2 + 862 )sgn(x, ), if x, #0, 26)
—(k +1)x,, if x, =0.
If x, #0, the substitution of (26) into (18)-(19) yields:
X, =x, +6x sinx,, (27)
Xy = 0,7 —kyx, —kyx, — (klélxl2 + @xzz)sgn(xz). (28)

Using (27)-(28), the time derivative of the Lyapunov function V' in (24) becomes

16
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V= —kyxi - (k,g’lxlz + ézxzz)‘xz‘ +k,0,x7 sin x, +6,x3
<—k,x; (29)
<0.

From (27)-(29), it is concluded that x,(¢), x,(1) >0 as t >o.

A control law based on the receding horizon NMPC is also simulated, see [24] for details.

The performance of the control law based upon the barrier function, the second one based upon the
quadratic function in, and the third one based upon the NMPC are compared. For the barrier-function-
based and quadratic-function-based control law, the gains are set to k; = 8 and k&, = 4, in which the
eigenvalues of the closed-loop linearized system of (22)-(23) and (27)-(28) are set to —2+2; . The

bounds of the states are x;. =x, =0.4. The unknown parameters ¢, and ¢, are normally distributed

random signals with |6,

92\ < 1. The phase portraits of the system using the barrier-function-based,

>

the quadratic-function-based, and the NMPC-based control laws are depicted in Figs. 1-3,
respectively. The trajectories using the barrier-function-based control law (21) and the NMPC do not

>

violate the constraints for all time when the initial conditions are \x,(O)

x,(0)| < 0.4. However, using

the quadratic-function-based control law in (26), the trajectories violate their constraints when the
initial conditions are close to the constraints.

0.5 i ; ; ; : : : . .

04t T 1

0.3r

0.1r

|
af | |
| |

-0.1r

-0.3r ‘

|
|

0.4f ‘ ———————— 1

_0.5 Il Il Il Il Il Il Il Il Il
-0.5 -04 -03 -0.2 -0.1 0 0.1 02 03 04 05

X1

Fig. 1. Phase portrait of the system (18)-(19) using control law derived from the barrier function as the

Lyapunov function.
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0.5
04 = ]
0.3} N \
0.2} \ ]
0.1t \ | :

S or i ‘ 1

‘5 I I I I I I I
-0.5 -04 -03 -02 -0.1 0 0.1 02 03 04 05

X1
Fig. 2. Phase portrait of the system (18)-(19) using using the control law derived from the quadratic

Lyapunov function.

0.4
0.3r
0.2

0.1F

X2
S
:

-0.11
-0.2r

-0.4r
-0.51 b

-0.5-0.4 -0.3 -0.2-0.1 0 0.1 0.2 0.3 0.4 0.5
X1

Fig. 3. Phase portrait of the system (18)-(19) using the NMPC.
Figs. 4-6 shows the motions of x, (r) and x, (/) with barrier-function-based, quadratic-function-based,

and the NMPC control laws, respectively. The initial conditions are x, (0) = x, (0) = 0.395. Using the

barrier-function-based control law, x, and x, reach zero in 3 s and do not violate the given

18
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constraints for all time. If using quadratic-function-based control law, x, violates the constraint from

0.01 sto 0.13 s, and x, violates from 0.17 s to 0.63 s, respectively. If using the NMPC, x, and x, go to
zero in 10 s and their constraints are not violated for all time. It should be noted that the computation
time of the control input of the barrier-function-based control law and the quadratic-function-based
control law took 10 ms. On the other hand, the NMPC took 1.642 s for computing the control input.
Fig. 7 depicts the control inputs of barrier-function-based, quadratic-function-based, and the NMPC

control laws, respectively. The barrier-function-based control law provides the fast changing of the
control input at the beginning compared to other control laws.

oaf— —— — ]
constraint X, =X, = 0.4
0.2 x| |
o
= 0 —
-0.2f
e 2 constraint —X, ==X, = —-04
) /115 i s S
0 1 2 3 4
time [s]

Fig. 4. x,(¢) and x,(¢) of system (18)-(19) using barrier-function-based control law: x,(z) and x,(7)

converge to zero in 3 s while the constraints are not violated.

0.4f ¢ T .
constraint X, =X, =0.4
0.2+t
o0 -----------------
B ooof i/
0.4- constraint — X, = —X, =—0.4
_0.67 - ) h Il Il Il ]
time [s]

Fig. 5. x;(7) and x,(?) of system (18)-(19) using quadratic-function-based control law: x,(7) and x,(7)

converge to zero in 3 s, but both violate the constraints.
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04—

0.2 1

constraint — X,

=—X,=-04

time [s]
Fig. 6. x,(7) and x,(¢) of system (18)-(19) using the NMPC control law: x(f) and x,(¢) converge to zero in
10 s while the constraints are not violated.

0.5

Barrier-function-based

Quadratic-function-based |
LU ——— NMPC
250 I I I
1 2 3 4
time [s]

Fig. 7. Control input v used in Figs. 4-6.

4.2. Simulation of Multi-Input Nonlinear Systems
In this section, the following two-input nonlinear system is investigated.

x,=F0+G,x,,

(30)
i, =F,0,+Gu,

(31)
where x, and x, are the states, x, = [x,x]", x, = [, x,]", that are constrained by o<1, i=1~4, 6,

and 6, are the unknown parameters with |¢,|< 6, and

0,| < 8,, respectively, F, = [0.2sinx,, 0.2x,x,]",
F, = [-0.1xx,, 02xx,]", )
1—si 0.1
G, - sin x; : ’ (32)
0.2 1 —sinx,
G, - 717)‘clx3 0.11x, ‘ (33)
—0.1sin x, 1
and u =[u,,u,]|" are the inputs.
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The control law based upon the barrier function is designed as follows:

. -G (0,G7K, 0 x, + K x,+ [k, |k, @,x, |+ |F, )z, /qu‘)),if e, =0, ”
-G, (®,GTK,®,'x,), if x| =0,

Cqia=2 2 _, P TIR B R _
where K»=K,=21 k. =1 O, =diag(x} —x;, x2- xf), ®, =diag(x; —x3, xffxf)‘ and %=1,

i = 1~4. Fig. 8 shows the trajectories of xi(t), i = 1~4, of the system (30)-(31) when the control law (34)
is used. The initial conditions are xi(0) = —0.995, i = 1~4. The unknown parameters are uniformly

distributed random signals with bounds 6,=02 and 0, =0.1 . All the trajectories converge to zero and

do not violate the constraints at all time. Fig. 9 depicts the control inputs provided through (34).

constraint X, =X, =X, =X, =1

=
A
=
S
=
= i
constraint —X, =-X, =—X; =—X, =—1
\ \ \ \
0 2 4 6 8
time [s]

Fig. 8. xi(?), i = 1-4, of the system (30)-(31) with barrier-function-based control law.

3
2><10 ‘ ‘ ‘

A

1.5F

U

/
i
!
1
H
i
i
|
1
H
i
i
|
H
i
i
H
{
i
|
{
/
i
i
/

-0.5+ uy 7

0 0.005 0.01 0.015 0.02
time [s]

Fig. 9. Control input , and u, used in Fig. 8.
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5. CONCLUSIONS

The asymptotic stabilization control for nonlinear systems with state constraints was addressed. A
barrier function was utilized as a Lyapunov function candidate in deriving the control law. The method
in deriving the control law does not require offline optimization method, and thus the control algorithm
is calculated very fast. The proposed control law guaranteed the asymptotic stability of the origin for
all initial conditions inside the constraint region, while the given constraints were never violated. The
desired spectrum of the linearized closed loop system was determined by designing the control gains,
and thus a fast convergence of the states from all initial conditions within the constraint-region to the
origin was achieved. The performance of the proposed control laws was compared with the one
derived from a quadratic Lyapunov function and the NMPC. The proposed control law performed best
in the aspects of convergence of the states to zero and in computing time of the control law among
the three methods.

6. REFERENCES

Bemporad, A. 1998, Reference governor for constrained nonlinear systems, I[EEE Trans. Autom.
Control, 43, 415-419.

Blanchini, F., 1999, Set invariance in control, Automatica, 35, 1747-1767.

Bravo, J. M., Alamo, T., Camacho, E. F., 2006, Robust MPC of constrained discrete-time nonlinear
systems based on approximated reachable sets, Automatica, 42, 1745-1751.

Ding, B., 2009, Quadratic boundedness via dynamic output feedback for constrained nonlinear
systems in Takagi-Sugeno’s form, Automatica, 45, 2093-2098.

Do, K., 2010, Control of nonlinear systems with output tracking error constraints and its application to
magnetic bearings, Int. J. Control, 83, 1199-1216.

Findeisen, R., Imsland, L., Allgower, F., Foss, B. A., 2003, Output feedback stabilization of
constrained systems with nonlinear predictive control, Int. J. Robust Nonlin., 13, 211-227.

Freeman, R., A., Kokotovic, P., V., 1996, Robust nonlinear control design: state-space and Lyapunov
techniques, Birkhauser.

Gilbert, E. G., Ong, C.-J., 2011, Constrained linear systems with hard constraints and disturbances:
an extended command governor with large domain of attraction, Automatica, 47, 334-340.

Grune, L., Pannek, J., 2011, Nonlinear model predictive control: theory and algorithms, Springer-
Verlag.

Imanov, M. H., 2012, Regularity analysis for nonlinear terminal optimal control problems subject to
state constraints, Int. J. Appl. Math. Stat., 30, 80-92.

Khalil, H. K., 2002, Nonlinear systems, Prentice Hall, 3rd Ed.

Krstic, M., Bement, M., 2006, Nonovershooting control of strict-feedback nonlinear systems, IEEE
Trans. Autom. Control, 51, 1938-1943.

22



International Journal of Applied Mathematics and Statistics

Liu, H., Zhao, H., 2012, Adaptive fuzzy backstepping control for a class of uncertain nonlinear
systems, Int. J. Appl. Math. Stat., 40, 106-114.

Mahindrakar, A. D., Sankaranarayanan, V., 2008, State constrained stabilization of beam-balance
systems, Int. J. Robust Nonlin., 18, 333-350.

Mayne, D. Q., Rawlings, J. B., Rao, C. V., Scokaert, P. O. M., 2000, Constrained model predictive
control: stability and optimality, Automatica, 36, 789-814.

Mhaskar, P., El-Farra, N. H., Christofides, P. D., 2006, Stabilization of nonlinear systems with state
and control constraints using Lyapunov-based predictive control, Syst. Control Lett., 55, 650-659.

Ngo, K. B., Mahony, R., & Jiang, Z. P. (2005). Integrator backstepping functions for systems with
multiple state constraints. Proc. 44th IEEE Conf. Decision Control, Seville, Spain, 8306-8312

Rehan M., Hong, K.-S., Ge, S. S., 2011, Stabilization and tracking control for a class of nonlinear
systems, Nonlinear Anal-Real, 12, 1786-1796.

Tee, K. P, Ge, S. S., 2011, Control of nonlinear systems with partial state constraints using a barrier
Lyapunov function, Int. J. Control, 84, 2008-2023.

Tee, K. P, Ge, S. S., Tay, E. H, 2009a, The control of electrostatic parallel plate microactuators with
guaranteed non-contact between the movable and fixed electrodes, IEEE Trans. Control Syst.
Technol., 17, 340-352.

Tee, K. P., Ge, S. S., Tay, E. H., 2009b, Barrier Lyapunov functions for the control of output-
constrained nonlinear systems, Automatica, 45, 918-927.

Widyotriatmo, A., Hong, K.-S., 2011, A navigation function-based control of multiple wheeled vehicles,
IEEE Trans. Ind. Electron., 58, 1896-1906.

Widyotriatmo, A., Hong, K.-S., 2012, Switching algorithm for robust configuration control of a wheeled
vehicle, Control Eng. Pract., 20, 315-325.

Xiang, W., Liu, X., Liu, H., 2013, An adaptive fuzzy sliding mode control scheme for aeroelastic
systems, Int. J. Appl. Math. Stat., 43, 478-485.

Zhang, N., Shang, Y., Gao, F., 2013, Adaptive disturbance attenuation of nonholonomic systems with
nonlinear parameterization, Int. J. Appl. Math. Stat., 44, 409-421.

23



