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This paper employs the direct method to design sampled-data state/output feedback controller for
a class of uncertain nonlinear systems under a general linear growth condition. Both state feedback
controller and observer are constructed directly in the discrete-time domain for the difference-integral
systems equivalent to the continuous-time systems. To dominate the influence of the uncertain
nonlinearities, a co-design process is used to determine the sampling period and scaling gain together.
Compared to the emulation method, the direct co-design method can handle a broader class of
nonlinear systems and has more flexibility in choosing the sampling period that is less restrictive
for digital implementation.
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1. Introduction

Recently, the problem of designing sampled-data controllers
for nonlinear continuous-time systems has received a lot of atten-
tion as more and more controllers are being implemented using
digital computers [1]. Many design methods have been developed
and reported in classical textbooks or some of tutorial papers
[1-4].

In the linear case, design of discrete-time controllers, either
in state feedback form or output feedback form, can be per-
fectly solved as there is a discrete-time system equivalent to
the sampled continuous-time system. However, in the nonlin-
ear case, it is impossible to find a discrete-time system that is
completely equivalent to the sampled nonlinear continuous-time
system. Therefore, the emulation method has been used to derive
regional or global stabilizers for nonlinear systems in [5] where
the possible interval of sampling period is very small. Similar
conditions are also assumed in [6] where fast enough sampling is
required to guarantee global asymptotic stability. Designing con-
trollers in the discrete-time domain based on an approximated
system has also been conducted in [7] and lately extended in [8]
to system modeled by differential inclusions plus controller in
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terms of difference inclusions. However, only local or semi-global
stabilization was obtained due to the inevitable approximating
error between the approximated linear discrete-time system and
the original nonlinear continuous-time system.

Another challenge caused by the presence of nonlinearities
is that the well-known separation principle in output feedback
controller design does not work for nonlinear system [9], and a
hybrid version of the separation principle has been recently pro-
posed in [10] for globally sampled-data stabilization of nonlinear
systems. The situation is even worse when the nonlinearities in
controlled system are not known. Although global output feed-
back stabilization has been proved to be solvable in [11] using
technique of input saturation, the nonlinear systems considered
in [11] are restricted to those having stable-free dynamics. For
a lower-triangular nonlinear system satisfying the linear growth
condition, globally exponentially stabilization has also been suc-
cessfully solved in [12] where the observer was first designed
without considering nonlinearities and then a scaling gain was
employed to dominate the nonlinearities. The work [13] used an
emulation method and introduced a linear domination approach
to achieve global output feedback stabilization using sampled-
data control for the same system under the same condition. The
approach in [13] has a two-step design process: (i) a scaling gain
is firstly injected into the continuous-time controller to dominate
the influence of the nonlinearities in the continuous-time domain,
and (ii) the sampling period for the discretized controller is tuned
to make sure that the difference between the continuous-time
controller and discretized controller is sufficiently small. The
drawbacks of this method are that the nonlinearities are indepen-
dent of the control input and only very small sampling periods are
allowed in the end. Even in the linear case, the emulation method
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still requires that the sampling period should be very small due
to the presence of approximation error. The independent design
between control gain and sampling period can also be observed
in recent results [14] on semi-global asymptotic stabilization of
non-affine systems using sampled-data output feedback.

Selection of appropriate sampling periods is a fundamental
problem in designing digital controller [ 1] and many results have
been achieved from different aspects, such as controllability and
observability of discrete-time system in [15], maximally allow-
able sampling/transmission interval in [16], system performance
in [17,18], or even optimization problem in [19]. In [20], com-
parisons under different sampling periods and different design
methods have been studied for linear discrete-time stochastic
system which shows that common control strategies, frequently
applied in the control literature, often give poor results especially
for shorter sampling periods. Similarly, high sampling rates are
often seen when the sampled-data output feedback controller has
been constructed based on high-gain observers in [13,21,22].

In this paper, to handle more general nonlinearities and for
more flexibility in selecting the sampling period, we introduce
a new method where the scaling gain and sampling period will
be co-designed. Both sampled-data state feedback controller and
output feedback controller are constructed directly in the
discrete-time domain. Then the sampled-data control is imple-
mented to a difference-integral system which is equivalent to
the sampled continuous-time nonlinear system. Depending on
the nonlinearities, an appropriate sampling period can be selected
to render the closed-loop system globally asymptotically stable.
Compared to the emulation method, the direct co-design method
enables us to use a less restrictive sampling period. Especially for
the nominal linear system, the sampling period can be arbitrarily
large which is impossible in the emulation case. In addition, by
utilizing the discrete-time controller to dominate the nonlinear-
ities in the difference-integral system, our direct method is able
to handle more general nonlinearities dependent of the control
input.

2. Problem statement and preliminaries

Considering the following nonlinear system
X1 =X+ filx, u),
X2 = x3+ fo(x, u),

Xn = U+ falx, u),

y=x
where x(t) = (x1(t), X2(t), . .., X4(t))7 is the system state, u(t) € R
is the control input, y € R is the system output and fi(x, u),i =
1,2, ..., n are unknown functions. We are interested in design-
ing sampled-data controllers using state feedback and output
feedback to globally stabilize the nonlinear system (1).

To solve the aforementioned problems, in this paper we as-
sume the following condition for the nonlinearities.

Assumption 2.1. Fori = 1,2,...,n, there exists a constant ¢;
such that

fi(z1, Nza, -+, N"'z,, N")|

<N (1zi| + -+ [zl + V). YN > 1. 2)

Remark 1. The growth condition (2) is a more general form of
the linear growth condition, specifically,

|ff(x,u)|SC{(|X1|+"'+|U|), i:17-"!n' (3)
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which has been a commonly used condition for global output
feedback stabilization of (1) via continuous-time control [12]
and sampled-data control [13]. In fact, this linear growth condi-
tion (3) is somehow necessary for global sampled-data stabiliza-
tion of a nonlinear system. For example, for an unknown constant
f e [0.5,1], system x = u + 6x*> can be globally stabilized
by a continuous-time controller u(x) = —x — x> satisfying (i)
u(x)x < 0 and (ii) limy_, _o u(x) = co. However, there is no any
sampled-data state feedback controller with the properties (i)-(ii)
to globally stabilize the above system.

3. Sampled-data state feedback stabilization

In this section, a sampled-data state feedback controller will
be designed directly in the discrete-time domain.
First, through the following coordinate transformation
X2 X u
Z=x, n=g =, v= oo (4)
for a constant N > 1 to be determined later, system (1) can be
written as

21 = Nz + fi(z, v),
22 = Nz3 +f_2(Z, v),

: 5)
in = NU +fn(za v)v
Yy=2z,
where fi(z, v) = fli\gff{), i=1,...,n. By Assumption 2.1, it is clear
that
iz, v)| < cllzal + -+« + lzal + [01). (6)
Defining
o1 --- 0 0 177
. . 0
A= ,B=|:],c=1|.],
0 0 1 0 :
0 0 0 1 0
system (5) can be written as the following compact form
{2(t) = NAZ(t) 4 NBu(t) + f(2(t), v(t)) o
y(t) = Cz(t).
For a given constant Ty > O, denote T := Ty/N in the

followings sections. The nominal part of system (7) is
z(t) = NAz(t) + NBuv(t). (8)

The system (8) under a sampler and a sampled-data controller
with a zero-order-hold, i.e., v(t) = v(kT),t € [kT, (k + 1)T), is
equivalent to the following discrete-time system

2k + 1)T) = dz(kT) + [o(kT) 9)
where @ = eMT = ¢#To and I = fOT eVASNBds = OTO e*Bds, or ,

r 2 n—1 = Tg T
1 To TTO' (Z(ll)! nt
. .
0 1 Ty (n—1)!
D = 12 I = : . (10)
2! 12
o o --- 1 To 70.
10 0 --- 0 1 | To

It is obvious that (@, I') is a controllable pair for any constant
To > 0. Therefore, there exists appropriate K = (kq, ..., k;) such
that under the following sampled-data state feedback controller

v = —kyz1(KT) — kozo(KT) — - - - — knzn(KT), (11)
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the following closed-loop system
z((k+ 1)T) = 2z(kT), (12)

where §2 is defined as

1 kg Ty — szO B kI ' kg ]
n! 2! n! (n—1)! n!
—kyTg ! 1 —sz(;' 1 T —ksTg !
(n—1)! T T 0™ Ty
—ky T2 —ky T2 1k 1T2 To — knTZ
@) @) @) 0™ 2
L *k]TO *szo *kn,1T0 1-— knTo i

is globally asymptotically stable.

Lemma 1. Under the sampled-data controller (11), the continuous-
time system (7) is equivalent to the following difference-integral
systematt =kT, k=0,1,2,...,

z((k+ 1)T) = @z(kT)+ 'v(kT) + %'Il(kT) (13)

where W(kT) = fOTO ef (z((k + 1)T — £), v(kT)) dr and To = NT.

Proof. The solution of system (7) is described by

2(t) = eMiz(to) +/ VA=) [NBu(s) + f (2(s), v(s))] ds

to

Letting t = (k + 1)T and t; = kT, we can obtain the following
equation with the sampled-data controller (11)

(k+1)T

z((k + 1T) = YT z(kT) + / eNUHIT=NBy (KT )ds
Kk

(k+1)T
/l
Kk

Denoting T = N((k+1)T —s), the above equation can be rewritten
as

eNAUFDT=S)E (7(5), v(KT)) ds.

NT
z((k+ 1)T) =&AEz(kT)+f N BdTu(kT)
0

@ —
r
NT

1 7 T
o i (z((k+ 1= ). v(kT)) dr

which is the difference-integral system (13) corresponding to
(7). O

Theorem 1. Under Assumption 2.1, there exist a scaling gain N > 1
and a sampling period T such that the sampled-data state feedback
controller (11) globally asymptotically stabilizes system (1), where
N > 2221+ po) IPIl po with po = pi [(1 + Toya) €01 + K]

Leledr, o = 1Al + \/ﬁ

+ci 2 = |BKI
+ Jci+ -+ cZlIK|l and Ty, = NT is selected such that §2 is

Schur-stable.

Proof. First, integrating both sides of (7) on [kT, t] yields

2(t) — 2(kT) = [(NAz(s) + f(z, v(s)) + NBu(s))ds.
kT
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Substituting (11) and (6) into the above equation yields
(o)l

=< llz(kT)Il + f [NIALlz(s)l| + [If(z, v)ll + NIBK | (k)| ] ds
kT

=< llz(kT)Il + fNyl liz($)Il ds + NTys [|z(kT)||
kT

where 1 = JA|l + JZ+---+c2 and y» = |BK|
+ ,/cf + .-+ 4 c2|IK||. Thus on the kth sampling interval [T, t],
we have

t

lz(0)] < (14 Toya) (KTl + | Ny llz(s)ll ds.
kT

Applying Gronwall inequality, one gets
()l < (14 Toya) €™t - [l2(kT))| (14)

for t € [KT, (k+ 1)T). Then with the help of (6), ¥ (kT) defined in
Lemma 1 can be estimated as

Il (kT </ e | Hf( ((k+ 1T — %), v(kr)) H dr
= /0 e[ ox (Jate+ 107 = 5| + etk e (15)

for a constant p; = C12 + - -+ + c2. After substituting v(kT) using

(11) and replacing z((k+1)T — ;) with the upper bound obtained
n (14), (15) can be further estimated as

To
¥ (KT)| < o1 [(1+ Toyz) €™ + IIKII]/ ™™ | de llz(kT)Il -
0

o

In what follows, we will show that the sampled-data state
feedback controller (11) can globally asymptotically stabilize the
uncertain nonlinear system (1) using the linear domination ap-
proach (LDA). Since the system (9) without perturbations is glob-
ally asymptotically stable under the sampled-data state feedback
controller (11), there exists a positive definite P = PT such that
P2 — P =—1I.

Construct V(z(k))
then we have

V(z((k+1)T)) —

= z7(k)Pz(k) for the closed-loop system (13),

V(z(kT))

_ |:.Qz(kT)+ "I’(I\';T)]TP |:.Qz(kT)+ II/([\’;T)} — Z7(KT)PZ(kT)
= — lz2(kT)|? + 2zT(kT)m>M + lWT(kT)PW(kT)
< — IO + 22 21 1Py 1 + 2070 oy

< — 2T + @121+ ) 1Pl 2k 2,

N

Thus if we select a large enough N such that w <1/2,
we will have

V(z((k + 1)T)) — V(z(kT)) < —% lI2(kT)]> (16)

which implies that the closed-loop system (13) is globally asymp-
totically stable i.e. z(kT) — 0 (k —> o0). Then z(t) — 0 (t —
o0) is ensured based on (14). Thus with the help of coordinate
transformation (4), x(t) — 0 (t — o0) can be guaranteed,
and system (1) is globally stabilized by the sampled-data state
feedback controller (11). O
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Remark 2. The controller (11) is directly designed for the discrete
equivalent system (9) of the nominal system (8) and then is
applied to the difference-integral system (13). This method is
different to the emulation method (also called indirect method)
where the controller is firstly designed as a continuous-time one
for (8) and then is discretized as a sampled-data controller. One of
the disadvantages of the emulation method is that the sampling
period has to be very small to maintain stability even for the
linear case, due to its approximation nature. However, the direct
method will not have this restriction. In the linear case when
¢ = 0,Vi, it is clear that pg = 0 since p; = 0. By (16), it is
possible to choose any N > 0 which means T = Ty for any given
To. Even in the presence of nonlinearities, it is still possible to
choose a smaller N (consequently a larger sampling period T) to
achieve global asymptotic stability if the growth rate is small.

4. Sampled-data output feedback stabilization

To start with, the following discrete-time state observer for
system (7) will be firstly constructed
Z((k + 1)T) = ®@z(kT) + I'v(kT) + H(y(kT) — CZ(kT)),
z=1[21,22,...,23]", C=1[1,0,...,0] (17)
where @ = ¢, ' = fOTO e*Bds and H is designed such that the

eigenvalues of @ — HC are inside of the unit circle.
Since z,, ..., z, are not measurable, we design

v(kT) = —KZ(kT), (18)

with the same K = [kq, ko, ..., k;] used in (11) to ensure that all
eigenvalues of @ — I'K lie inside of the unit circle. Substituting
(18) into (17) yields

2((k+ 1)T) = (& — I'K — HC)2(KT) + Hy(KT) (19)

Putting the difference-integral system (13) together with the
sampled-data output feedback controller (18)-(19) leads to the
following closed-loop system in [ty, ti+1)

zZ(k+1T)| _ z(kT) llI/(kT)

[2((1( + 1)T)] - [ (kT)] + [” 0 ] ’ (20)
-_ (@ —TK
== (HC @—FI(—HC)' (21)

With the following similar transformation of matrix

I —1\.(I I\_(®—-HC 0
o 1)%\o )=\ HC o@-TK)

we can conclude that the eigenvalues of Z are composed of
eigenvalues of @ — HC and eigenvalues of @ — I'K. With the
previously selected K and H, all eigenvalues of system matrix

& lie inside of the unit circle. Hence, there is a positive definite
matrlx P = PT € R¥"2" > 0 such that ETPE — P = —I.

Theorem 2. Under Assumption 2.1, there exist appropriate scaling
gain N and sampling period T such that the uncertain system (1)
is globally asymptotically stable under the sampled-data output
feedback controller (18)-(19), where N > 4pl| E7P|| + 2p2 ||P1 ||
with ,60 = 01 (ToyzeTm“ —+ ||K|| + eTOVl) - 070 ||€AI || dt and To =

is selected such that & is Schur-stable.

Proof. Integrating both sides of (7) on [kT, t] with the output-
feedback controller (18) will yield

llz(E)ll

t
< llz(kT)Il + f [NIIAIIZ()I + If(z, v)I| + NIBK | [IZ(kT )] ds
kT
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Similar to the proof in Theorem 1, the upper bound of ||z(t)| on
the kth sampling interval is

(Ol < llz(kT)Il + NTy,

2(kT)|| + [ Ny1 liz(s)] ds. (22)
kT

Applying Gronwall inequality for t € [kT, (k + 1)T), we have
lz(0)ll < (||z<kT)|| + NTy, Hf(kT)H)eTO”. (23)
Similar to (1
¥ (kT

To
< /0 e | on ([t + 1 201 ) de
< o1 [(Toya€™" + K1) [2kT)] + %07 12k ]

To
< / e dr < po lZ(kT)) (24)
0

5), with the help of (18) and (23), we have

where pg = p1 (ToyzeT(Wl + 1K + eToyl) )
For the stability analysis of (20), select

5o’ | dr.

Z(kT)
as the Lyapunov function. Then we have
V (@((k+ 1)T)) — V(Z(kT))

V(Z(KT)) = Z'(KTYPZ(KT), Z(KT) = [5("”}

_|= D11 =T - (kT)
_[ Z(kT) + N[ H [Z(kT) N[ ! H
— Z"(KT)PZ(KT)

v ors | LD WT(KT) S W (kT)
— —Z(KT)|? + 227(KT)ETP [ : ]+ (k)

||w (kT)||

ot m 2
< —1Z(kT)|I1? + 2 |1Z(kT)| | Z7P | Ly vz 1P KDI

where P; is the first n x n block of P.

Based on the upper bound of perturbations obtained in (24),
the above difference of Lyapunov function V(Z(k)) can be further
estimated as
V (Z((k+ 1)T)) — V(Z(kT))

200l ETPI| + pg |P1
N

— lZ(kT)|1* + I1Z(KT)1? . (25)

A NETh ~2115
By selecting a large enough N satisfying W‘\Iw

(25) becomes

< 1/2,

V (Z((k+ 1T)) = V(Z(KT)) < —%IIZ(kT)IIZ-

Thus, asymptotic stability of the closed-loop system (20) can be
guaranteed i.e. z(kT) — 0 and Z(kT) —> z(kT), as k —> oc.
Then z(t) — 0 (t — o0) is ensured based on (23). Thus with the
help of coordinate transformation (4), x(t) —> 0 (t —> 00) can
also be guaranteed, and system (1) is globally stabilized by the
sampled-data output feedback controller (18)-(19). O

Remark 3. Selections of N in the proof of Theorems 1 and 2 are
based on the decrease of Lyapunov function V(z(k)) or V(Z(k)) on
each sampling interval where % has been selected for simplicity
of proof. Any other positive number that is smaller than 1 can be
used to guarantee decreasing of the Lyapunov function. The larger
of N is selected, the faster decrease of Lyapunov function can be
obtained.

Remark 4. For any given control gain of K = [kq, ka, ..., ky]
that can continuously stabilizes the nominal linear system in



K. Cao, C. Qian and J. Gu

et bty

T e 2 P s N

Scaling transformation &
Discretization

Stability of closed-loop system in DT

@ossible interval of 7},)

-~

- S~ NO

-5 . ~
Computing O, State avallabﬁ?,

~
Thoerem1 < _ -~

Sampling period 7’

Computing 2,

Thoerem 2

Fig. 1. Interplay among Ty, po, N and T.

continuous-time, the process for deriving the co-designed samp-
led-data controller for the nonlinear system (1) has been summa-
rized in Fig. 1 where the interplay among different parameters are
explicitly shown.

Example 1. Consider the following system

X1 =X,
X = u + asin(xju?), (26)
y =X,

where a is a constant. It is obviously that the nonlinearity fi(-) in
(26) satisfies Assumption 2.1 with ¢; = 0 and ¢; = a since

lasin(xju?)| < ay/|x;u| = ay/|z:N?v| < aN(|z1] + |v]).

Hence, by Theorem 2, we can construct the following sampled-
data output feedback controller

Z(k+11)] _[1 1] [2(kT)
H(k+1)T)| = [0 1]]|2(kT)
+ [Of] w(kT) + H(z:(k) — 21(k)) (27)

u(t) = —ki21(KT) — ko2o(KT), Vt € [KT, (k + 1)T), (28)

with K = [0.9702 1.4849] and H = [1.7 0.72]".

Under the above selection of control gain K, the system matrix
£2 defined in (12) is
0.9702 12 1.4849 12
[1 — 0970212 T — T0:|

2
—0.9702Ty 1 — 1.4849T,

where the possible interval of Ty = NT € (0, 1.3) can be
numerically obtained such that all eigenvalues of the above £2
lie inside of the unit circle. For simplicity, we have selected Tp =
NT = 1 in the following studies.

Firstly, we consider the sampled-data stabilization of system
(26) without nonlinearity using the co-designed controller (27)-
(28). Simulation results under large sampling period (T = 1) have
been shown in Figs. 2 and 3, and the sampling period can be
arbitrary large due to the compensation of scaling gain in this
case.

Systems & Control Letters 155 (2021) 105000

—— 11
25 — i
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2 T4 16 5 x
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Fig. 2. States and estimated states of (26) without nonlinearities (x(0) =
[1,1]7,2(0) = [0.5, —0.5]7).

- L I I I I
1

15
times (sec)

Fig. 3. Control input of (26) without nonlinearities (x(0) = [1,1]7,z(0) =
[0.5, —0.5]7).
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Fig. 4. States and estimated states of (26) (x(0) = [1, 1]7, z(0) = [0.5, —0.5]").
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Fig. 5. Control input of (26) (x(0) = [1, 1]7, z(0) = [0.5, —0.5]").

Secondly, global stabilization of system (26) with a = 1 is
further considered using the co-designed controller (27)-(28).
Due to the presence of perturbation, N = 1.5 has been selected
to dominate the effects of perturbations, and then the allowable
sampling period is 0 < T < 0.86 ~ 3. Simulation results
shown in Figs. 4 and 5 with N = 1.5, T = 0.67 have shown the

effectiveness of our co-designed controller (27)-(28).
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Remark 5. The emulation method for sampled-data output con-
trol in [13] first designs a continuous-time output feedback con-
troller and then discretizes it as a sampled-data controller. The
emulation method in [13] works well by contracting the differ-
ence between the discretized and continuous-time controllers,
but it has two drawbacks: (i) the nonlinearities are independent
of the control input, and (ii) the approximation error is small
only for a very small sampling period. Within the framework of
direct design in discrete-time domain, these two drawbacks can
be avoided. As seen in (26), fo(-) = asin(x?u?) not only contains
u but also is not Lipschitz in u, which now can be handled by
the direct method. In addition, less restrictive sampling periods
can be selected, which is an important implementation issue in
computer-controlled systems.

Example 2. For comparisons with the emulated controllers pro-
posed in [13], global state feedback stabilization and global out-
put feedback stabilization of the following system are considered
in this example

X1 =Xz,

Xp = X3 + sin(x;) In(1 + [x,1),

X3 = u+ sin(xp) In(1 + |x31),

Yy =X1.

Comparisons between the emulated controller of [13] and the
co-designed controllers (11) have been conducted with the same
control gain K = [1 2 2] where Ty = 0.4 if the emulated

controller of [13] is used. Similar to the previous example, the
system matrix $2 defined in (12) becomes

(29)

173 173 8 173
1-5Tc To—3Ty 3 —3To
172 2 2
- 1-17 T, -1
—To —2To 1—-2Ty

from which the allowable selection of Ty lies in (0, 1.03) can be
numerically obtained. For simplicity, LT = 1 has been used in the
following simulation studies. Based on the fact that
Isin(z1)In(1 + |x3])| < (|z1] + |z2|), Assumption 2.1 is satisfied
with ¢; = 1. Then we select N = 1.1 to dominate the nonlin-
earities, and T,ex = 0.9 can be obtained due to the compensation
between the scaling gain N and the sampling period T. Simulation
results presented in Figs. 6 and 7 with T = 0.8, N = 1.25 and
x(0) = [3, 2, —3]" have shown that the allowable sampling period
has been enlarged if our co-designed controller (11) is used.

Sampled-data output stabilization of system (29) using (18)-
(19) is further considered in the following. With results obtained
in Theorem 2, the allowable selection of NT lies in (0, 0.65) for
the output stabilization of system (29) under the co-designed
controller (18)-(19). Under the selection of control gain K =
[1 2 2] and observer gain H = [2.4 3.3 1.8]", the max-
imum sampling period for the emulated controller of [13] is
Tmax = 0.28 while Ty,q, = 0.45 for the co-designed controller
(18)-(19). Simulation results obtained in Figs. 8 and 9 with z(0) =
[—1, =5, —5]" have illustrated the effectiveness of Theorem 2
under T = 0.3 which is larger than the maximum sampling
period obtained by [13] using emulation method.

5. Conclusion

In this paper, global stabilization of a class of uncertain non-
linear systems has been considered using sampled-data control.
Both sampled-data state feedback controller and sampled-data
output feedback controller have been constructed directly in the
discrete-time domain without resorting to the method of em-
ulation. The direct method has enlarged the class of nonlinear
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Fig. 9. Control input of (29) under controller (18)-(19).

systems which are globally stabilized by sampled-data control.
Moreover, as the sampling period and scaling gain have been
co-designed in the construction process, the sampling period
can be selected in a less conservative way for relaxed hardware
requirements to implement our sampled-data controllers.

With the flexibility provided by the co-designed sampled-data
controller, results of this paper are much preferred for con-
trol problems with sparse sampling where event-triggered and
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self-triggered strategies maybe not applicable due to hardware
or physical restrictions. Thus an interesting extension will in-
volve the possibility of finding a minimal dwell-time to prevent
the Zeno phenomenon through combining the co-designed time-
regularizing controller with those event-triggered strategies. Be-
cause work of this paper are mainly based on Assumption 2.1
where the nonlinearities are vanishing at the equilibrium, the
validation of obtained results for system with much stronger
nonlinearities will also be considered in the future.
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