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Summary

This paper addresses the problem of output feedback stabilization for nonlinear systems with sampled
and delayed output measurements. Firstly, sufficient conditions are proposed to ensure that a class of
hybrid systems are globally exponentially stable. Then, based on the sufficient conditions and a dedicated
construction continuous observer, an output feedback control law is presented to globally exponentially
stabilize the nonlinear systems. The output feedback stabilizer is continuous and hybrid, and can be derived
without discretization. The maximum allowable sampling period and the maximum delay are also given. At
last, a numerical example is provided to illustrate the design methods.
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1. Introduction

Recently, great progress has been made in the problem of design global asymptotic output feedback
control laws for nonlinear systems. For example, the problem of global asymptotic stabilization
by output feedback has been studied for a class of nonlinear systems [1]. The nonlinear terms
considered in [1] admit an incremental rate depending on the measured output. In [2], the author
introduced a technique to stabilize a fully linearizable nonlinear system. The technique was utilized
in [3] and [4]. In [5], a linear output feedback controller with dynamic high gain was presented to
globally regulate a class of nonlinear systems.

It should be noted that the above results concerned with output feedback stabilization are based on
continuous time analysis. However, for a networked control system, the output is usually transmitted
through a shared band-limited digital communication network. It is only available at discrete-time
instants. Therefore, it is interesting to study output feedback stabilization for continuous systems
with sampled and delayed measurements. More recently, three main approaches are proposed
to deal with these problems. The first one is based on discrete time analysis by introducing a
consistent approximation of the exact discretized model [6, 7]. A quadratic observer coupled
with a quadratic dynamic feedback was proposed to achieve quadratic approximated feedback
linearization with stability [7]. The second one is based on continuous time analysis followed by
discretization [8, 9, 10, 11]. For example, sampled-data output feedback stabilization of nonlinear
systems by using high-gain observers has been considered in [8, 9, 10]. In [11], multirate sampled-
data output feedback control of a class of nonlinear systems was presented based on high gain
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observers. By carefully choosing the sampling period, the authors proposed a sampled-data output
feedback controller to make the closed-loop systems regionally or globally stable [12]. The results
obtained in [12] are based on the assumption that full-state are measurable. The third one is based
on a mixed continuous and discrete time analysis without discretization [13, 14, 15, 16, 17, 18]. For
example, based on the existence of a controller and a special Lyapunov function satisfying certain
Lo gain conditions, the authors presented a sampled-data output feedback stabilizer to ensure that
the closed-loop system is globally stable by using a hybrid system method [13]. It should be noted
that the closed-loop system is required to transformed into the hybrid system introduced in [20].
In [17, 19], a state feedback law has been constructed to achieve global asymptotic stabilization for
nonlinear systems under sampled and delayed measurements, and with inputs subject to delay and
zero-order hold. There are few results on sampled-data output feedback stabilization for nonlinear
systems in lower-triangular form with delayed output measurements, which motivates the present
study.

In this paper, our aim is to design an output feedback stabilizer for a class of nonlinear systems
with sampled and delayed measurements. Firstly, sufficient conditions are given to ensure that a
class of hybrid systems are globally exponentially stable. The sufficient conditions are derived
by constructing an iteration with a parameter. Then, based on the sufficient conditions and a
dedicated construction continuous observer, an output feedback control law is presented to globally
exponentially stabilize the nonlinear systems. The output feedback stabilizer is continuous and
hybrid. It has simple and explicit form and can be derived without discretization. The maximum
allowable sampling period and the maximum delay are also given.

This paper is organized as follows. In Section 2, some definitions are presented for hybrid
systems. Then, global exponential stable sufficient conditions are given for the hybrid systems. In
Section 3, continuous output feedback stabilizer are presented for a class of single-output nonlinear
systems with sampled and time delayed measurements. Section 4 provides an example to illustrate
the validity of the proposed design methods. Finally, the paper is concluded in Section 5.

2. Global exponential stability for hybrid systems

Let R™ denote n-dimension real space and R™ denote 1-dimension positive real space. For any
x € R, let ||z|| = (z72)/2. For a continuous function f : R — R and ¢ € R, let lim,_,~ f(s) =
limg_s s<¢ f(s). For a matrix P € R"*", Ay ax(P) and Apin (P) denote the largest and the smallest
eigenvalues of P, respectively.

Consider the following system:

i(t) = f(x(t), z(tx)),
tpy1 =t + Thy,
T(tes1 + Tog1) = limy gy, - 2(2),
t€ [ty + 7oy thg1 + Thy1), k >0,

(1)

where {tx}ren is a sequence of positive numbers defined by ¢x11 =t + Tky1, Tk4+1 denotes
the k£ + 1th sampling period, 75, denotes time delay and has an upper bound 7, that is 7, < 7.
Let Tinax = max{Ty} and Ty, = min{T}}. We also assume that 7 < Ty,;,, which can be taken
non-strict with the understanding that in case the update instant ¢; + 7, coincides with the next
transmission instant ¢;1, the update is performed before the next sample is taken. The function
f:R™ x R™ — R" is continuous. It should be noted that x(¢) is continuous on tpi1 + Tg+1,
therefore, it is continuous on [tg, 00).

Remark 1

Sampling arises simultaneously with input and output delays in many control problems, especially
in control over networks. Similar systems to the form (1) arise frequently in certain applications in
mathematical control theory and numerical analysis, which have been investigated in [15, 17, 19,
21, 22, 23, 24]. For example, the authors proposed a system-theoretic framework to study hybrid
uncertain systems [21]. They also presented characterizations of robust global asymptotic output
stability. In [15], observer was designed for certain classes of nonlinear systems with both sampled



and delayed measurements by using a small gain approach. Continuous-discrete observers have also
been studied for multi-input and multi-output state affine systems with sampled and delayed output
measurements [24].

We next give the following definitions for the hybrid system (1).

Definition 1

Consider the system (1), for each (tg, z9) € RT x R™, there exists a piecewise continuous function
t — x(t,to, o) with the initial condition z(t) = x¢ (¢t € [to, to + 70]) satisfying (1). We call that
x(t,to,x0) is a solution of the system (1). If f(-) satisfies that f(0,0) =0, and there exist
a non-decreasing function N : RT™ — R™ and a positive constant A such that ||z (¢, tg,z0)]| <
e~ MNt=t0) N (||zg||) for any zo € R”, then, the system (1) is globally exponentially stable.

Now, we give the following sufficient conditions to ensure the hybrid system (1) is globally
exponentially stable.

Theorem 1
Suppose there exist three positive constants p1, a1, (1, and a positive definite and radially
unbounded function V' (x(¢)) defined on [tg, c0), satisfying the following conditions

dV (x(t
<dt())’ | < —aVi(x(t) + 8V (2(tr)), t € [tk + T, thrr + Tor1), b >0, 2
(H
and
—a1 (Try1—7k) —o1 (Th41+Th+1—Tk)
pe (e e jt
51 ﬁl 61 —o1 (Tht1—Tk) (=1 Th41
rggg{(al T T (e +p1))/prp <1 3)

Then, the system (1) is globally exponentially stable.

Proof: The main point of the proof is to construct an iteration with a parameter. Then, a convergent
sequence with the parameter can be obtained based on the iteration. Therefore, the exponential
stability of the system (1) can be derived.

Multiplying the both sides of (2) by e®1? yields

d
etV (@)l gy + e anV(@(t)) < e BV (x(th)), ¢ € [tk + 7o, b + Thsn):

Integrating the above differential inequality from ¢; + 71 to ¢, we have

V(a(t)) < em UV @ty + ) + 2V (@)

4)
B — 1(t—t'—7') (
—aie « k= Th V(l‘(tk)), te [tk+Tk,tk+1 +Tk+1)-

Note that z(t) is continuous on [tg, o0). Let ¢ = tj1 + Tx4+1 and ¢ = 51, respectively, then

V(@(terr + i) < e Tt =m0V (@(ty, 4 73,)) + 2V (2(t,)
,@e*al(Tk+1+7'k+1*‘l'k)v(x(tk))
[e5] ’

and

V(a(tin)) < e TV (b, + 7)) + DLV ((te) — e eaTon=m0V (a(t).

aq aq

From the above two inequalities, we have

V (@t + 7)) £ 1V (b)) < (e B0 70 4= T =70) (a4 7,)

By Brpmoneimn osmiss 4 p )V (a(ty), k20 )

+ (a1 a1 (651



Let = max{maxg>o{pre” 1 Trt1=m) 4 emoa(Thpatmhia=mi) ], maxkzo{(% + pl% —

g—ie‘“l(T’erl_T’f)(e‘o‘”’c+1 +p1))/p1}}. From (3), we have 0 < n; < 1. Therefore, it follows
from (5) that

V(e(thsr + 7h41)) + p1VI(@(tigr)) < mV(@(ty + 7)) + 1V (2(tr))], k=0, (6)
Applying iteratively (6) with the parameter p;, we have
V(@ (ty + 7)) + p1V(@(te)) < nf[V(2(to +70)) + p1V(@(to))], k=0, @)

that is, the sequence {V (z(tx + %)) + p1V (z(tr))} is convergent. It follows from (4) and (7) that

V(@) < V(a(te + 7)) + 55V (@(te) < i (1 + Z5) [V (2(to +70)) + p1V (2 (to))],

x1p01

t € [te + T, tha1 + Tht1)-

For any ¢ > tq + 7o, there exists k > 0 such that ¢ € [ty + Ty, t541 + Trr1). Then, fT_“t:;J:ﬁ —1<k.
Therefore,

t—tg—TQ

T, T -1 1
V(x(t) <n™> (1+ 25)[V((to + 70)) + p1V(2(to))
S TS PPN yres ;
= eTocrr My F T (1 BV (w(ty + 7o) + pr V(@ (ko))

which implies that the system (1) is globally exponentially stable.
For Theorem 1, we have the following corollaries.

Corollary 1
If there exist three positive constants p;, sy, $1 and a positive definite and radially unbounded
function V' (z(t)) defined on [to, o), such that the condition (2) and

Br(1+ p1) <

e*al(Tmin*T)(l +Pl) <1
a1p1

1, ()

hold, then, the system (1) is globally exponentially stable.

Corollary 2
If there exist two positive constants a1, 31 and a positive definite and radially unbounded function
V(z(t)) defined on [tg, 00), satisfying the condition (2) and

B1
ai(on — Br)’

aq >6la Tmin*7—>

9)

then, the system (1) is globally exponentially stable.

Proof: The condition (9) implies that there exists p > 0 such that ¢ (Tmin=7) _ 1 > a1 (Tmin —
7) > p > —PL_ Therefore, the conditions (8) hold. The proof is completed.

a1 —p1°

Remark 2

The condition (9) can hold for sufficiently large value of Ti,;,, that is, there is no upper bound of
Ty + 7% In fact, the inequality (4) holds on [ty + Tk, tkt1 + Trt1]- If Ty is sufficiently large, we
have

V(@b +mhs1)) < %V(xuk ).

Then,

V(a(ty + 7)) < (%)kv(ﬁﬂ(to +10)) < ($75,)"V (@(to + 70)),

which implies that the system (1) is globally exponential stable.



3. Continuous output feedback stabilization for a class of nonlinear systems with
sampled and delayed measurements

In this section, our aim is to propose an output feedback stabilization for the following system

&1(t) = z2(t) + fi(z1()),

b 1() = 20 () + Fuoa (218, 22(t), 701 (1)), (10)
in(t) = (s (1), 22(0), -, 2n(1)) + u(t),
y(t) = m (1),

where z(t) € R™ is the state, u(t) € R is the input. We make the following assumptions. The output
y(t) is sampled at instants ¢, and is available at instants ¢;, + 7, where {¢, } is a strictly increasing
sequence and satisfies limy_, o tx = 00, and 73, > 0 represents the transmission delay. The sampling
interval Tj1q1 = tgq1 — tg satisfies 0 < Tiin < tpy1 — te < Thax for two positive real numbers
Tinins Tmax and forall k = 0,1, - - - , co. The transmission delays 73 are unknown, but have an upper
bound 7. We also assume that 7 < T},,;;,, that is, the measures sampled at instants ¢;, are available
for the observer before the next measures sampled at instants ¢;1. We assume that f;(x1,--- , ;)

(i =1---,n) are unknown and satisfy the following conditions
|filwr, - @) < o]+ 4 zil), i=1,--+m, (11

where [; is a positive real number.

Remark 3

The system (10) is firstly introduced in [28], where a linear state feedback control law has been
proposed to achieve global exponential stability without considering sampled measurements. Under
the same condition, the authors in [30] have presented a linear dynamic output compensator to
globally exponentially stabilize the system (10). In [29], an exponential observer has been built for
a biological system. Global asymptotic stabilization via output feedback has also been studied for
nonlinear systems similar to (10) in [1]. The dynamics considered in [1] are in a feedback form and
the nonlinear terms have an incremental rate which depends on the measured output. In [17, 19], a
state feedback law has been constructed to achieve global asymptotic stabilization for the nonlinear
system (10) under sampled and delayed measurements, and with inputs subject to delay and zero-
order hold.

Next, we construct the following output feedback stabilizer
Sé’l(t) = Lflz(t) + Lalel(tk),
:?n,l(t) =3,(t) + L" La,_1e1(ty), (12)

Tn(t) = L"aner (tg) + u(t),
ji(tk-i-l + Tk-‘rl) = hmt%(tk-;.l‘f""k-%—l)i "ii(t)7

i=1,---,n, t €[ty + 7k, thg1 +Try1), k>0,
u(t) = —[L k&1 (t) + L™ Tkoda(t) + - -+ + Lkndn (t)], (13)
where .’f?(t) = i'(t()) = .’2’0 for t € [to — Tmax - T, to + TQ] and L > 1, 61(tk) = xl(tk) — .’f?l(tk),
a; >0and k; >0,i=1,2,---,n are the coefficients of the Hurwitz polynomial s" + ws" "1 +

<o+ Wp—1S + Wy, With w; = a; or w; = ky,—;41. Now, we give the definition of output feedback
stabilization for the system (10).

Definition 2

We call that the n-dimensional system (10) is globally exponentially stabilizable under the
condition (11) and z(t) =x¢ for t € [tg — Tmax — 7,to], if there exists an n-dimensional
dynamical system (12) such that the 2n-dimensional subsystem (10)-(12) satisfies ||Z(¢)|| <



e AN (||, [[o]|) and [[#(t) — x(t)]| < e =IN([|2o ]|, [|zoll) for any zo € R™ and 2 €
R"™, where A > 0 and N : RT — R is a non-decreasing function. Or, we call that n-dimensional
dynamical system (12) globally exponentially stabilizes the n-dimensional system (10) under the
condition (11).

The following lemma is also useful for our main results.

Lemma 1
[25] For any positive definite matrix U € R™*™, scalar vy > 0, vector function w : [0,] — R™ such
that the integrations concerned are well defined, the following inequality holds

onw(s)ds} v U;wﬁ)d% <7 Uovw(s)TUw(s)ds]

Let e;(t) = x;(t) — Z;(¢t) denote the estimation error of the high gain observer (12). Then, the
error dynamics is given by

T

é1(t) = ea(t) — Laser (t) + fi(z1(t)),

énfl(t) = en(t) — L"_lan,lel(tk)
(@1 (8),wa(8), @ (1)), (14)
én(t) = —=L™aner(ty) + fu(z1(t), z2(t), -, 2, (L))
ei(tk-‘rl + Tk-‘rl) = limtﬂ(tk+1+‘rk+1)’ 6(t)7
t=1,---,n, te [tk+Tk7 trt1 +Tk+1), k>0.

In order to simplify the analysis, we consider the following coordinate transformation

it (1) .
el&)a xéi)a2:172a"'7n

ety = 22 ) =

The closed-loop system (10) and (14) can be expressed as

€1(t) = Lea(t) — Layeq(t) + Laq(e1(t) — e1(tx)) + %7

én1(t) = Len(t) — Lan_121(t) + Lan_1(e1(t) — 1 (tg)) + L2=1, (15
én(t) = —Lane1(t) + Lan(e1(t) — e1(ty)) + L=,
gi(tk+1 + Tk+1) = limt—>(tk+1+7k+1)* Ei(t)v i=1,---,n,

and
21(t) = Lza(t) + Laje1(t) — Lay(e1(t) — e1(tk)),

anl(t) = LG(t) + Lan,lsl(t) - Lan,1(€1(t) - 81(tk)), (16)
Z2n(t) = =L(k121(t) + - -+ + knzn(t)) + Lane1(t) — Lan(e1(t) — e1(tk)),
Zi(tryr + Tha1) = Uy, rpn) - 2i(1),

i=1,---,n, t €[tk + Tk, tkr1 + Tkt1), k> 0.

Now, we give the following results.

Theorem 2
There exists an output feedback control law in the form of (12) which globally exponentially
stabilizes the system (10) with the condition (11), if a; > 0and k; > 0 (i = 1,--- ,n) are selected

such that there exist two symmetric positive definite matrices P and () such that
ATP4+PA < -1, A7)

BTQ+QB < —2I, (18)



are satisfied, and L satisfies

L > {17 ll, 6nl1)\1, Q(ﬂz + 1)nl1>\1}7 (19)
and
Tmax"_’rg CS»LL’ Tmin_T> (C1C_2C2)c1%7 (20)
. P K «H//-c +4c3k
where ¢; = mm{m7 8/\3} c3 > max{8, 16na; (A\{(f2 + 1) + A3) +¢1, 2, = 57 SV,
K1 naj Az )\ — o
cr =" k1= 16 ;z(éifs)"' 2 and a; = max{a?}, A1 = Amax(P)s A2 = Amin(P),
—a; 1 -+ 0
)\3 = Amax(Q)v )\4: )\min(Q)a ﬂQ - 4TLC_LlA:2)), A= : : - : ) B=
—pq 0 - 1
—a, 0 - 0
0 1 0
0 o .- 1
—ky —ky - —k,
Proof: Consider the following positive definite function
Vi(t) = (B2 + D)e(t)T Pe(t), Va(t) = 2(1)Q=(t), 21
where e(t) = [e1(t), -+, en ()], 2(t) = [21 (1), -+, 2a(t)]T. Let F = (&2, L2 ... L2)T Then,

| 15+ 128 16, = LBz + V()T (PA+ ATP)e(t) +2(82 + De(t)T PF
+2L(B2 + D)e(t )TP[al, san] " (e1(t) — e1(t)) + L2(H) T (QB + BTQ)=(t)
+2L2(1)7Qlar, - an)Ter(t) — 2L2(H)TQlar, - -, an) (1 (1) — e1(t4))

< —L(B2 + D)e(t)e(t) + 3 L(B2 + De(t)Te(t ) +4L(B2 + 1)Atnas(e1(t) — 1 ( k)2
+2(By + De(t)TPF — 2L2(t)T2(t) + Lz(t)T 2(t) + Ln)\3a161( )2+ 2Lz(t)T2(t)
+4Lndl/\§(51(t) - 61(tk))

—5L(B2 + 1)e(t)"e(t) + AL(B2 + ) Anasfer (t) — e1(tr)]* +2(B2 + 1)e(t)" PF

BLa()T2(t) + LnN2are2(8) + ALna A2er (1) — e (t)]2, € € [t + Ty tiops + o). D)
In addition, from the condition (11), it follows that
12e(t)TPF| < 2(eT(t)Pe(t))/2(FTPF)Y2 < 2nly M\ (e (¢ ) (t))*/? (23)
x[(eT(B)e(t)'? + (2()"2(1))' /2] < nlidi (3T (#)e(t) + 27 (8) (1))
By Lemma 1, we have
\61() ex(ty) P< (t—t) J; | 21(s) 2 ds
< 4(t — ty) L2 fttk [e2(5)2 + & (21(5)% + e1(5)2) + aner (t)2)ds, t € [tk + Ty topr + Thr)-
(24)

From (22), (23) and (24), it follows that

dV1 (t)

s, + 258 >|(16) —(Ba + DEL — 3l M]e(®)Te(t) + 16(35 + 1) L3
xnal)\Q(t —tr)? 51(tk) +16(B2 + 1) L3nag A3 (t — ty) fttk [e1(8)? + e2(5)% + 21(s)?]ds

—(3L — (B + DnlyA1)z(t)" ( )+ LnX2are(t)Te(t) + 16L3na2A2(t — )21 (t)?
HI6Lna N (t — ) [ [1(5)2 + e2(5)? + 21(5)?)ds, ¢ € [tk + Th trgr + Thsd)-

Construct the following auxiliary integral function:

Vs(t) = [ g [)[e(s)Te(s) + 2(s)T 2(s)ldsdp, t € [to, o0).



We have

DB — (Tomax + 7)) e(t) + 2(0)T2(1) — [ (e(5)Te(s) + 2(s)T2(s))ds, (25

o Va(t) < (Tmax + 7 ft T Jle(s)Te(s) + z(s)T z(s)]ds, t € [to,00). (26)
Now, consider the following Lyapunov-Krasovskii function
V(t) = Vi(t) + Va(t) + L*Vs(t). (27)
From (19), (25), (25) and (26), we can obtain
av(t) 3 3

dt l(15).(16) < — (B2 + 1)(1L —3nhi A1) — nA3aiLle(t)"e(t) — [ZL — (B2 + Dnly M ]2(8) " 2(t)

H(Tmax + 7)LA[e()Te(t) + 2()T 2(t)] + [16L3nay (A} (Ba + 1) + A3)(t — t1,) — L7

[e(s)Te(s) 4+ 2(s)T 2(s)]ds + 16 L3nas (N2 (Ba 4 1) + A2)(t — tr)%e1 (tr)?

t—Tmax—T
< =% [5 = T + L LVA(0) + [16081 (A3 (82 + 1) + A3) — i 1P VA (0)

16 L3na’ (A2 1)+A2
— £ [(3 = (Tmax + T)L]LVa(1) + Bt 3>(Tmax +7)2Vi (4.

Note that L > {6nl1\1,2(B32 + 1)nly A1}, B2 = 4ndday, Tmax + 7 < =7, then, we have

4y (15).016) < — et (3 — 25) LVA(t) + [16na1 (A (B2 + 1) + A3) — 3] L3V3(t)
16na? (A2 (B2+1)+A32)
*rﬂ(% LYLVy(t) + LGN LV (t4).

/.2 .3
Since c3 > max{8, 16na; (A (B2 + 1) + A\3) + c1, & mgié;%lm}, c1

—mind 1 1
e’ - Inll’l{ 8A1(B2+41)7 8A3 }’

Ccy = ’Z—é, then,

T 15).16) < —e1LVA(t) — el L3Vs () — er LVa () + co LVA (1)
< —c1 LV (t) + oLV (tx),t € [tk + Tiy thg1 + Tht1), k > 0.

Let ay =1L, (1 =coL, and (e(t,to,20,20), 2(t to,€0,20)) denote the solution of (15)-
(16). Then, Ty —T7> ﬁ implies that there exists p; >0 such that 7 =

max{e~ Tmin=7) (1 4 py), M} < 1. Using the same methods as in Theorem 1, we obtain

a1p1
—to—-rT_l
that ( ( )) 6T1n1x+7' lnnlan“‘a"+ [V( (to —+ To,t(),EQ, ,‘fo) —+ p1V(€(t0,t0,€0,Zo))},t Z to.
Then, ||&(¢) —z(¢)| < eTmaxts "M N|  and |2(t)|| < eTmaxtr ™M N, t >1t,, where N =
2(n—1) toifg—l 2(n—1)
m ’f]leaer [V(é‘(to—l—To,to,é‘o,ZQ) +p1 V(E(to,to,é‘o, Zo))} and N; = L W

—tg—T

771Tmax+T ! [V(E(to + 70, to, €0, Zo) +p1V(€(t0, to, €0, Zo))}
Next, we will prove that any solutions of (10) don’t finite-time escape on the interval
[to.to +70). In fact, from (13), we have wu(t)=ug=—[L"k121(to)+ L" 'kois(to) +
R Lk}ni‘n(to)] for te [to, to + 7'0]. Let f(l‘(t)) = [xg(t) + f1 (a:l(t)), s ,.I‘n(t) +
froo1(@i(@), 201 (), falz1(t), - ,2n(t)]T + @, where @=][0,---,0,u9)’. Then, the
system (10) with the control u(t) = ug on [tg, tg + 7] can be expressed as

i(t) = f(x(t)) + 4, t € [to, to + To]- (28)

Integrating the differential equation (28) from ¢ to ¢ yields,

x(t):xo—|—/ (F(2(5)) + @)ds, t € [to, to + o).

to



Moreover, it follows from (11) that there exists a constant Iy > 0 such that || f(z(t))|| < lo||z(t)].
Therefore,

(@) < [lzoll +/t (IF ()l + ol )ds < [lzoll +/t (o[l ()| + |uol)ds, t € [to, to + 7o].

By Gronwell Lemma [31], we have
lz(®)]| < (lzoll + Toluol)e'™, t € [to, to + To]-

The proof is completed.
From Theorem 2, we also have the following results.

Corollary 3
There exists an output feedback control law in the form of (12) which globally exponentially
stabilizes the system (10) with the condition (11), if a; > 0and k; >0 (¢ = 1,--- ,n) are selected

such that there exist two symmetric positive definite matrices P, ) and a constant L > 1 such
that (17), (18), (19) and

T< (e — @) T < gz~ mr(e o) Tom > Gr +pz(e — ) 29

_ (aa—c2)cn

o C1, (3, C2 and x; are given in Theorem 2.

are satisfied, where py > 2, ¢y =

Proof: Note that ¢, = % Then c3 > ’Z—ll implies that ¢; > ’Z—; = %103 = ¢oc3 > 8¢o. Therefore,
“3
K1+ I{%+4C§’H1
2¢ 2
c3 < L‘jm) c1(% — 1). Therefore, c3 < M = c4. Thus, = — L > 0. Moreover, it is
easy to check that the condltlons (29) imply that the conditions (20) are satlsﬁed The proof is
completed.

Remark 4

In this paper, Tiax, 7 and Tiy;, depend on the high gain L ( c¢s, c3, ¢4, p2 are constants which are
independent on L). If the high gain L is large, T1,,.x and 7 will be small to ensure the convergence. In
fact, if the nonlinear terms f;(z1, - - - , ;) change dramaticly, which means that [; is very large, then,
L will be given larger to dominate the nonlinear terms. Since e; (t;) = x1(tx) — 1 (¢x) is a constant
on the interval [ty + Tk, tk+1 + Tk+1), then, Ty and 7 will be very small to ensure exponential
convergence.

Remark 5

In [11], the authors described a class of continuous nonlinear systems at the sampled points by a
discrete-time equation. Then, they considered multirate sampled-data output feedback control of
the nonlinear systems without considering transmission delay. It should be noted that in some cases,
it will be difficult to obtain an exact discrete time model for a nonlinear system. Not to mention
that it is almost impossible to get an accurate approximation when there exist unknown nonlinear
functions. In [17, 19], a state feedback law has been constructed to achieve global asymptotic
stabilization for the nonlinear system (10) under sampled and delayed measurements, and with
inputs subject to delay and zero-order hold. The nonlinear terms f;(-) considered in [17, 19] are
Lipschitz. The sampled-data feedback is based on a predictor mapping, which can be constructed
inductively. In [13], a sampled-data output feedback stabilizer was presented to ensure that the
closed-loop system is globally stable based on a hybrid system method. However, the closed-loop
system is required to transformed into the hybrid system introduced in [20]. Whereas, the systems
considered in this paper are in lower-triangular form with sampled and delayed measurements, and
the nonlinear functions f;(z1,---,2;) are unknown. The proposed output feedback stabilizer is
continuous and hybrid. It has a simple and explicit form and can be derived without discretization.

2.2

¢4 > 0. On the other hand, from c3 > , we have cjc;z — cgx1 — cik1 > 0. Then,

Based on Theorem 2 and Corollary 3, an algorithm sketch to set the design parameters is presented
as follows.
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Step 1: We set the values of a; and k; such that (17) and (18) hold;
Step 2: We select L such that the condition (19) is satisfied;
Step 3: Calculate ¢y, select po > 2 and c3 such that c3 > max{8, 16na; (A3 (B2 + 1) + \3) +

K/1+\/I{2+4C3N1
. # }, then calculate ¢y and cy.

1y e

4. Numerical simulation
In this section, we use an example to show the effectiveness of our output feedback stabilization for

nonlinear systems with sampled and time delay measurements.

Example 1
A single-link robot arm system can be modeled by [26] or [27]

21(t) = z2(1),

f(t) = 5 za(t) — B2 (t) — 22 (1) — ™8 cos(2 (1)),

z3 (t) = Z4 (t), (30)
za(t) = Fut) + L5z (t) — Bpzs(t) — B8 z(),

y = 21(t),

where J1, Ja, K, N, m, g, d are known parameters, F (t) and F»(¢) are viscous friction coefficients
that are not precisely known. Suppose F} (¢) and F5(t) are bounded by an unknown constant C' > 0.

We introduce the change of coordinates x; = 21, xo = 23, T3 = JQLNz;; - '”T‘:fl, Ty = h%@ and

the pre-feedback v = JZLN (J%u — mJ—gd), which transforms (30) into

E1(t) = z2(t),

Ba(t) = wa(t) — BB wa(t) — Ky (1) — B (cos(w1(t) — 1),
d3(t) = 24(t),

a(t) = v+ T (1) — Eas(t) — B0ay(),

y(t) = 21(t)

21 (t) = T2(t) + a1 L(y(tx) — 21(t)),

3?”2@) = &3(t) — Ff‘}it) Ba(t) — Sdn (1) — ﬂ,ljid (cos(1(t)) — 1) + aaL?(y(tr) — 21 (tr)),
23(t) = £4(t) + asL3(y(tr) — 21(tr)),

Ta(t) = v+ %@1@) — oyds(t) — Fj]—f)m(t) +ag LA (y(ty) — #1(tr)),

u(t) = —[ki L3, () + ko L33o(t) + ks L235(t) + kaL@a(t)], € [tx + T toss + Thot),
i‘i(tk+1 + Tk+1) = limt*,tk_*_lJer_*_l— i(t), 1= 1, s ,4, k Z 0.

In the following simulation, we apply the system parameters: K/Jy =5, mgd/Jy =4,
K?/(J1J2N?) =2, K/(JoN) =3, Fi(t)/J; = 10, Fx(t)/Jo =10 and L = 2. The control gain
k1 =40, ko =78, ks =49, ky = 12 and the observer gain a; =4, as =6, ag =4, ay = 1. The
initial conditions of the whole system are (x1(0),22(0),z5(0),24(0),) = (=5,—-1,4,20) and
(21(0), 22(0), 23(0), 24(0),) = (5,3, —1,—4). The sampling period T} and the delay 7, are given
as Ty, = 0.1s and 73, = 0.05s, respectively. The simulation results are shown in Fig. 1.
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30

X, (0
X, (1) |
x5(D)
20 X, (1)

25F

t/s

Fig. 1. Trajectories of the states x;(¢) (1 < ¢ < 4) with the output feedback stabilizer.

5. Conclusion

In this paper, we addressed the problem of output feedback stabilization for nonlinear systems
with sampled and delayed output measurements. Firstly, sufficient conditions were proposed to
ensure that a class of hybrid systems are globally exponentially stable. Then, based on the sufficient
conditions and a dedicated construction continuous observer, an output feedback control law was
presented to globally exponentially stabilize the nonlinear systems. The output feedback stabilizer
was continuous and hybrid, and could be derived without discretization. The maximum allowable
sampling period and the maximum delay were also given.
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