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Finite Quantized-Output Feedback Tracking
Control of Possibly Non-Minimum Phase
Linear Systems
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Abstract—This paper proposes a finite quantized-output
feedback tracking control method for a general class of
continuous-time linear time-invariant systems. Firstly, an
analytical pole placement-based control law is constructed
using a finite quantized-output signal and an external ref-
erence output signal. Then, it is proven that the proposed
control law can ensure all closed-loop signals are bounded,
and the output tracking error converges to a residual set of
the origin exponentially. Moreover, we show that the resid-
ual set can be made arbitrarily small if the magnitude of
the quantizer satisfies a specified condition. This method
combines the advantages of the classical pole placement
control technique and the quantized control technique.
Compared with the existing tracking control methods, it
not only reduces the feedback information requirement, but
also has full capability to deal with unstable poles and
zeros in the controlled plant for output tracking. A numer-
ical example is presented to verify the validity and new
features of the proposed method.

Index Terms—Continuous-time, finite time, output track-
ing, pole placement control, quantized-output feedback.

|. INTRODUCTION

HE CONTROL systems subject to quantization and/or
saturation constraints have attracted a lot of attention in
the control community. On the one hand, measurement errors
and saturation constraints often exist in real control systems
due to sensor accuracy and magnitude limitations. On the other

Manuscript received December 22, 2021; revised February 22, 2022;
accepted March 7, 2022. Date of publication March 14, 2022; date
of current version March 22, 2022. This work was supported in part
by the National Key Research and Development Program of China
under Grant 2018YFA0703800, and in part by the National Natural
Science Foundation of China under Grant 62173323, Grant 61803226,
and Grant 61877057. Recommended by Senior Editor C. Prieur.
(Corresponding author: Yanjun Zhang.)

Jian Guo and Ji-Feng Zhang are with the Key Laboratory of Systems
and Control, Institute of Systems Science, Academy of Mathematics
and Systems Science, Chinese Academy of Sciences, Beijing 100190,
China, and also with the School of Mathematics Sciences, University
of Chinese Academy of Sciences, Beijing 100149, China (e-mail:
j.guo@amss.ac.cn; jif@iss.ac.cn).

Yanjun Zhang is with the School of Automation, Beijing Institute of
Technology, Beijing 100081, China (e-mail: yanjun@bit.edu.cn).

Xiao-Kang Liu is with the School of Artificial Intelligence and
Automation, Huazhong University of Science and Technology,
Wuhan 430074, China (e-mail: xiaokangliu@hust.edu.cn).

Digital Object Identifier 10.1109/LCSYS.2022.3159130

, Member, IEEE, Ji-Feng Zhang

, Fellow, IEEE,
, Member, IEEE

hand, quantized feedback control has specific advantages over
precise feedback control [1]-[4]. Classical state and output
feedback control methods generally cannot be directly applied
to control systems subject to quantization and saturation mea-
surements, especially in the case of finite quantization. It is of
significant theoretical and practical interest to systematically
study quantized control systems.

The quantizers in control systems are generally classified
into two types according to whether the quantizer is static or
dynamic. A static quantizer is typically easy to use, but it may
not be easy to achieve global convergence and often needs infi-
nite quantization levels. Because of this, a dynamic quantizer is
first developed in [5]. Compared with the static quantizer, the
dynamic quantizer generally has a tunable parameter called
the “sensitivity”. Dynamic quantization also has promising
applications in practice, such as vision-based control, about
which a comprehensive description can be found in [5]. Up to
the present, we have witnessed tremendous developments in
quantized feedback control theory and applications [6]-[16].

Although great progress has been made in quantized control
theory and applications, some open problems still need to be
addressed. In particular, [5] extensively studied the stabiliz-
ing control problems for linear time-invariant systems (LTI)
systems. It motivates us to consider whether the stabilizing
method in [5] can be extended to output tracking control of
general continuous-time LTI systems, especially for the non-
minimum phase case. Recently, we have solved the model
reference control (MRC) problem of discrete-time LTI systems
by quantized-output feedback in [17]. However, the method
in [17] is only applicable to control minimum-phase systems.
Moreover, the proposed method in [17] is not effective for
the controlled plant addressed in this paper due to the essen-
tial differences between the stability characterizations of the
continuous-time and discrete-time systems. Therefore, to effi-
ciently control a general class of continuous-time LTI systems
covering both minimum-phase and non-minimum phase, we
plan to use the well-known pole placement control (PPC)
method. For a detailed introduction to PPC, the readers may be
referred to [18]-[20]. This paper will for the first time address
output tracking control of a general class of continuous-
time LTI systems covering minimum-phase and non-minimum
phase by using finite quantized-output feedback. By the way,
the quantization based control methods have been applied for
solving some vision-based control problems in [21] and some

2475-1456 © 2022 |IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: CAS Academy of Mathematics & Systems Science. Downloaded on March 24,2022 at 05:07:43 UTC from IEEE Xplore. Restrictions apply.



2408

IEEE CONTROL SYSTEMS LETTERS, VOL. 6, 2022

mobile vehicles control problems [22]. The contributions of
this paper are as follows.

o A finite quantized-output feedback method is proposed
for a general class of continuous-time LTI systems. We
show that a finite quantized-output feedback version of
the classical PPC law guarantees closed-loop stability and
bounded output tracking for the above systems.

o Compared with existing literature, the proposed control
method has its distinctive characteristics: the proposed
control law is constructed only by using the external ref-
erence input and the finite-and-quantized output; the con-
trolled plant is allowed to have unstable poles and zeros,
that is, the proposed method is effective for both the
minimum-phase and non-minimum phase systems; and
the tracking result is global in the sense that the proposed
control law is independent of the initial conditions.

The rest of the paper is organized as follows. Section II
presents the problem statement. Section III designs the
quantized-output feedback PPC law and gives the stability and
output tracking analysis. Section IV illustrates a simulation
example to verify the effectiveness of the proposed control
method. Section V gives some concluding remarks.

Notation: In this paper, we use R™ and Z™ to denote the sets
of positive real numbers and positive integers, respectively. By
£ and £~!, we denote the Laplace transform and the inverse
Laplace transform. Let s denote the differentiation operator
or Laplace transform operator, i.e., s[x](r) = x(¢) or L(x(¢))
with x(r) € R", t > t9. By L* and L', we denote two signal
spaces defined as L® = {x(¢) : [x()|loo < 00} and L! =
{x@ : IxOlh < oo} with [x(lleo = SUp.y, [IX(1)lloc and
lx(H1 = j;go llx(2) || 1 dt, respectively. For any scalar transfer
function G(s), we denote |G||; = f,g“’ L= Y(G(5))(1)|dt as the

L' operator norm of G(s). For any X € R, we let [X] =
max{k € Z : k < X}. In particular, we use the notation: y(t) =
G(s)[u](1), to denote the output y(r) of a continuous-time LTI
system represented by a transfer function G(s) with input u(z).
This notation is simple to combine both time and s-domain
signal operations, helpful for control design and analysis, and
useful to avoid complex convolution expressions for control
system presentation.

Il. PROBLEM STATEMENT

In this section, we present the system model to be studied
and the problems to be solved.

System model: Consider the following continuous-time
single-input and single-output (SISO) LTT system:

P)yI(1) = Z()[u)(®), t = 10, ey

where y() € R and u(#) € R are the output and input, respec-
tively, 7o is the initial moment of the system operation, and
P(s) and Z(s) are some polynomials with constant coefficients
and of degrees n and n — 1, respectively, i.e.,

P(s) = 5" + po1s" 4 -+ p1s + po,
Z(s) = 201" F 202" 2 - F 215 + 2.

For the system (1), we consider the case when y(f) cannot be
measured accurately. We can only acquire finite quantized val-
ues of y(¢) for feedback control. This paper uses q(y(7), A(t))
to denote the quantizer, where A(¢) is a time-varying signal
called the sensitivity.

Quantizer model: The quantizer of this paper is the same
as that in [5]. It contains two parameters: a constant param-
eter M € Z* and a time-varying parameter A(f) € RT. The
two parameters are called the saturation value and quantization
sensitivity, respectively [5]. The quantizer model is

q(y(0), A1)
M, ify(t) > (M + HA®),
[28 3] if — M+ Haw <yo = M+ Haw,
-M, ify(t) < —(M + ) A@).

Reference output model: The reference output signal,
denoted as y*(¢), is bounded and satisfies the condition:

On(9Y*1(1) =0, 2

where Q,,(s) = s + CInq_1S"‘1_1 + -+ ¢g15+ go is a monic
polynomial of degree n, such that the zeros of Oy, (s) are either
in the open left-half on the complex plane or on the jw-axis
but not repeated.

Remark 1: In this paper, the reference signal needs to sat-
isfy the condition (2). As we know, under an MRC control
framework, the reference signal only needs to be bounded. It
is worth noting that the MRC method can only handle the
minimum-phase systems, however, the proposed method in
this paper not only can handle the minimum-phase systems,
but is also effective for control of non-minimum phase
systems. The condition (2) on y*(¢) is not restrictive. For many
bounded signals, we can choose some appropriate Q,,(s) to
satisfy (2). A detailed explanation can be seen in [20].

Control objective: For any given bounded reference signal
y*(t) € L™ satisfying (2), the control objective is to develop a
finite quantized-output feedback control law u(f), only using
the finite-and-quantized output g(y(7), A(?)) and the reference
output signal y*(¢), for the system model (1) to ensure that all
closed-loop signals are bounded and y(r) — y*(¢) converges to
a certain small residual set exponentially.

Assumption: The only assumption needed for control design
is as follows.

(A1): P(5)Qmn(s) and Z(s) are coprime.

Assumption (A1) is a standard condition in classical PPC
for continuous-time LTT systems [20]. We will show that the
quantized-output feedback version of the classical PPC law is
valid under Assumption (Al).

I11. QUANTIZED-OUTPUT FEEDBACK CONTROL DESIGN

This section presents the design details of the finite
quantized-output feedback control for the system (1). The
whole procedure mainly contains four steps. Firstly, we give a
key design equation that will be used to calculate some param-
eters for the control law design. Then we construct a finite
quantized-output feedback control law structure and derive a
tracking error equation. Thirdly, we derive some key technical
lemmas crucial for the stability analysis and sensitivity design.
Finally, along with all parameters and signals in the proposed
control law specified, we analyze the closed-loop stability and
output tracking performance.

Key design equation: To proceed, we first review a funda-
mental design equation in the classical PPC method. The key
equation is essential for the quantized control law design.

Choose a monic stable polynomial A*(s) of degree
2n+ng — 1, where ny is the degree of the polynomial Qy,(s)
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in (2). Under Assumption (Al), we can solve the following
Diophantine equation

C($)P()Qm(s) + D(s)Z(s)

with respect to C(s) and D(s) to find a solution of the form

=A™(s), 3

Cls) ="+ cpas 4
D(S) — nq+n—1

+ c¢15 + co, 4)

ng+n—19 + - +dis+dp. 5

Under Assumption (Al), the solution of the design equa-
tion (3) is unique for any A*(s) of degree 2n + n, — 1 (the
proof can be seen in [20]).

Quantized-output feedback PPC law structure: To proceed,
we give a monic stable polynomial of degree n, +n — 1:

A (S) _an+n 1+)‘Cq+n 2an+n—2 +“'+)\.61‘S+A.6.

Recalling Q,,(s) below (2), we see that the coefficients g;,
i=0,1,...,n5—1, andA;,j:O,l,...,nq—{—n—Z, are all
known. With these parameters, motivated by [20], we design
the quantized output feedback PPC law as

u(®) = 67T w1 (1) + 65T wa (1) + 053 (1), (6)

where w;(7) € R oy (r) € Rt~ and w3() € R are
of the form

ay(s)
w1 (f) = [M](t),
Ac(s)
ay(s)
() = —— q(y, A)A|(@),
Ac(s )[ ]
w3(t) = y* (1) — qy(), AD) A1),
with a;(s) = [1,s,..., s”qu"’z]T. Moreover, the parameters
07 € Ratn=1 93 € R"*~! and 05 € R are of the form
) 0 0 7]
Cl o eee 0
r . : : .. : q0
XE) : : . : i
. A Cn2  Cn—l  ctt €O .
0] = — 1 Cp—2 - Cl : ’
_)‘ftq+n72_ 0 1 e Qn(i—l
Cn—1
L 0 0 s Cp—2
— d() —_ )\'6
d A
9; - . - dn,,+rz—l : s
_dnq+1172_ )”flq+n—2

‘9; = dm,—O—n— 1-

Note that w;(¢) is the output of a system with ”‘(s,)) as

the transfer function and u(¢) as the input, and wy(?) is the
output of a system with “‘(‘)) as the transfer function and
y*—q(y, A)A as the input. Thus, these signals can be obtained.

One can verify that, with some algebraic manipulations, the

control law (6) can be converted to the following form

u(t) = (Ae(s) = C()Om

A ()[ u] (1)

+ D(s) [ — g0, MA@, @)

1
Ac(s)

where C(s) and D(s) are given in (4) and (5), respectively.
The form (7) will be used for the stability analysis.

Tracking error equation: Define the tracking error and the
quantized error as

e(®) =y —y* (@,
e (y(1), AM) = Aq((@®), A(D) — y(@),

respectively. Now, we give the following lemma.
Lemma 1: Under Assumption (Al), the quantized-output
feedback PPC law (6), applied to the system (1), ensures
Z(s)D(s) A 3
e(t) = As) leg(v, D)D) +€(0), ®)
for some exponentially decaying signal € (7).

The proof of this lemma is given in the Appendix. The
equation (8) implies that the absolute value of the tracking
error, denoted as |y(f) — y*(f)| converges to zero exponen-
tially if using exact output feedback, i.e., e,(y(1), A(r)) = 0.
However, for the finite quantized-output feedback case, e() is
no longer exponentially decaying and may be unbounded due
to the saturated limitation of feedback.

Some technical lemmas: To proceed, we give the following
lemmas. These lemmas will specify some input-to-output rela-
tionships which are crucial for the stability analysis. Consider
a system described by

Y1) =H®WUI0), t=0, )

where U(¢) and Y (¢) are the input and the output, respectively,
and H(s) denotes the transfer function. Let

o = max{real parts of A;(A*(s))}, (10)

where A;(A*(s)), i = 1,2,...,2n + ny — 1, denote the zeros
of A*(s). Choose a constant parameter o > 0 such that
o+a<0. (11)

Z(5)D(s)(s +0)
A*(s)

Then, (8) can be re-written as

Fiu(s) £ @) E LT F (s — o). (12)

e(t) = Fy, (S) [eq(y M) + €(). (13)
Lemma 2 [20]: Consider the system (9). If ||U]|; < oo and
1711 < oo, then [§1Y(D)ldz < |HI|1 [q|U(7)lde.
Lemma 2 specifies an integral relationship between the input
and the output, which will be used to prove Lemma 3.
Lemma 3: Consider the system (9). Let hs(1) =
L7V (sH(s — 0)). If ||hy |1 < o0, then

1
Y(0] < IIhalllfO exp(—o (1 — 1)|U(7)ldt.

The proof of this lemma is given in the Appendix. Lemma 3
gives the relationship between the output at any moment Y (¢)
and an integral of the input U(¢), which will play an essential
role to derive Lemma 4.

Lemma 4: The quantized-output feedback PPC law (7),
applied to the system (1), ensures that
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le(n)]
=< Ilfm||1/0 |eq(0), A1) exp(=0 (1 — T))dT + |e()], (14)

for some exponentially decaying signal €(¢).

Proof: From (12), we have F,(s — o) = W
Since 0 +a < 0, then A*(s— o) is a stable polynomial. Thus,
it follows from (12) that |f,|l1 < oo. By Lemma 3, (12)

and (13), we can obtain that |Z§,Zggf>[eq(y, MNIB| <

Wi It fé leg(y(1), A())| exp(—o (t—1))dz. Then, by triangular
inequality, the proof is completed. [ ]
Lemma 4 specifies a relationship between e and ¢,. This
inspires us to design the control law as follows and contributes
to the establishment of Theorem 1.
Specification of the control law: To proceed, let

B ES max({real parts of 1;(P(s))},
1

[>

1
c §|le|1, 81(t) £ crexp(un), ¢ >0, (15)
where X;(P(s)),i =1, 2, ..., n, denote the zeros of P(s) on the
complex plane, c¢; > 0 is a chosen constant and p satisfies o <
u < 0 with o defined in (10). Besides, we use d to represent
an upper bound of |y*(¢)| such that |y*(r)| < d, Vt > t9. Then,

we choose a constant A such that

max{f, 0} < A < 20, (16)
with o defined in (11). If M satisfies
1
M>£+d+61+*, 17
o 2

then the quantized version PPC law (6) can be specified as

_ 0, t € [tg, 11),
"= { 6 w1 (1) + 65T wa(t) + B3 03(0). 1€ [11.00),
where

A(f) = § exp(A2 —10)), 1€l 1), (19)
Vexp()\(h - lO))7 te [t3a OO),
with y being a designed constant such that
1 —ot d+61(t
1(CGXP( o) +381(12) )<y<1. 20)
M—5 o exp(A(t2 — o))

Moreover, t;, i = 1,2, 3, in (19) are defined as
inf{t > 10 : [q(y(®), A@®)| <M — 1},
1470, 3= inf{t > : gy < g},

with 79 being a chosen time interval satisfying e(f) <
81(1), Vt > tp, and

tlé
1‘2é

exp(—on) YOI +6@) 1

A(t) 2

Remark 2: To help readers better understand the proposed
PPC strategy, we give the following explanation. Since y(fp)
cannot be measured, it cannot be sure whether g(y(tp), A (%))
is saturated or not. Thus, when ¢ € [fg, t1), we set u = O but
increase A(f) that grows faster than |y(7)|. The moment #; is
the time when ¢(y(7), A(¢)) is for the first time measured to
be unsaturated. From this moment, we change the PPC law
from zero to non-zero as shown in (18). To ensure that the

glt)=c

proposed PPC law (18) is independent of the decaying signal
€(t) associated with the system initial conditions, we find a
moment . The moment #, is the time when the designed
decaying signal ;1 (¢) is equal or larger than (7). By this way,
the proposed PPC law (18) is surely independent of the system
initial conditions. To achieve the tracking error as small as
possible, we switch A(f) one more time at the moment 3.
In other words, at + = 3, we change A(f) to yA(t) with
y € (0, 1) under the condition that g(y(¢), A(?)) < g(t). More
details can be seen in the proof of Theorem 1.

Performance analysis: With the finite quantized-output
feedback PPC law (18), we derive the following main result.

Theorem 1: Under Assumption (A1), the quantized-output
feedback PPC law (18), applied to the system (1) with any
unmeasurable y(fp) € R, ensures that all closed-loop signals
are bounded and the tracking error satisfies

1
le(®)| < —cyexp((A —0)tr — Aty) +61(), YVt =13, (21)
o

where ¢ and §1(¢) are defined in (15); o, A and y are designed
constants satisfying (11), (16) and (20), respectively.

The proof of this theorem is given in the Appendix.
Theorem 1 clarifies that the exponential convergence of e(t)
may not be achieved due to the saturation limitation of the
quantizer, however, a bound on e(¢) can be specified. As shown
in (21), the bound depends on two adjustable parameters o and
y. As long as 0 + o < 0 and y satisfies (20), one can choose
a larger o and a smaller y to make the tracking error smaller.
Next, we show that the tracking error can be made arbitrarily
small if the saturation value M satisfies a specified condition.

Theorem 2: Under Assumption (Al), for any given value
e > 0, if M satisfies

2
- c exp(zkto) . c(d+cyp) . l’
o o 2
then the quantized-output feedback PPC law (18) with y =
m, applied to the system (1) with any unmeasur-
able y(tp) € R, ensures that all closed-loop signals are bounded
and the tracking error satisfies

(22)

le(] <&+ 81(n), Vi =13, (23)

where ¢, ¢, d and 81(r) are defined in (15); o and A are
designed constants satisfying (11) and (16), respectively.

The proof of this theorem is not difficult to perform, so we
omit it for simplicity. Theorem 2 shows that e(#) can converge
to a residual set that can be made arbitrarily small if a specified
condition on M is met. Note that it can be readily to verify
whether the condition (22) is satisfied or not. If not, with (20),
one can still choose o and y to make the tracking error small.

In this work, the tracking error does not converge to zero
asymptotically. A key issue is that we do not fully utilize
the zoom-in feature of the sensitivity A(#) in this paper. With
adjusting the structures of the PPC law and the sensitivity, it
is possible to achieve asymptotic output tracking, which is left
as a future study.

IV. SIMULATION STUDY

This section demonstrates the design procedure and verifies
the effectiveness of the proposed control method.

Simulation system: Considering the system (1), we set
P(s) = (s— 3)(s+1).Z(s) = s — 3. We can see that
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Fig. 1. Trajectories of y(t), y*(t) and e(t).
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Fig. 2. Trajectory of u(t).

this model is unstable with an unstable pole s = % and

is non-minimum phase with an unstable zero s = % Since
in our theoretical results the reference output needs to be
bounded, we choose y*(f) = sin(f) + cos(¢), and the corre-
sponding Q,, can be Q,,(s) = s+ 1. What’s more, we choose
SA*($) = (s + D+ D+ PG+ D6+ )

Specification of 07, 63, 05 and c: Set C(s) = s+co, D(s) =
d3s>+drs*+dy s+dy. By solving the equation C(5)Q,, (s)P(s)+
D(s5)Z(s) = A*(s), we obtain a unique solution: C(s) = s —
WU D(s) = B3 + 252 + 80354 2L Choose Ac(s) =
(s+1)3, and hence, from PPC law (6), the parameters are 6;° =
[5441 2 1782]T’ 9* __ 6971 and eik — [_ 619 643 _8376]7"

600 * <> 161 3 = 600 1200 30 7~ 400
We now calculate ¢. Set 0 = 0.3. Then the function f,, has

three zeros 7 = 1.1598, 15 = 2.4985, and £ = 7.8563, and
therefore, ¢ = %l[me = %fooo fm(®|dt = 15.05.

Simulation figures: From the settings above (17), we choose
A=06u=-06,M=2001,d=2,co=1,¢cy=11In
particular, with A.(s) = (s + 1)3, the signals w;(r), i = 1,2
can be obtained. Consider the initial value y(0) = 2050. The
parameters of t1, t, 13, Tp and y are specified as 11 = 0.02s,
tp = 3.025, 13 = 17.18s, 19 = 3s and y = 0.0214. Fig. |
shows the response of the system output y(¢) vs. the refer-
ence output y*(¢). It can be seen from Fig. | that the tracking
performance is satisfactory when ¢ is larger than about 35s.
Fig. 2 shows the response of the quantized output feedback
PPC law. These simulation figures are consistent with the theo-
retical results. The simulation study uses a numerical example.
How to apply the proposed method for applications is currently
under investigation.

V. CONCLUSION

In this paper, we have developed a PPC based solution
to solve the finite quantized-output feedback output track-
ing control problem for a general class of continuous-time
LTI systems. The control systems are allowed to have unsta-
ble poles and zeros. An analytical control law is constructed
independent of the system’s initial condition. We show that

the proposed control law can achieve global closed-loop sta-
bility and bounded output tracking under the same condition
as the classical PPC control method. It would be interesting
to consider the following questions further: (i) Whether can
the proposed control method be modified to achieve global
asymptotic tracking? (ii) If the coefficients of P(s) and Z(s)
are unknown, how to achieve adaptive control based on the
proposed control method?

APPENDIX

Proof of Lemma 1: First, we show that if y(f) can be
measured exactly, i.e., g(y(t), A(f))A(f) = y(t), the feedback
control law (7) ensures that the tracking error €(f) converges
to zero exponentially as 7 goes to infinity. Operating both sides
of (3) on y(#), we have

C(S)Om (P YID) + DHZ($) Y1) = A*(9)yI(). (24)

Notice that the classical PPC law (7) can be written as

C($)Om()[ul (1) = D(s)[y* — y] @), (25)
which implies that
D(s)[yl(t) = D()[y*]1(1) — C(8)Qm()[ul(®).  (26)

Substituting (26) into (24), and noticing that P(s)[y](r) =
Z(s)[ul(t), we have A*(s)[y]l(t) = Z(s)D(s)[y*](r). By the
boundedness of y*(r) and the stability of A*(s), we conclude
y(t) is bounded. Then operating both sides of (3) on u(?),
we have C(s)Qm()P(s)[ul(t) + D()Z(s)[ul(t) = A*(s)[ul(?).
Substituting (25) into (24), and noticing that P(s)[y](r) =
Z(s)[u](z), we have A*(s)[u](t) = P(s)D(s)[y*](t). Hence,
u(t) is bounded. Last, operating both sides of (3) on y*(?),
we have D(s)Z(s)[y*1(r) = A*(s)[y*1(r), which shows that
A*(s)[y — y*1(r) = 0. By the stability of A*(s), we know that
the tracking error y(f) — y*(f) converges to zero exponentially
as t goes to infinity.

As for the quantized version, the quantized-output feedback
PPC law structure (7) can be written as

1
u(t) = (Ac(s) — C(5)Om(s)) e [1] (1)
DO [y + 20
AC(S) [y y](t) + AC(S) [eq(y, A)](I),

Ignoring the exponentially decaying term associated
with the system initial conditions, it is equivalent to

COm[ul(®) — D" — yI@) = D(s)leg(y, MIO).

Multiply both sides of this equation by Z(s), we
have  Z(s)C(s5)Qm()[ul(t) — Z()DS)y* — yl( =
Z(s)D(s)eg(y, M)I(1). With  Qp(9)y*1() = 0 and
P)yl(t) = Z(s)[ul(t), we add to both sides of this

equation by C(s)P(s)Qp(s)[y*](¢), and hence, we can obtain
A*(s)lel(®) = Z(s)D(s)[eq(y, A)](¢). Since A*(s) is stable,
there exists some exponentially decaying e(¢) such that (8)
holds.

Proof of Lemma 3: First, we know that

Y| = |H(s)(s +0)

[U1()

s+o
1
——(H($)(s + o) [UID (@)
s+o

IA
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t
= exp(—ot)/o lexp(oT)(H(s)(s + o)) [Ul(r)|dt. (27)

Let h(f) denote the inverse Laplace transform of H(s)(s + o).
Since

L(exp(a)h(t)) = /OO exp(ot)h(t) exp(—st)dt
0
= /00 h(t)exp((oc — s)t)dt = H(s — 0)s,
0

that is, L~ (H(s — 0)s) = exp(at)h(t), then we have
(H(s — 0)9)[(exp(an)U(1)]

t
:/ L'_I(H(s—a)s)[exp(ar)U(r)]dr
0

= exp(ot)(H(s)(s + o)) [UI(®). (28)
Then, |Y(1)| < exp(—o?) fot |H(s — o)s[exp(ot)U(7)]|dr.
By Lemma 2, it can be directly obtained that |Y()| <
lhe 1)1l fy exp(—o (t = D)U(2)dx. B

Proof of Theorem 1: For t|, we know that when 7y < t < 1y,
the control is u(f) = 0. Since A(f) = cjexp(A(t — tp)) and
A > max{pB, 0}, A(?) increases faster than |y(z)|. Then there
exists a time instant #; such that [y(t)| < (M — 1/2)A(¢), for
all r > 11, that is, |g(y(?), A(®)| <M — 1.

For 19, since @« < u < 0, it follows from the defini-
tion of &1(f) in (15) that the exponentially decaying signal
|e(?)| decreases faster than 81 (7). Therefore, there exists a time
interval ¢ such that |e(?)| < 81(¢), Vt > t; + 10.

Second, we analyze the tracking error. We now claim that
when t > £, and A(f) = A(fy), the inequality |y(r)| <
A(t)(M — %) holds. If it is not true, according to the continu-
ousness of y(7) and the inequality that |y(7)| < A(t2)(M — l),
there exists ' > 1 such that [y(r)] < A()M — 3),
Vip <t <t,and [y({#)| = A(tz)(M—%), ie., eg(y(1), Arr)) <
%A(tg), VY t; <t < t. Then from (14), we obtain

()] < O]+ Iv@) = y* (1 < [y*(7) [ + (7))
t/
+ Ilfm||1/ leq(), A@®)|exp(—o (' + 12 — 1))dT
1]
+ 51(2‘/)

exp(—on) — exp(at)

A

< ()| + cAr)

()] +81(r)
A(2)

cexp(—ot)

A

< A()

< A(n)(M — %),

which contradicts with [y(')| = A(ty)(M — %). Therefore, we
know that y(#) will never saturate as long as t > t, with the
sensitivity A(#;). When ¢ > fp, with the sensitivity A(#), we
obtain ¢,(y(1), A(t)) < 1A(t2). Then we get

MOESHO]

1
3 fmlly A(22)

exp(—ot)

exp(—oty) —exp(—ot)

IA

+81(1)

IA

cA(t) + 81(2).

Hence, t3 is well defined. When ¢ = 13, we change the control
law with A(f) = y A(t2). Then we obtain

(CCXP(—Utz) [y ()] + 61(t)>
yo Y A(tr)

y®)| < yAtz)

1
< At)M — 5), vt > t3.

Thus, g(y(¢), A(¢)) will not saturate when ¢ > 3 with the
sensitivity A(#3). Therefore, the inequality (21) holds.
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