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Abstract: The problem of rejection of a sinusoidal disturbance with unknown frequency acting
on an unknown single-input-single-output stable linear system is addressed in this paper. We
present a new hybrid approach that does not require knowledge of the frequency response of the
transfer function over the range of frequencies of interest. The proposed controller reposes upon
a switching strategy within a family of linear controllers based on the adaptive feedforward /
internal model control methodology. A dead-beat frequency estimation method is integrated
in the controller. The method also accounts for the presence of bounded sensor noise as well
as imprecise frequency estimation. It is shown that, within a finite number of switchings, the
regulation error is ultimately bounded by a function of the norm of the noise that depends on
the choice of the controller and the estimator gains.
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1. PROBLEM FORMULATION

The problem of rejecting periodic disturbances of unknown
frequency, in the presence of plant uncertainty, is a funda-
mental issue in control theory and applications (see Patt
et al. (2005); Esbrook et al. (2013); Basturk and Krstic
(2013) and references therein, to cite but a few recent
contributions.) In this work, we consider SISO LTT plant
models of the form

&= A(p)z + B(p)[u) —d(t)], 2(0) =zo € R"

y=Cpz, ya=y+v (1)
where x € R” is the state of an internally stable uncertain
plant model, v € R is the control input, y € R is the
regulated output, y4 € R is the measured output and
v € R is a bounded additive measurement noise, satisfying
V(oo < 7 < oo for some given constant 7 > 0.
System (1) is affected by a sinusoidal disturbance (of
unknown frequency, amplitude and phase)

d(t) = asin(w*t + ¢g) (2)

The vectors u € RP and pg := col(a,w*,¢g) € R3
collect the uncertain parameters of the plant model and
the disturbance, respectively. It is assumed that p ranges
on a given known compact set, P C RP. Moreover, the
disturbance d(t) satisfies the following assumption:
Assumption 1. The unknown amplitude a and frequency
w* of the disturbance d(t) are bounded respectively by

0<a<a w<w'<w

for some known positive constants a,w and w.

The transfer function from u to y of system (1) is denoted
by W, (s) := C(u)(sI — A(p)) "' B(p), where I denotes the
identity matrix. System (1) is assumed to be internally
stable, robustly with respect to u € P:

Assumption 2. There exist positive constants a1, as and
ag such that the solution P, : RP — R"™*" of the Lyapunov
equation P, (u)A(n) + AT (u)Py(p) = —1 satisfies a3l <
P.(1n) < aol. Moreover, —Re{A\} > ap for all X €

spec A(u), Vi € P. <
As the disturbance is generated by the LTI exosystem
W= wTw, w(0)=uw < R?
d=Tw (3)

where

T:<_013)>, F:(10),

the problem can be formally stated as follows:

Problem 1. (Output Regulation Problem) For system (1),
design a dynamic output-feedback controller of the form

fz.fa(fayd)a 5(0):§0€Rm

U = ha(€7 yd) (4)
such that, for all © € P and w* € |w,®], the trajectories
of the closed-loop system (1), (3) and (4) are bounded,
and the output of the plant satisfies limsup,_, ., |y(t)| <
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r(||V|loo), where 7(-) is a class-N function! that depends
on the controller (4). q

Remark 1.1. Assumption 1 implies that the initial condi-
tion wq is taken over a compact set YW C R2Z. Without
loss of generality, we take W to be an arbitrary, but fixed,
compact set that is invariant under the flow of (3).

The majority of techniques proposed in the literature to
solve the given problem assume prior knowledge and per-
sistence of the sign of either the real part or the imaginary
part of the frequency response (i.e. the sign of W, (jw)
does not change) over the range of the frequencies of
interest. This assumption is known as SPR-like conditions
in the literature (Bodson et al. (1994); Marino and Tomei
(2015).) Under the assumption that w* is known, the
recent work Wang et al. (2016, 2018) have proposed a
multiple-model adaptive control scheme and a switched-
based strategy, respectively, that remove the necessity of
SPR-like conditions. In the presence of uncertainties on the
frequency of the disturbance, Battistelli et al. (2017) pro-
poses a robust switching solution for discrete-time linear
system given a nominal plant model. Liu et al. (2009) and
Marino and Tomei (2011) address similar problems under
the assumption that the system is minimum-phase with
a known relative degree, which is relaxed in Marino and
Tomei (2017), but an SPR-like condition is still required.

In this paper, we seek a novel switching-based solution
to eliminate the need for SPR-like conditions in presence
of model uncertainty for both the plant and the exosys-
tem. A family of four certainty-equivalence candidate con-
trollers is designed off-line, ensuring that at least one of
the candidate controllers provides stability of the closed-
loop system. Given the availability of frequency estimate
(possibly not equal to w*), a switching logic is devised,
which is capable of removing from the family of admissible
controllers those that display destabilizing performance.
It is shown that the switching sequence terminates in
finite time, and the resulting controller is able to reject
the disturbance completely if the frequency estimate is
accurate. If not, the frequency estimation error will be
corrected in finite time by employing the deadbeat method
presented in Pin et al. (2017). A distinctive feature of
this solution is that a reliable disturbance rejection (or
attenuation in the presence of sensor noise) is achieved
within a finite number of switchings. Another advantage
of the presented approach is its modularity: the design
of the frequency estimator can be completely decoupled
from the design of the switching logic. In this paper, we
employ a non-asymptotic estimator that provides finite
time estimation, but any of many existing robust frequency
estimation techniques can in principle be employed in the
proposed architecture.

This paper is organized as follows: In Section 2, we intro-
duce the overall architecture of the supervisory switching
control systems and the candidate controller family. Our
main contribution, a state-norm-estimator-based switch-
ing control strategy, is presented and analyzed in Section 3.
An illustrative example is provided in Section 4.

L A class-N function 7(-) : Ry ~ R4 is non-negative, continuous
and strictly increasing, but does not necessarily satisfy r(0) = 0.

Notation Throughout the paper, \;(M), i = 1,...,n,
denotes eigenvalues of the matrix M € R"™*", whereas
Amax(M) and Apin(M) denote the maximum and mini-
mum eigenvalues of M, respectively. We denote with || - ||
both the Euclidean vector norm and the corresponding
induced matrix norm.

2. STATE-SHARING MULTI-CONTROLLER

The overall control architecture follows the general
paradigm of supervisory control architecture proposed
in Morse (1995). The measured output y4 of the plant
drives a bank of controllers, each one generating a can-
didate feedback signal czi, which is an estimate of the
disturbance. The control signal applied to the plant is

u(t) = d(t) := d"(t) (5)
where o : [0,00) — T is a piecewise-constant switching
signal taking values in the index set of the family of
the candidate controllers Z := {1,2,3,4}. The system
that generates the switching signal is referred to as the
supervisory system. The candidate controllers C?, i € T,
are designed as

W= QT — kdlyy, w'(0) =) € R?
d'=Tw', iel (6)

where @ is a constant estimate of w* and ¢* € R2, i € Z,
are constant vectors given by

) (3o () ()

In Marino and Tomei (2015), it has been shown that one of
the dynamic feedback controllers in (6) solves Problem 1
given a suitable controller gain £ > 0 and an accurate
frequency estimate, i.e. the estimation error W = w —
w* = 0. In this paper, we will first show that at least
one of candidate controllers in (6) is capable of stabilizing
the closed-loop system even with a non-zero frequency
estimation error.

The dimension of the overall controller can be reduced
by employing a shared-state parametrization. Consider a
coordinate change w! := M!w’, ¢ € Z, where
M= ¢i1 — ¢5T

and ¢%,j = 1,2 represents the j-th element of ¢*. This
yields the set of controllers (equivalent to (6))
e (0) = 1o € R?

d=¢Tw., iel (8)
Remark 2.1. Although the state-sharing form (8) is used
for the implementation of the algorithm, in the forth-

coming analysis for the sake of simplicity we will use its
equivalent form (6).

We = T, — kGeya

3. STATE NORM ESTIMATOR-BASED SWITCHING

We first present the development of a norm estimator-
based supervisor system that solves the following problem:
Problem 2. (Stabilizing Problem) Given compact sets X' C
R™, W C R2, find a selection for the gain & > 0 and
a design for the supervisory system such that for all @ €
[w, @] trajectories of the closed-loop system(1), (3), (5) and
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(6), originating from any xo € X and @} € W are bounded
and satisfy

(a) limy oo [y(t)] = 0 if || (+)|leoc = 0 and |©] = 0;

(b) limsup, , o [y(1)| < r'(max{|[v]leo, |[0[}) if l()llec #
0 and/or |@| # 0.

where 7/(-) is a class-N function that depends on the
tuning parameters of the controller and the switching
mechanism. <

In the light of the setup of Problem 2, the results will be
valid in a semi-global sense, that is, on the basis of an
arbitrary (but fixed) choice of compact sets for the initial
conditions of the plant, the controller and the exoystem.

8.1 Switching Logic

The proposed supervisor is a cascade connection of two
subsystems: a scheduling logic ¥, and a routing function
B() :{1,2,3, -} = Z. The output of the ¥,, subsystem
m(-) : [0,400) — ZT, termed the switching sequence, is
a piecewise-constant signal to be determined. The routing
function S(-) employed here is constructed to satisfy the
revisitation property (Morse (1995))
B(o) :=mod(m + o(0) — 1,4) + 1,

where o(0) € Z is the initial selection for the active
controller. The idea behind the switching logic is that the
supervisory system keeps adjusting o through the index
set Z along a pre-specified path 8(o) until the output yg
is small in a suitable sense.

The scheduling logic ¥,,, exploits three auxiliary signals to
make decisions: a state-norm estimator that generates the
piecewise-continuous switching threshold J, a performance
index signal J obtained through an auxiliary filter and a
monotonic decreasing signal J. that represents the norm-
bound of the transient term.

The flow chart of the switching logic ¥, is given in
Figure 1, where N > 1 and €y,eq,€0 are constants will
be determined later. After the algorithm is initiated, the
performance index J evolves according to

J==0J+6y3(t),  J(0)=0. (9)
where d > 0 is a forgetting factor.

3.2 Generation of the switching threshold J

Let the sequence {77, }5°_; denote the set of time instants
at which switching takes place, where it is assumed that
the same controller is kept in the interval [Ty, Tm41).
Consider the changes of coordinates ( := W’ — w and
z 1=z — ()¢, where II(1) € R™*? is the unique solution
of the Sylvester equation

OII(p)T = A(p)IL(p) + B(p)T'
Then, the dynamics of the interconnection of the plant (1)

the exosystem (3) and the active candidate controller (6)
can be written as

(=0T¢ — k¢yq+@Tw, ((Tn)=Co € R?
2= A(p)z + kI(p)¢°ya + ol(p)Tw,  2(Tp) = 20 € R™

ya = C(p)z + 9" (u,@)¢ +v (10)

START : Initialization
J:J,Jea(0)

Re-initialize

JJe

Update o (t)

Update ], ], /.
Norm-Estimator

Update
Frequency
Estimation

Initialize clock:
T 2N
7=0, T := 2%

w
lyal < €,? No
Fort € [0,T)
Yes

Fig. 1. Flowchart of the switching logic.

|l < eq?_
Fort € [0,T)

where
97 (1, 0) i= CUM(R) = (Re{W, (40)}, Tm{ W, ()} ) -

Since the plant model is unknown, the parameter ¥ €
R? is unknown, but assumed to range in a known set.
Specifically, let the set © C R? be the annular region
defined, for given real numbers 0 < d; < 2, as

©:={9eR? |6 <v]+93 <53} (11)
and consider the following assumption that replaces the
typical SPR-like conditions :

Assumption 8. The unknown parameter vector ¢ satisfies
FHp, @) € int O for all p € P and all & € [w, @] N

Define 7 := col(¢, z) € R"*2 and rewrite (10) as
N=FEn+oHw+kFv
Ya = Ln+v

with
£ OT — ko997 —k¢°C
7 keedT A+ kllgoC)’
T __AO
H := , F = ¢
Inr I1¢p°
and L := (19T C’). Note that the dependence of matrices

on i has been dropped for the sake of notational simplicity.
For future use, let ox denotes the maximum value of
the matrix norm of matrix X(u), defined by ox :=
max,cp || X (1)]|. Two subsets Zj, and Z};, which depends
on the choice of the gain k > 0 are defined as follows:

Ty = {0 € T Re{Amax(E,)} < 0}
IZ = {O' cT: Re{/\max(Ea)} < —O((k’)}

(13)
(14)
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where a(k) is a class-K function to be determined. Note
that Z;; C 7, C Z for all k > 0.

Fix, arbitrarily, a positive constant ry > 0, such that

X ={xo € R" : |xo| <79}
The following property of Lyapunov function candidates
is instrumental in the ensuing analysis:
Property 1. There exist a scalar k; > 0 and constants c3 >
¢2 > ¢ > 0 such that the solution P, : (9,&,@) — R?*2 of
the parametrized family of Lyapunov equations

P, [0 — e90"] + [0T — e99”]" P, = 0701 (15)

satisfies ¢11 < P, < ¢l and || Py < ¢3 for all (¥,e,w) €
O x (0, k1] X [w,@]. q

The next lemma establishes the fact that at least one
candidate controller defined in (6) solves Problem 2 for
the closed-loop system (12) with a proper selection of k.
Lemma 3. If Assumptions 1-3 hold, there exists a constant
k* > 0, such that for any k € (0, k*] and & € [w, ], T, and
k&f 1 }
8v/263¢y 7 16a2 1"

I} are a non-empty sets with a(k) := min{

The proofs of Property 1 and Lemma 3 are omitted.

For any k € (0,k*] and for all © € [w,®], if the active
controller satisfies 0 € Zj, then by virtue of Lemma 3,
the output of the plant satisfies yq(t) = yss(t) + yer () +
v(t) for all t € [Ty, Tmt1), where yqs(t) is the steady-
state response and yy,(t) is an exponentially decaying term
representing the transient response.

Remark 3.1. The strategy behind the proposed switching
mechanism is to develop a threshold based on an upper
bound of y4(t) under the assumption that o € Z;. Then,
the fact that the performance index J(t) violates the
threshold J implies that o(t) ¢ Z;. On the other hand,
boundedness of the output suggests a stabilizing property
of the active controller. However, a pathological case may
still exist where the active controller introduces a pair of
eigenvalues on the imaginary axis, while boundedness is
preserved. In that case, the output may still be bounded by
the threshold, but the active controller is not a stabilizing
one. We will show that this case can be ruled out by

suitable checking on the input signal d.

Recast (12) as a parallel interconnection of two subsystems

0 = Eymy +@Hw, 1,(0) =0
9 m m 71(0) (16)
y1 = Lm
e = Esna + kFv,  12(0) =n(Tm)
Yot 17
? {yz =Ln+v (a7)

with n(t,n(Tm)) = m(t,0) + n2(t,n(Tr)) and ya(t) =
y1(t) + y2(t). Subsystem ¥; generates the response of the
plant with respect to w(t). Using integration by parts, one
can easily obtain the output of 3 as

y1(t) = y1,ss(t) + Y1, (1) (18)
with

Y1,s5(t) = —WL[EZ + w* I Y E,H + w*HT) }w(t)
and

Y147 (t) := WLIE2 + w* 21| Y E eBe =T

+ wrel =Tm) HT (t),

where I is an identity matrix of suitable dimension.
Thanks to Assumption 1 and Lemma 3, the terms yq 55 (%)
and yi 4 (t) are norm-bounded by

(1,65 (O] < @], Jy1er ()] < mrem @@ ETm)|g)
respectively, with k1 = orko(a)(0E, 0 + op®)a and

272 /n 4 2(@? + 0%.)

a2n+4

(19)

ko(a) ==

The constant kg is the norm bound of the matrix ||[E2 +
w*2I)71||, which can be determined using the results in
Piazza and Politi (2002).

The output ya(t) is the forced response ys ro(t) to the
measurement noise v, and it is bounded by
t

lya.fo(t)| = |L / PN EFy(r)dr + v
0

< KI[LIIEN ] = B e (e™P* — 1)[v]
<koror |l = E;M||(1=e")p+ 7 < (ko +1)7 (20)
for all ¢ > 0, where ko = kopror/a(k). The compu-

tation of ky makes use of the identity Apax(—FE, 1) =

1/Amin(—Es) < 1/a(k). The free response ys f(t) from
the initial state at time T, satisfies
Y2, ()] = | Le = Tmly(T,,)]
< ope” WU 5(T,, ). (21)

Recalling the coordinate change n = col((, z), z = ¢ — TI¢
and ( = w? — w, one obtains
(Tl < IET)] + Hen¢ (Tl + [|2(Tm) ]

< (e + 1)@+ [|0” TN (T)ll) + ||2(T) ] (22)
All variables in (22) are available except for the last term
[|z(T,)||, which is estimated by the norm-estimator

£t) = ‘i“’” 20203 (d(1)? +a)  (23)

where £(0) = 0 € R and @, as are defined in Assumption 1
and 2, respectively. Here, we restrict the initial condition
to be zero just for simplicity of the analysis (Krichman
et al. (2001).)

Lemma 4. If Assumptions 1 and 2 hold and zy € X then
the state of the plant is norm-bounded by

Enorm :

t _ 1
|lz()|]2 < () 4 L2 2i2t’ t>0

ay a1
where £(t) is given by (23).

(24)

Proof Consider the Lyapunov candidate V(z) = 27 P, x,
whose derivative along trajectories of (1) reads as

V(z) = —zTa + 20T P, B(d(t) — d(t)).
Applying Young’s inequality, it follows that

V(z) < —%xTx + 2/ ||| BIP(d(8)? + d(1)?)

1 A
< —5 V(o) +2a505(d(t)* +a*).
2@2

Substituting the identity 2a20% (d(t)2+a2%) = £+ i{ from
(23) into (25), one obtains

. . 1

Viz) £ < ——(V(x) = §)

2(12

(25)

which implies
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V(@) < () + e (V(wo) — £(0)) < () + ¢ 2 aar
where the assumption xg € X has been used. Due to the
fact that ||z (t)||?> < V(t) /a1, (24) follows. O

Substituting the value of ||x(T,)|| given by (24) into (22),
one obtains the norm-bound of ya ¢-(t) as

o, 5 (£)] < Kge™ @B Tm) (26)
with s = or[(on + 1)@ + ||ooTm=)(T)|l) + (52 +

%efﬁﬂ”)% ]. In summary, by virtue of (19), (20) and
(26), if o € Z; then the output y, is norm-bounded as
lya()] < ly1 ()] + [y2()]
é Iila) =+ (/ig + 1)5 =+ Jg(t) = g
where J.(t) is the norm bound of the transient terms
Te(t) = (m@ + ra)e™ Tl >y, | 4 |y pr| - (28)
Applying (27) to (9), one obtains the dynamics of J as
()= =0J(6) +05° (D), T(Tn)=Jo  (29)
for t € [Ty, Trnt1), where Jy > 0 can be chosen arbitrarily.

(27)

3.8 Development of thresholds €g, e, and g4

Thanks to Lemma 3 and (9), the threshold (29) is valid
for all the candidate controllers o € Z; with k € (0, k*].
Hence, there exists a positive integer m < 4 such that
the switching stops after Ty,. As J(t) is an exponentially
decaying signal, for any fixed gg there exists Tss > 0 such
that
Je(t) < e, YVt > T + Tss.

For practical implementation, we consider the system to
have reached steady state when J. is smaller than or equal
to a given tolerance ¢ > 0.

Using (19) and (20), it follows that if o € Z} then the
output of the plant reaches its steady state after ¢t > Ty, +
T, and satisfies
Ya(t)] < [y1,s5 (O + [y2,r0(t)| + €0 < R0+ (r2 + 17 + 0.
Given g, set

gy = K1%0(V) + (k2 + 1)V + €0, (30)
where o(+) is a class-K function that quantifies the inaccu-
racy of the frequency estimate provided by the estimator 2.

If |yq(t)| < ey does NOT hold for all t € [T, + Tss, Trn, +

Tss+T),2, two cases for the closed-loop system may hold:
a) It is internally stable but |@| > ~vo(7);
b) It has a neutrally stable mode.

As shown in Fig. 1, we distinguish case a) and b) by

checking the value of d(t) on a time interval of length T > 0
seconds. This is possible due to the band-pass-filtering
feature of the controllers in (6) stated in the following
lemma (proof omitted due to space limitation):

2 In this study, we employ the deadbeat estimator of Pin et al.
(2017). This type of estimator yields in finite time an accurate
estimation of the frequency of a sinusoidal signal. In the presence of
additive noise, the estimated frequency @ provided by the deadbeat
estimator enters into a neighborhood of the true value w* in finite
time and the frequency estimation error @ satisfies an asymptotic
bound with respect to the magnitude of the noise.

3 T := 2Nw/w, N > 1, is a multiple of the largest period of any
sinusoidal signal with frequency satisfying Assumption 1.

Lemma 5. There exist a class-CL function i (k,|©|), a
class-K function ~, () and constant k** € (0, k*] such that

d) < ve(k, |@]) + 70 (P), Vt>Tm+Te.  (31)
for all k € (0,k**] and all o € 7.

Set £4 := Yu(k,70(7)) + V(7). If the condition |d(t] <
gq forall t > Ty + Ty is verified for a sufficiently small
€4, then y,4(t) is guaranteed to contain only one harmonic
component with frequency equal to w*. Otherwise, case
b) occurs. In that case (which is highly unlikely in prac-
tice), the controller that is currently active needs to be
deselected and switched to the next one in the family of
candidate controllers.

Problem 2 is readily solved by the proposed switching
mechanism with the selection k¥ € (0,k**]. However, if
lya(t)] > e, for t > T5 + Tss, the output regulation
problem (Problem 1) has not been solved yet. The next
step is to obtain a new w via the deadbeat estimator and
repeat the stabilizing controller selection procedure. In this
regard, it follows that if the estimator provides a bound on
the estimation error of the form |@| < 7o(7), then Problem
1 is solved with 7(?) := e, = k17 (¥) + (k2 + 1)U + €.
Remark 3.2. It worth mentioning that, in absence of sen-
sor noise, the ultimate bound of the output signal only
depends on the value of €(, which, in theory, can be chosen
arbitrarily small.

Remark 3.3. The state-norm-estimator-based switching
logic presented in this section is a pseudo pre-routed
switching. The feature that distinguishes the proposed one
from the pre-routed switching logic presented in Morse
(1995) is that the proposed switching mechanism guaran-
tees that the stabilizing controller will be selected within
at most 4 switchings. According to Morse (1995), if the
cardinality of 7 is large, the performance of the pre-routed
switching will be significantly degrades. This is completely
avoided in the proposed switching mechanism, thanks to
the small cardinality* of Z and the guaranteed termina-
tion of the switching sequence.

4. ILLUSTRATIVE EXAMPLE

In this section, a numerical example is presented to demon-
strate the effectiveness and robustness of the proposed
method. Consider the stable non-minimum phase plant
model described by the transfer function
2(s—1)

s2+2s+5

and disturbance signal given by d(t) = 5sin(w*t) with
w* = 3. The same setting of the controller gain, k = 0.25,
has been used in all simulations. The Runge-Kutta in-
tegration method has been employed for all simulations
with fixed sampling interval T, = 10~*s. The two fre-
quency estimates used in the simulation are listed in Table
4, together with the corresponding frequency response
parameter and set of stabilizing controllers. The initial
frequency estimation error is |@| = 2 and the initial
controller C2 is not a stabilizing one. The additive noise
v(t) is selected as a random noise with uniform distribution

Wi(s) = (32)

4 For supervisory systems with more than four candidate controllers,
the same thresholds can be used but the transient performance may
not necessarily improve.
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Frequency v I;
wy =1[rad/s] | (-0.2,0.6) {4}
wy = 3 [rad/s] | (0.85, —0.23) | {1,2}

I I I I
400 800 1200 1600 2000

0 400 800 1200 1600 2000

o
o =N W s O
T i

0 400 800 1200 1600 2000
Time [s]

Fig. 2. Regulated output y4(¢) (top), frequency estimate
@(t)(center) and switching signal o(t) (bottom).

1000
—J
" k N
0 ‘
0 400 800 1200 1600 2000
30
— 1yl
207 1
= R
10 1
0 L J_a_
0 400 800 1200 1600 2000

0 400 800 1200 1600
Time [s]

2000

Fig. 3. Filtered norm-bound of output (top), norm-bound

of output (center) and norm-bound of input d(t)
(bottom).

within the interval [—0.05, 0.05]. The thresholds are chosen
as ey =e4=0.5and gg =1 x 1072

The results of the simulations are shown in Fig. 2 and
Fig. 3. After 2 switches the supervisor selects the stabi-
lizing controller C4, and the closed-loop system reaches
steady state in about 300 seconds. Then, the deadbeat
estimator provides a frequency estimate with small mis-
match, @ = 3 at about ¢ = 1000 seconds. For this new esti-
mate, the family of stabilizing controller comprises C! and
C?. The supervisory system is automatically reactivated,
and asymptotic regulation of the plant output to zero is
achieved with the new stabilizing controller C'*. Under the
effect of the estimation error, the proposed approach is

capable of attenuating the disturbance and confining the
output of the plant to a small residual set, all with a finite
number of switches.
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