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ROBUST SEMIGLOBAL STABILIZATION OF THE SECOND ORDER
SYSTEM BY RELAY FEEDBACK WITH AN UNCERTAIN
VARIABLE TIME DELAY*

EUGENII SHUSTINT, LEONID FRIDMAN? EMILIA FRIDMAN$, AND
FERNANDO CASTANOSY

Abstract. We present sufficient conditions for robust relay-delayed semiglobal stabilization of
second order systems, which relate the upper bound to an uncertain time delay and the parameters
of the plant. We also suggest an algorithm of delayed relay control gain adaptation for semiglobal
stabilization, which is based on delayed information about the sign of the controlled variable only.
The proposed algorithm suppresses bounded uncertainties in the time delay; that is, being designed
for the upper bound of uncertainty in the time delay, the control law ensures semiglobal stabilization
independently of any variable time delay obeying the given upper bound.
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1. Introduction.

1.1. Statement of the problem. We study the control problem for the second
order system

(1) ai(t) = —px(t) + F(z(t),t) + u,

with positive constants o and [ and some function F'(x,t), satisfying

(2) F c CYR?), sup

or|
Oz Q.

The uncontrolled system
af = —f% + F(z,t)

may be unstable, as, for example, in the case F'(z,t) = kx, k > 0, and we propose to
stabilize it by a negative feedback of relay type:

(3) u=—K(t) signxz(t — 1),
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STABILIZATION OF SECOND ORDER SYSTEM WITH DELAY 197

with a controllable bounded magnitude K(t) > 0 and a positive variable uncertain
delay 7, assumed to be a measurable function of ¢ obeying the condition

(4) 0<7o(t) <7(t) <h=const, t>0,

where 79(t) is a positive nonincreasing function.
Our aim is to design a piecewise constant controller K (¢), which provides a robust
semiglobal stabilization of the oscillation magnitude of the solutions to system (1),

(3)-

1.2. Motivation. For the motivation, we point out that time delay in control
systems is usually present and must be taken into account. In practice, many systems
with time delay naturally admit relay controllers, in particular,

e systems which can work in switching modes, for example, power converters
(see, for example, [19]);

o systems with measuring devices that work in the switching mode and have
time delay, for example, controllers of exhausted gas in the fuel injector au-
tomotive control systems [15], which act with delay and, moreover, generate
relay signals only;

e sliding mode systems with delayed actuators, for example, the stabilizers of
the fingers for an underwater manipulator [2];

e mathematical biology systems as, for example, those considered in [12, 13].

It has been shown in [5, 6] that, in the simplest one-dimensional relay control
systems with a constant delay, only oscillatory solutions can occur. Moreover, any
such solution becomes periodic after a finite time interval, but only slowly oscillating
solutions are stable. The latter property is used to design an algorithm controlling
the motion amplitudes.

P.I. (proportional-integral) control algorithms for the amplitude control in one-
dimensional relay systems with delay in the input have been suggested in [1]. A Padé
approximation of delay that reduces the relay delay output tracking problem to the
sliding mode control for a nonminimum phase system was suggested in [16]. Delayed
relay control algorithms, suggested in [7, 8], allow one to reach local and nonlocal
stabilization of oscillations amplitudes for MIMO systems, respectively, with the use
of the delayed value of the magnitude of a current trajectory.

In [11], periodic properties of second order systems via relay-delayed controllers
based on the suboptimal control algorithm were investigated, whereas the article [3]
studies oscillations in first order systems, containing external forcing in the relay-
delayed control element.

1.3. The main result. Restrictions to the nonlinear element. Through-

out the paper we impose the following bound of the nonlinear term F(z,t) of (1):

F(z,t) — F(0,t)

€T

(5) 0< §k07 .’L';éo, tZO»

with some positive constant ky. Furthermore, we separate between the two situations:

(6) F(0,t) =0,
and
(7) |F(0,t)] <6, t>0, &é=conste(0,1),
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198 E. SHUSTIN, L. FRIDMAN, E. FRIDMAN, AND F. CASTANOS

in which the suggested controller and the respective solutions to (1) and (3) behave
differently.

The initial value problem and the definition of the discontinuous ele-
ment. For system (1), (3), we state the initial value problem

(8) z(t) = ¢(t), t € [=h,0], ¢ € Co[=h,0], &(0) = &(0),

by defining the initial data range to be the space Cy[—h,0] of continuous functions
¢ : [—h,0] — R, differentiable at the origin. We equip Cy[—h, 0] with the norm

9) lell = mee Jo(®)] + £ (0)]-

The fact that the functions ¢ € Cy[—h,0] may vanish along intervals raises an
important issue of an appropriate choice of the values of the sign function at vanishing
arguments. From the control theory point of view, sign should be a binary sensor or
actuator; i.e., it takes the only values +1. So we will define

1 if z(t) > 0,
(10) signz(t) = ¢ —1 if z(t) <0,
) ifa(t) =0,

where ((t) is any measurable function with |((¢)| = 1, and consider the solutions to
system (1), (3) in the sense of Carathéodory (see, for example, [9]).!

Then we have the following.

LEMMA 1.1. The equation

ai(t) = —=p&(t) + F(xz(t),t) — sign x(t — 7),

satisfying (2), (4), and (7), with initial condition (8) supplied with (10), has a unique
continuous solution x,(t), t € [—h,00). Moreover, z, is differentiable in the interval
(0,00), and its derivative is absolutely continuous and differentiable almost every-
where.

We omit the proof, which basically coincides with the proof of Lemma 1.1 in [17],
and notice only that the lower bound to 7 in (4) is needed for an accurate justification
of the existence and uniqueness of the solution z.,.

Remark 1. (i) The solutions z(t) to system (1), (3) considered in what follows
will satisfy the condition |F(z(t),t)| < K(t) (cf. the combination of bounds (5), (7),
and (20) and of Lemmas A.1, A.2, and A.3 below), and thus, in the same way as
in Lemma 1.1, the zero locus of such a solution z(¢) in the interval ¢ > 0 will have
zero measure whatever the zero locus of the initial function ¢(t) € Co[—h,0] is, and
hence the results do not depend on the choice of the function ¢(¢) in (10) for ¢ > 0.
In particular, shifting the initial interval to [0, k], one obtains the zero locus of zero
measure for the (new) initial function, getting rid of any dependence of the function
¢(t). In addition, &(¢) turns out to be differentiable almost everywhere.

(ii) The Filippov differential inclusion theory [4] commonly used for nondelayed
differential equations with discontinuity and intended to turn solutions into sliding

IThe sliding modes cannot occur in the considered class of the systems. That is why it is not
necessary to use more complicated definitions of the solutions for relay systems with delay (see, for
example, [10, 14]).
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STABILIZATION OF SECOND ORDER SYSTEM WITH DELAY 199

modes, i.e., motions along the discontinuity locus (see detailed accounts in [10] and
[14]), is not quite relevant in our situation. Indeed, the motion along the discontinuity
locus should correspond to the zero solution z(¢) = 0, which cannot be stable. The
reason is that, in the norm (9), the zero function ¢(t) = 0 can be approximated by
functions with at most one zero, which in turn generate either unbounded solutions
or solutions with the sup-norm separated from zero (see, for example, [17]). On the
other hand, an attempt to keep the zero level of an eventually vanishing solution leads
to the relation

(sign z(t — 1)) ’:C(t—T)ZO = F(z(t),t),

which is not natural for a controller based on only delayed information.

The statement. We provide here a general statement, solving the stated prob-
lem, and leave the precise formulation for section 3.

Main result. Given system (1), (3) with F(xz,t) satisfying (5), under certain
restrictions to «, 3, h, 6, and kg, there exist positive constants c¢,Ty,m, and p < 1
such that

(i) in the case (6), for

(11) Kt)=p", nTy<t<(m+1)T,, n=012,...,
all of the solutions with max{|x(0)|, |£(0)|} < ¢ exponentially decay to zero;
(i) in the case (7), for

" nly <t<(n+1)Ty, n=0,1,2,...,m—1,
(12) K(t){p 0 ( )0

- Pm» t> mTOv

all of the solutions with max{|x(0)|,|£(0)|} < ¢ come to a neighborhood of
zero, whose size is proportional to 6.

In section 3.1, we provide explicit formulas for all of the parameters «, (3, h, 6,
and kg, and in section 5, we make a numerical simulation.

The meaning of main result is that, whenever the parameters of the system (1)
and the controller delay 7 satisfy some explicitly written restriction, a control pre-
sented by a step function K(t) with a priori fixed switch moments and amplitudes
brings solutions to a prescribed neighborhood of zero. In other words, we propose an
algorithm for a robust semiglobal stabilization of the oscillation magnitude, based on
a retarded relay switching of the control gain, which requires only the knowledge of
the sign for the controlled variable in the past and allows us to reject uncertainty in
the time delay.

1.4. The ideas behind the main result. The idea of a piecewise constant
control function u(t) can be traced back to [6], where such a controller, acting with
a constant delay, has been used for an exponential stabilization of oscillations in the
first order system

z(t) = F(x(t),t) — signz(t — h),

with F satisfying (5) and (6). The key observation was that, if kgh < log2, the
solutions starting in a small neighborhood of zero cannot reach some critical value
|x] = My during the time interval i and then must return to the zero level, that is,
remain bounded and oscillating. Furthermore, for such solutions, sup |z(¢t)| < M; <
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200 E. SHUSTIN, L. FRIDMAN, E. FRIDMAN, AND F. CASTANOS

My, and hence, switching the magnitude of sign from 1 to p = M;/My < 1 at the
moment t*, with 2(¢t*) = 0, and making change x = pr(| we come to an equation

iV (t) = FO W (1), 1) — signz™ (t — h),

with F(1) again satisfying (5) and (6), which in turn means |z(t)| < pMy as t >
t*. Performing inductively the same procedure, one obtains exponentially decreasing
solutions. However, that controller was depending on the term F'(z,t) and on the
current solution, which made it hard to realize in practice. This difficulty has been
resolved in [18], where a similar piecewise constant controller acting with a variable
uncertain bounded delay and having a priori fixed switches provided an exponential
decay of solutions with sufficiently small initial values.

In a similar way we obtain the main result for the second order system (1), (3).
The background property, established in [17], states that, under certain restrictions
on the positive parameters «, 3, k, K, h, ¢, the solutions to the equation

ai = —Pz + kr — K -signz(t — h),

which obey the initial conditions z(0) = 0, |£(0)| < ¢, remain bounded by a constant
M, proportional to K, and, moreover, the derivatives &(t*) for all t* > 0, z(t*) = 0,
belong to a smaller range (—c1,c¢1), where ¢; < c¢. Here we extend this fact to the
case of arbitrary functions F'(z,t) with bounded values and derivative and a variable
uncertain delay 7(t). So, again after a suitable period of time, we switch the controller
magnitude from K to pK, with some p € (¢1/co,1), and make change z = px(l),
coming to an equation for (1), analogous to (1), (3) and satisfying the hypotheses,
which provide |z(P| < M and || < ¢, and, in particular, |z(t)] < pM for large
t>0.

To find suitable bounds to the given data, we model the “worst” behavior of
a solution to (1), (3), which means that the absolute value |r| maximally grows
against the negative feedback v intended to bring the solution to the zero level. That
is, if a solution starts at zero with some, say, positive derivative, we assume that
F(z,t) = 6 + kx and 7 = h, so that the feedback u remains positive on the largest
possible interval of length h. Then we assume that the value of the control undergoes
a switch only after a period of time h has elapsed, and we know that reversing the
sign of the control will eventually force the solution to reach a maximum. When the
maximum value is attained, we take F(x,t) = —é and wait until the solution reaches
the next zero. We call the pieces of that worst solution majorating functions. They
are treated in the next section in order to precisely state the sufficient conditions for
the existence of the controller proposed in the main result, and these conditions finally
reduce to the claim that the absolute value of the derivative of the worst solution at
its zero is strictly greater than that value at the next zero.

2. Majorating functions.

2.1. Definition of the majorating functions. First, we point out that re-
striction (5) on the nonlinearity F'(z,¢) comes from the comparison of system (1),
(3) with the equation ait = —fi + kox — signz(t — 7), and this makes it natural to
introduce the roots A\; > 0 > Ay of the characteristic equation aA? + S\ — ko = 0,
which will play an important role in the further consideration.

In order to deal with uncertainty, we introduce a majorating function for the
actual response x(t). This function is intended to model “the worst type of behavior”
of the stable solutions to (1), (3). As previously stated, such solutions are periodic
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F1c. 1. Actual response z(t) and the majorating functions.

and slow. In Figure 1 we show (as a dotted line) the upper lobe of one of the periods.
Assuming that the distance between the neighboring zeros of z(t) is greater than h,
we can divide the interval between such zeros into three parts:
1. an interval between the current zero and the (first) control switch,
2. an interval between the control switch and the global extremum,
3. the remaining part from the extremum to the next zero.
For the first interval consider the equation

agi(t) = =By(t) + koy(t) + 1 + 6.

We assume that the control switch is delayed by h from the current zero, and, since
we are considering the upper lobe, the initial derivative is positive. Hence we impose

0<t<h, y(0)=0, §(0)=a,

where a is a nonnegative parameter.
The family of functions ys ,(¢) (see Figure 1)

ako = do(1+8) e Mll+0)—aky , 146

alt) = —
Yoa(t) ko(A1 — A2) ¢ ko(A1 — A2) ¢ ko

are the solutions of the previous equation.
For the second interval we introduce the solution

20NN —1—§—aady 5, 27N —1—6—aady ,,

alt) =—
26’ ( ) Oé/\l(/\l — )\2) € + Oé/\2(/\1 — )\2)

1-6
ko

(13) +
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202 E. SHUSTIN, L. FRIDMAN, E. FRIDMAN, AND F. CASTANOS
of the equation
aZ(t) = —P2(t) + koz(t) =146, z(h) =ysa(h), 2(h) =ysa(h).

Suppose that 2e=*" — 1 > 0,

(14) §<2eMh 1
and

QeMh 1§
15 _
(15) a< e

This means, in particular, that the coefficients of e*** and e*?! in (13) are negative.
Hence zs,(t) is a concave function, which in view of Zs (k) = 9s (k) > 0 has a unique
maximum in (h,c0). The maximum occurs at the time moment

1 2e b 1§ — qaay

16 t a 1 )
(16) 8 Ag 98 ge—Nh —1 _ 6 aal;

7:)\1_

so for zs,(t) we add the restriction
h<t<tsg.
To keep the notation simple, we will set
(17) os 2 26,0 (ts,a)-
For the last interval we introduce the equation
aw(t) = —Pw(t) —1— 4.

In what follows, we will be more concerned about the value of the global extremum
05, rather than the time of its occurrence ts,, so we add

w(0) =05, w(0)=0,

which defines a majorating function which is shifted in time (see Figure 1). The
solution is given by

(13) waoe() = SED @iy - 120 4,

which has a unique positive root t' (see Figure 2).
Now we can build the majorating function. For any perturbation with a bound
satisfying (14) and an initial derivative a satisfying (15), the function

Ys,a(t), 0<t<h,
(19) P5.a(t) £ 2sa(t), h<t<tsa,
Ws,05 (L — t5.a), tsa <t <t +ts4,

bounds from above the solutions to (1), (3) and their derivatives. We shall call ¢s 4 (%)
the worst solution to (1), (3).
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F1G. 2. Behavior of the last majorating function w(t — tsq).

2.2. Properties of the majorating functions. The next property will play a
key role in the argumentation that follows.

DEFINITION 2.1. A function ¢.(t) € Ci is said to be differentially contractive
(DC) if, whenever it starts at a zero with a derivative belonging to some interval, its
derivative at the next zero belongs to a smaller interval.

Notice that ¢s 4 is continuous (see Figure 1). Its initial derivative a is taken from
the interval (15), and we want its terminal derivative

Es(0s) = s o ()]

to belong to a smaller interval.
To fulfill the DC property, we first use (18) to estimate ¢’

— 0os.

1+6 '8/ 1+6,
%(1_6 '8/ ):Tt

Due to Zs,4(ts,e) = 0 and Z54(tsq) < 0, we have

o 1-6 + ﬁ'é&a(tﬁ,a) + 0426,11@57@) < 1-0

2
(20) 78 ko ko

Hence ¢’ < 0, where 0 is the positive root of the equation

1 1 1—
a(l +9) ¢~09/ay +69_ 6.

B2 B ko
Notice that, given a, 3, 8, ko, (21) always has a unique positive root 6, since the left-

hand side is a positive concave function of # and the right-hand side is an increasing
linear function of #, negative at the origin. Next, we have that

(21) (1-

(22) 55(05) = 17—’_6 (1 — eftlﬁ/o‘) < ﬂ (1 _ 670'6/04),
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In view of the last inequality and (15) it is easy to see that ¢s , fulfills the DC property
if

1+6 Y 2 MM —1-6
23 — (1 — « _—
(23) 2 (el <
To understand inequality (23), consider the equality
146 2e—MK)h _1_§
(24) 1+0 (1 — e~ 0k)B/ay = Z€
B aAi (k)

as an equation to the unknown k with fixed «,3,6. Here the left-hand side is a
bounded positive function of k, whereas the right-hand side drops from infinity to
negative values as k grows from zero to infinity. Hence (24) has positive roots,? and
the minimal one among them we denote by kpin. So, finally, we reduce (23) to

(25) ko < kmin»

which guarantees the DC property.
Remark 2. According to (20) the extremum o5 is bounded from above. We shall
call that bound oy, i.€.,

16
05 < Omax = A
0

Suppose that the extremum attains the maximum value in the current period; in view
of (20), the extremum at the following period satisfies

1
U<(S = Zé7£5(”xnax)(t§6(amax)) < Omax-

3. Main results in detail.
DEFINITION 3.1. Denote by ®s, the set of functions ¢ € Cy[—h,0] such that
either

e H0) £ 0, [0(0)] < ysal—t),  19(0)] < Psal(~t"),

where t* = max p~1(0) > —h, or
Pling 70 100)] < zsa(t),  [£(0)] < Z5,a(t”)

for some t* € [h,ts.q4).

3.1. Perturbations that vanish at the origin. Assume that 6 = 0. In order
to simplify the notation, in this case we always skip the subindex 6 (i.e., 0) in the
notation for ¢,&,0, P, z,y, 2.

Introduce the following parameter. Given

2 —Ah _ 1
0<a<b< 677
Oé)\l
set
(26) (a,b) 2 aa(A1eMh — Ager2h) 4 (erih — ghah)
pla,0) = ozb(/\1e>\1h — )\QeA2h) + (e>‘1h — 6)\2,1) .

2]t is an easy exercise to show that a positive root is unique, but we shall not need this fact.
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Clearly, p(a,b) < 1. Then introduce

(27) p 2 p(E(0™M), E(Omax))-

Notice that p is defined properly, since £ is a strictly increasing function.
THEOREM 1. Assume that F(x,t) and 7(t) satisfy (2), (4), (5), (6), and (25) with
6 = 0. Let a constant c satisfy

(28) 0<c<

Put

1 if 0<t<t,
K(t) = pn Zf tc + nt&(o'max) S t < tc + (n + 1)t£(o'max)7
n=0,1,2,...,

where p is defined by (27), and t. and t¢,, . ) are the roots of z.(t) and z¢(o,,,.)(t),
respectively (see Figure 1).
Then any solution x,(t) to (1), (3), (8) with ¢ € ®. obeys the restriction

1 1\ t—1t.— tﬁg(o )
29 ) < — —(log— | —————2=~ t>t t .
(29) |x¢( )< ko exp ( (Og p> e (omn) ) Z e + tes(omax)

3.2. Perturbations that do not vanish at the origin. In realistic models,
F(0,t) does not vanish identically, so we’ll consider the case § # 0, but we’ll maintain
restriction (14). In this case, one can drive the system in a finite time to a neighbor-
hood of zero, proportional to §. More precisely, we design a set of controllers, which
depend on one continuous and one discrete parameter. The parameters can be chosen
in their range according to the initial magnitude, the required rate of convergence,
and the size of the target neighborhood of zero. We remark only that one cannot
optimize the two latter values simultaneously.

Given §é satisfying (14), the range of a positive parameter € is defined by the
inequality

1+6
g

Observe that (30) defines a nonempty interval, since it turns into (23) for ¢ = 0. Next
we choose any natural m > 1 and put ¢ = ¢(e,m) to be the positive root of the
equation

1/1—e98/a 1 — Ah _ A2h 5 1 — ¢ 08/ 1
(31) - ¢ + ( q))\(i e)\h) + — 674-7
q B a(Aerth — hperzh) qm B al;

—A\1h
(1—e—t9/oyy 0 277 —-l-¢e

(30) Oé)\1 Oé/\l

2eMh 1 _¢

Oé)\l

Such a root does exist; furthermore, it is unique and belongs to the interval (0, 1).
Indeed, the left-hand side of (31) monotonically decreases from infinity to the left-hand
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side of (30), whereas the right-hand sides of (30) and (31) coincide. Furthermore,

Y L O RN (E R

q B a(Aerh — hgereh) qm B N ar

Q¢ Mh _1_¢

OZ)\l
for all m’ < m. At last, put

(33) T(e) = Ail log w

THEOREM 2. Under the hypotheses (2), (4), (5), (7), and (25) with 6 > 0 satis-
fying (14), let € obey (30). Put

(34) K<t):{qs if sT(e)<t<(s+1)T(e), s=0,1,...,m—1,

q™ if t>mT(e).
Then any solution x,(t) to (1), (3), (8), with ¢ € ®s ., where

2e M 1§ —¢
35 =
(3) ‘ e ——

obeys the restriction

q" =4
ko

(36) |z, (t)] < as t>mT(e).

Comments to Theorem 2.

(i) We point out that the parameters of u(¢) depend only on h, kg, and the chosen
constants ¢, €, m and do not depend on the function 79(¢) from (4); i.e., our feedback
—K(t) - signz(t — 7(t)) is robust with respect to an uncertain variable delay 7(t), as
well as a deviation of F(x,t) in the framework of restrictions (2), (7), (5), (25), (21).

(ii) If m — oo and € — 0 in Theorem 2, then

ar (1 —e /o) 1

m
5
T 7 00 M 1)B— an (1 — e-98/a)’

and hence, the right-hand side of (36) tends to

2(a\i (1 —e”?) + B(1 — e MM))
ko((2e= 17 — 1) — adi (1 — e~06/=))

(37) Ko6 = b.

(iii) The hypotheses (14), (25), and (30) in Theorem 2 contain restrictions to
the parameters of system (1), (3) in an implicit form. However, one can in principle
extract some explicit conditions from them. First of all, given « and 3, the parameter
ko must satisfy (25) for § = 0. Suppose now that such «, 3, and kg are fixed, and
describe § which meet the hypotheses (14), (25), and (30).

Condition (14) is an explicit upper bound to 8.

In turn, kpin = kmin(6) in (25) is a strictly decreasing function of § (indeed, when
6 grows, the allowed range for kp must shrink), and this function is given by (21) and
(24). That is, (25) also can be written as an upper bound 8 < (Kmin) ' (ko).
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At last, condition (30) after removing ¢ (which can be arbitrarily small positive)
reduces to inequality (23), where 6 comes from (21). It is not difficult to show that
the latter equation defines 6 as a strictly decreasing function of §. Inequality (23)
holds for 6 = 0, since this is equivalent to the above assumption kg < kmin| s—0* Thus,
the left-hand side of (23) is a positive function of §, whereas the right-hand side drops
from positive to negative as 6 goes from zero to oco. Equating both sides of (23), we
then obtain the minimal positive root i, and finally reduce condition (30) to an
upper bound § < pin-

4. Control algorithm. We shortly describe how to apply Theorems 1 and 2.
One begins with a few common initial steps:
1. Given system (1), (3), obeying (2), (4), and (7) with known & > 0 and é§ > 0,
we start by solving simultaneously the equations

a(l406) g e 146 1-8
146 i 2e Mkm)h 1§
b 1— mB/oy —
(38b) 3 (1—e ) o)

with respect to positive unknowns k,, and 6,,.

2. Take the solution (ky,, 0,,), and verify that the given function F(x,t) satisfies
(5) with certain positive ko < ki,; then find the positive root 6 of (21).

3. Compute the roots Ay > 0 > Ay of the characteristic equation, and check the
validity of (14).

4.1. Perturbations that vanish at the origin. Perform steps 1-3 as de-
scribed above and then do the following.

4. Pick a constant ¢, satisfying (28), and compute the values of &(omax), te,
Le(omax)» and p using the formulas of Theorem 1. Verify that the initial func-
tion ¢ belongs to @, as described in Definition 3.1.

Remark 3. Tt is possible to set a limit n* to the maximum number of allowed
switches of the controller or to the time interval ¢ < t*, when switches are allowed.
Pick n <n* or n < (t* —t.) /te(o,.,)» Tespectively. The solution becomes bounded by
|z(t)| < p™/ko after t > t*.

4.2. Perturbations that do not vanish at the origin. Again perform steps
1-3 as above, and then proceed in the following way.
4. Pick a positive ¢ satisfying (30), and compute T'(¢) by (33).
5. For the last step there are three possibilities:
(a) Choose an upper bound m* to the number of allowed switches of the
controller, and pick m < m*.
(b) Set the size t* of the time interval when switches are allowed, and pick
m < t*/T(e) .
In both cases solve (31) with respect to g. The solution will be bounded
according to (36).
(c) In this case we bring the solution to the §( K+ k)-neighborhood of zero,
where K is taken from (37), and k is a (relatively) small prescribed
positive parameter. Using (31) we compute

_ By + Bs
- C+By—(1—¢)/(ko(Ko+r)+ 1)

q
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where

1—e 08/ (eMh — eA2h) 2eMh — 1 —¢
Bl = a2 B2 = ) - N
a(Aierh — Ngerzh) a\

and, finally, put

o log(6(ko(Ko + k) +1)/(1 —¢)) 1
logg '

5. Numerical example: Stabilization of an inverted pendulum. Consider
the stabilization problem of an inverted pendulum via a controller with uncertain
delay. The oscillations of an inverted pendulum with unit mass with such a controller
are described by

(39) F+ki—psine+6=ult—1()),

where k > 0 is a friction coefficient, p = g/l > 0, 6 is uncertainty, and 7 is an uncertain
time delay 0 < 79(t) < 7(t) < h. Consider the case when k =1 and p =g/l =1.4. In
this case (39) takes the form

Z(t) = —%(t) + 1.4sin(z) + 6 — K (¢) sign(z(t — 7(t))),
with 7 = 0.05 + 0.04sin(¢). It is clear that
a=p=1 and F(x,t)=1.4sin(z)+6
and that the bound
0<7(t)<7(t)<h=0.1

holds.

5.1. Application of Theorem 1 (6 = 0). The solution to (38) is k,, =
2.69518, 6,, = 1.00498. A possible kg < k,, that satisfies (5) is ko = 1.5. For that kg
we use (21) to obtain § = 1.42652. The roots of the characteristic equation are

A1 =0.82288 and A, = —1.82288.

The validity of (14) is easily verified: § = 0 < 2e~*1" — 1 = 0.84301.
Now we pick a constant ¢ satisfying (28)
e~ Mh _

1
c=1< ——F =1.0233.
Oé)\l

Next, we have
1—e 08/
g

Figure 3 shows the response of the system when the initial conditions are set to
Z(—h) =1 and z(—h) = 0.05.

E(Omax) = =0.7599, te=5.26, te(on.)=2294, p=0.83T.
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Fic. 4. System’s response, 6 = 0.05.

5.2. Application of Theorem 2 (§ = 0.05). The following parameters were
obtained as in the previous section:

ky, = 2.2854, kg = 1.5, A1 = 0.8229,
O, =1.0438, 0 =1.3418, o = —1.8229,
§ < 2e~Mh — 1 =10.7930.
Now we pick an € = 0.15 satisfying (30) and evaluate T'(¢) = 2.696. For the last
step we choose m = m* = 40 and obtain g = 0.9975.

The results are shown in Figure 4. The initial data were ©(—h) = 1 and z(—h) =
—0.05.
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6. Conclusions. The dynamics of the second order systems with a delayed relay
control is analyzed. Sufficient conditions for robust delayed relay semiglobal stabiliza-
tion of second order systems are found. Such conditions relate to the upper bound
of an uncertainty in time delay and the parameters of the plant. An algorithm for a
delayed relay control with gain adaptation is suggested. The algorithm is based on
delayed information about the sign of the controlled variable only. The proposed al-
gorithm suppresses bounded uncertainties in the time delay: Once being designed for
the upper bound of time delay in the given system, this control law ensures semiglobal
stabilization for any constant or variable time delay within the given constraint.

Appendix A. Proofs.

A.1. Preliminary estimates. In what follows we always suppose that 7(¢) and
F(z,t) satisfy restrictions (4) and (7), respectively.
LEMMA A.1. (i) Let

2e~Mh _ 1
0<a<b< c
Oé)\l
Then
(A1) Ya(t) < pla,0)y(t),  Jo,a(t) < pla,b)gop(t), 0<t<h,
(Az) Za(t) S p((l, b)Zb(t), éO,a(t) S p(aa b)ZO,b(t)a h S t S tcm
with p(a,b) defined by (26).
(ii) Let 0 < ¢ < 1 and a > 0. Put
6 o (L= g)(eMh — )
A. 6 = — == )
(4.3) T T T alneh = gereh)
Then
(A.4) O sa(t) < Ysiar (1), @ sa(t) < Usyan(t), 0<t<h,
(A5) qilzé,a(t) < 261 ,a1 (t), qiléé,a(t) < éél,al (t)7 h<t< t&,a-

Proof. (i) The first inequality in (A.1) follows from the second one, and, re-
spectively, the first inequality in (A.2) follows from the second inequality and from
(A.1).

The second inequality in (A.1) can be rewritten as

e 2 g iy
We have
?)'a(t) _ aaX(t) + 1’ S(t) = M
()  baX(t)+1 oMt _ ohat
Since
2 —t/a
T Cos IE RS
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we obtain in view of (26)

max = == = p(a,b).
0.n] 9(t)  u(h) pla.b)

We start proving the second inequality in (A.2) with the observation that t, < .
Then, in particular, 2o 4(t) > 0 as h <t <t,. Again we have to show that

Za(t Aq(a)eMt + Ay(a)et2t
Pl 2 e = s e e
where
A(o) = —(2e™MP — 1 —ao))), Ay(o) =2e2" — 1 —ack,.
Since

d <A1(a)6A1t+A2(a)6A2t> _ (Ai(a)As(b) — Az(a) A1 (b)) (A1 — Ag)e”"/®
dt \ Aj(b)eMt + Ay(b)erzt (A1(b)eMt 4+ Ag(b)erat)?

and
Ay(a)Ay(b) — Az(a)AL(b) = a(b — a)(Aa(2e ™M — 1) — A (2e7*2h — 1)) < 0,
we derive in view of (26) that

) a(h)
il 2(0)  Z(h) pla, )

(ii) It is enough to establish the second inequality both in (A.4) and in (A.5).
The second inequality in (A.4) can be rewritten as
Ys,a(t) acX(t)+1+46

q > max ——-— = max .
0,h] Usy 0, (t)  [0,8] a1aX(t) + 1+ 61

Since

<0

d ( aas+1+5):_1—q.a+< 8)(@() )

ds \ajas +1+6& q (aras +1461)
and 3(t) < 0, we obtain

max yé,a(t) _ yé,a(h) —q

[0,A] y51,a1 (t) y§1,111 (h)

The second inequality in (A.5) follows, first, from the fact that the function ¢~ 'zs . (¢)
solves the problem

of =—Pi+koz—q ' +61, 2(h) =q Ysalh), 2(h) = ¢ s.a(h),
whereas the function zs, 4, (¢) solves the problem

af=—Pz+koz—1+61, 2z(h)=ys a (h), 2(h) = Ys, q, (h),
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where ys, a, (R) > ¢ ys.a(h), s, a1 (R) = ¢ ysa(h), and, second, from the inequality
50 < ts ,q,- In turn, the latter relation is an immediate consequence of (16).
LEMMA A.2. (i) Assume that t* > 0, tg € [t* — h,t*], and that a > 0 satisfies
(15). Let a solution z,(t) to the equation
(A.6) ai(t) = —p&(t) + F(x(t),t) — signz(t — 7(t))
be such that
(A.7) 0 <2p(t") Sysalt” —to), ap(t") < salt™ —to).
Then
To(t) S ysalt —to), p(t) <Psalt —to), te€[t",to+h].

(ii) Assume that to > 0 and that a > 0 satisfies (15). Let a solution x,(t) obey
the conditions

Iw(t) > 0, te (to,to + h}, $Lp(t0 + h) < 257,1(0'), i‘¢(to + h) < 25@(0')
for some o € [h,tsq]. Then
T,(t) < zsat —o+to+h), Z,(t)<zsat—oc+to+h)
for all t >ty + h such that x,(t) > 0.
Proof. (i) Since ys4(t) is a strictly increasing function, it is sufficient to consider
the case when @, (t) > 0, t € [t*,to + h]. Then, in the interval [t*,to + h), we have

alfiy(t) = =Pip(t) + F(zp(t), ) £ 1 < —fi, (1) + kozy(t) +1 46,

which after a double integration turns into

t

(A.8) Gp(t) < dp(t7) e POy é/ (kowy (€) + 1+ 8)e”E=0/de,
-
To(t) — 2o (1) < %(t —t) + % (@(t*) - 1;6) (1 — e~ (=t e
k t
(A.9) + ﬁo 2, (€)(1 — PE0/a)ge,
-

Due to the monotonicity of the right-hand sides with respect to z, and &, inequality
(A.7), and the fact that the substitution of ys o (t) for z,(¢) turns (A.8) and (A.9) into
equalities, we obtain subsequently that x,(t) < ys.(t—to) and &1,,(t) < ¥sqa(t —to),
t e [t to + .

(ii) Let z,(t) > 0 in an interval [to + h,t;) for some t; > to + h. Since x,(t) is
positive in (to,to + h], and 7(¢) < h, we obtain

Qiy(t) < —Biu(t) + kowy(t) — 146, t€ [to+ h,t1],
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and hence
Ty (t) < @y(to + h)e—ﬁ(t—to—h)/a
1 t
(A.10) + f/ (kozp(€) — 1+ §)efE=0/age.
& Jto+h
1-96
Ty(t) — xp(to +h) < 77@ —to—h)

t
(A.11) + % /t +h%(g)aﬂemff*t)/a)da.

These relations are monotone with respect to z, and &, and thereby imply z,(t) <
Zo(t—o+to+h), Zo(t) < 2,(t —o+1to+h), t € [to+ h,t1], since the replacement of
Zy(t) by zq(t — 0 4+ to + h) turns (A.10) and (A.11) into equalities.

LEMMA A.3. For any nonnegative a satisfying (15), and any ¢ € Co[—h, 0] such
that

(A.12) 2(0) =0, ¢(0)=a,

the solution x,(t) to (A.6) satisfies the following conditions:
o z,(t) has an unbounded zero locus;
the first positive zero of x,(t) does not exceed ts,;
if 2, (t') =0 at t' > 0, then x, vanishes at some t" € (t', 1 +tse¢,((1-6)/ko));
x,(t) obeys the condition

(A.13) |75 ()] < 25,65((1-6) /ko) (Lo, (1—6) /ko)) o > ts.a,
(A.14) |, ()] < &s((1—0)/ko) forall te x;l(O) N (0, 00).

Proof. Step 1. We first show that z,(t) has a positive root. Assume on the
contrary that z,(t) > 0 for all ¢ > 0. By Lemma A.2(i), 2, (t) < ya(t), £,(t) < Ja(t)
as t € [0,h], and hence by Lemma A.2(i), z,(t) < 2,(t) as t > h. However, z,(t)
becomes negative for large ¢, and so does x,. Furthermore, we obtain that x(t)
vanishes at some point t; < ¢,, where t, denotes the positive zero of z,(t). The same
argument provides the upper bound |z, (t)| < z4(t,) in the interval (0,¢1).

Step 2. We intend now to estimate |&,(¢1)|. Change sign of z, so that z,(t) < 0
as t € (0,¢1). Let ¢’ = max{t € (0,t1) | &,(t) = 0}. Since |z, (t')] < 2z4(tq) < %, in
the interval [/, 1], we have

(A.15) Qi (t) = —Biy(t) + Fz,(t), ) £1 < —ip(t) +1,
which yields
ip(t) <1—e D/ <1 telt )

Furthermore, z,(t) is strongly increasing in [/, 1], and then we can choose it as a
variable and rewrite (A.15) in the form

dz, . 0<i <1 o) .
a—Liy i, <1 =5 L din g, < —zo(t).
dz, 0 11—,

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



214 E. SHUSTIN, L. FRIDMAN, E. FRIDMAN, AND F. CASTANOS

The latter formula turns into the relation for £(1/kg), when replacing “<” by “="
and —z,(t') by % Hence &, (t1) < £(1/ko).

Step 3. Observe now that (23) is equivalent to

¢ 1Y . 2e~ MM — 1
]{10 (1)\1 '
That is, z,(t — t1) satisfies the hypotheses of Lemma A.3, and one can proceed
inductively, proving the statements of the lemma for the whole interval [0, 0o).

A.2. Proof of Theorem 1. In the interval [0, + t¢(1/,)], We have x, ,(t) =
z,(t). Hence the conditions imposed on the set ®. C Cy[—h,0] and Lemmas A.2
and A.3 yield that |z, ,(t)] < % as t € [0,t.] and (2y,,)"1(0) N (0,¢.] # 0. Further-
more, for any t* € (xy,,) 1 (0) N (0, t.], we have |&, ,(t*)] < &(1/ko). Next we apply
Lemmas A.2 and A.3 to x,,, restricted to the interval [t.,t. +¢(1/k,)] and obtain that

|$u7¢(t)| < ZE(I/ko)(tf(l/ko)) ift e [tc, te + tf(l/kg)]a the set (l‘uﬁp)*l(())ﬂ(tc, tc+t§(1/k0)]
is nonempty, and, for any t* € (y.,,) 1 (0) N (te, tette(1 ko)) it holds that |dy, ,(t%)] <

E(Ze(1 /o) (te(1/k0)))-
In the interval [te 4 te(1 k), te + 2te(1/ky)], We have

Qi (t) = =By, + F(Tu,p(t), t) — p-signa, o (t — 7(1)).

The variable change ., ,(t) = p- ;cf},i,(t), t € [te +te(1/ko)s te + 2te(1/ko)], leads to the

equation

2
adix(l_) (t) = _ﬁi

1 .

Observe that the function F™M)(z,t) := %F(px,t) satisfies restrictions (2) and (5).
Put

(A.16) S$ = max ((sr:uﬁa)*l(O) N[0, t. + tg(l/ko)}) .

Assume, first, that s > t. +t¢(1/k,) — h. Then by Lemma A.2(i)
|Zu,p(te +te(1/k0))| < Yezea ng) (tea o) (e T+ te(i/ko) — 9),
|[Fu,p(te + te(1/k0))| S Ye(zeia/n) (teamg)) (e + (1 /ko) — S)-

Consequently, by Lemma A.1(i) and by the definition of p,

|$S,)¢(tc Fte ko))l < Ye ko) (te +te(i/ke) — )5

d .
T (te + te(uke)) | < Be/no) (te +te/ng) — 9);

that is, x&l)g,(t — te — te(1/ky)) satisfies the conditions of Lemmas A.2(i) and A.3 with
a = &(1/ko).
Now assume that s from (A.16) satisfies s < t. + t¢(1/x,) — h. Then by Lemma
A.2(ii)
|xu7<P(tC + tf(l/ko)” < 25(25(1/k0)(tg(l/ko)))(a)’

| (te + te(1/k0))| S ZeCeeiajug (tecr no) (@)
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for some o € [h,te(oe ) (teiyngy))]-  Comsequently, by Lemma A.1(i) and by the
definition of p,

28 (te + e )| < Zeuyne) (),

=

|9C1(Ll,)¢(tc +te/mo))| < ze(1/k0) (0),

1 .
and here h < o < be(zer ) (ber/mg))) < LE(1/ko)- Hence wg’zp(t —te —te(1/k,)) Satisfies
the conditions of Lemmas A.2(ii) and A.3 with a = £(1/ko).

Under both of the assumptions, Lemmas A.2 and A.3 yield that
[l (D] < Ze(umo) (teme))s  t € [t +te(a/moys te + 2leqa/no)]s

the set (a:S},L)*l(O) N (te 4+ te(1/kg), te + 2te(1/ky)] is nonempty, and

d *
‘dtx%(t )‘ < &(2e(1/k0) (Te(1/ko)))
as t* € (:Ei(},zo)*l(O) N (te +te(1/ko)s te + 2te(1/ko)]- These properties of xf}i,h
tet2tecr/ng)] coincide with the aforementioned properties of z,,,
one can proceed inductively, defining

tette(i/kg)
Thus,

[testette k)"

xu#,(t) = p”xq(fg)p(t), te [tc + ntg(l/ko), tc + (n + 1)t§(1/k0)]7 n = 2, 3, ey
and deriving

0L < 2e1/ko) (be1/ko))s T E [te + Ne(i ko) te + (0 + Dte(1/ry))-
The upper bound (29) follows immediately.

A.3. Proof of Theorem 2. In the interval [0,7(¢)], we have @, ,(t) = z1,,(t).
The conditions imposed on the set &, C Cy[—h,0] and Lemmas A.2 and A.3 yield
that |z,(t)] < % as t > 0 and that (z,,,)71(0) N (0,t5.] # 0.

Indeed, using (13) for the equation zs.(ts.) = 0, we obtain

2e MM 1 —§ —ac) Mitse < 1-6
Oé)\l()\l — )\2) k‘o ’
1 (1 =8)ari(A —A2) 1 (1 =6)(A — A2)
tse < — 1 =— log————== =T
S < A1 8 k0(26_>\1h —1-6— OéC)\l) A1 8 —Xog (6)

(cf. (33) and (35)). Furthermore, we have |&,(t*)| < &((1 — 6)/ko) for any t* €
(z,)71(0) N (0,T(¢)]. That means z,(T(c)) and @, (T (c)) satisfy the hypotheses of
Lemma A.2(i) or (ii) with a = &s(0s), os being defined by (17). Furthermore, using
(20) and (22), we obtain

a=E(os) = 1+4 (1- eft’ﬁ/a) - 8 (1_"5 . 05>

B a\ B
B/1+6 , 1-6 ,
(A.17) = a<%(1—e*95/a).
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In the interval [T'(¢), 2T (¢)), we have K (t) = ¢, and the variable change z,, ,(t) =
gz (t) leads to the equation
d2

a—azM(t) = —ﬂi

e dt:z:(l)(t) + By (2 (0),t) —signaM (£ — 7(2)), t e [T(e),2T(e)),

where Fy(z,t) := q~'F(qx,t) obeys restriction (5) and restriction (7) with § replaced
by & = 6/q. In view of (A.17) and by Lemma A.1(ii), z(*) (t) satisfies the conditions
of Lemma A.2 with F, é, a replaced, respectively, by Fi, 61, a; defined in (A.3).
Moreover,

(1—g)(eMh —eteh)
qa(dierth — \ger2h)

a 1 —q)(eMh — ereh 1+6
o, = )

< 1—e 90/
q  qa(Aerh — \yerah) qB (1-e )+

- 2e MM 1 —§lqg—e 2eMM_1-6 —¢

(A.18)

)

al oA

the first inequality following from (A.17) and the second one from (32). We obtain
also that
1— 61 q— 6

wo®) = qlzM @) < =
2w ()] = gla ()] < ¢ e

Relation (A.18) allows one to continue the procedure inductively by defining K (¢)
by (34) and the functions z(*)(¢), t > sT(e), by the formula z,, ,(t) = ¢*z(*)(t) for
s=1,...,m. Inequality (36) follows immediately.
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