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1 | INTRODUCTION

The problem of regulation of a system to a desired set-point in a finite time can be solved using, for example, the methods
of finite-time stabilization (see, e.g., Reference 1 and references therein). Algorithms of finite-time regulation and stabi-
lization for linear systems are well-known since 1950s (see, e.g., References 2-8). The settling time to a set-point may be
uniformly bounded for all initial conditions (see, References 8-10). In Reference 11 such a property of finite-time stable
systems was called fixed-time stability.

Both time-independent (static) feedback laws (see, e.g., References 11 and 12) and time-dependent regulators (see,
e.g., References 13-15) are developed for fixed-time stabilization and regulation of LTI plants. For controllable systems,
the settling time can be tuned arbitrary small. This immediately follows from the definition of controllability. For a control
system topologically equivalent to the integrator chain, very simple schemes for tuning of the settling time are given, for
example, in References 13 and 16. The time-dependent feedback!? is designed such that the closed-loop system converges
to the origin exactly at a desired (prescribed) time T > 0 independently of the initial condition away from the origin. This
property is, obviously, more strong than simply a fixed-time stabilization in a prescribed time 7 > 0. In the latter case,
the system reaches the desired set-point no later than the time instant t = T. An assignment of the exact constant settling
time may be useful for certain control problems.!*!”

The time-dependent prescribed-time regulators are designed for various finite dimensional,!>'%!° and infinite dimen-
sional, 222 systems. Frequently (see, e.g., References 13 and 20), the prescribed-time regulator has the form of a linear
feedback with a time-dependent gain tending to infinity as the time tends to the prescribed time T > 0. This definitely
impacts the robustness properties of the closed-loop system despite that the closed-loop system satisfies the ISS*-like esti-
mates!® on the prescribed interval of time [0, T). In the delay-free case, the mentioned time-dependent controller rejects
matched additive disturbances of unknown magnitude,'® but it is very sensitive with respect to measurement noise.'>?*
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The main reason of such sensitivity is the time dependence of the feedback gain which, independently of the stabilization
error and the magnitude of the measurement noise, infinitely amplifies the noise as time tends to the prescribed time T.
To improve the robustness, a switching rule between time-dependent prescribed-time regulator and a static finite-time
(sliding mode) stabilizer has been suggested in Reference 15.

The fixed-time stabilizer presented in Reference 16 is a static (time-independent) nonlinear feedback, which can
be interpreted as a linear control with a state dependent feedback gain. This gain tends to infinity as the norm of
the stabilization error tends to zero. Such a control system admits a simple scheme for tuning of a required upper
bound of the stabilization time, but it does not allow us to assign an exact (prescribed) constant settling time for
all initial conditions (like for time-varying algorithm). Due to homogeneity, the static feedback controller is robust
(in the ISS sense) with respect to a rather large class of perturbations,®!>?> including measurement noise. Moreover,
comparing with the time-dependent stabilizer, it is expected to be less sensitive with respect to measurement noise
since the feedback gain (amplifying the noise) does not tend to infinity in this case (due to non-zero stabilization
error).

In this paper we design a global static feedback, which stabilizes the linear MIMO system such that the settling
time of the closed-loop system to zero equals exactly to a prescribed time T for all nonzero initial conditions. To the
best of authors’ knowledge, the static (time-independent) feedback laws solving the mentioned problem have never
been designed before, probably due to the following reason. The finite-time stability with a constant settling time
is impossible for continuous autonomous ODE (Ordinary Differential Equation), since the settling-time function of
any finite-time stable ODE is strictly decreasing along non-zero trajectories of the system in Prop. 2.4 in Reference
26. So, it cannot be a constant for all nonzero initial conditions. Therefore, the considered prescribed-time stabi-
lization problem is infeasible by a conventional static nonlinear feedback. Inspired by Reference 16, to overcome
this fundamental obstacle, we define the gain of a static (time-invariant) nonlinear feedback as a function of the ini-
tial state. Formally, in this case, the closed-loop system becomes a Functional Differential Equation (FDE), since its
right-hand side depends on both current and previous (more precisely, initial) values of the state vector. However, this
is a very particular class of FDE, since for any fixed initial condition, the FDE becomes an ODE and can be ana-
lyzed in the conventional way. Our design is essentially-based on an extension of homogeneity concept to such class
of FDEs.

Homogeneity is a dilation symmetry widely utilized,”32”3% for finite-time stabilization and stability analysis.
Any asymptotically stable homogeneous system of negative degree is finite-time stable. This paper extends the
homogeneity-based analysis to a particular class of FDEs, which can be treated as autonomous ODEs with right-hand
sides depended on the initial state. In this case, the vector field (the right-hand side of the FDE) may be homogeneous
with respect to dilation of both actual and initial state vectors. We show that, under certain conditions, the asymptoti-
cally stable homogeneous FDE is fixed-time stable with a constant settling-time function. This novel result extends the
existing knowledge about convergence rates of homogeneous systems.

In this paper, some novel static fixed-time controllers are designed for both delay-free and input delay LTI systems. In
Reference 34, the static fixed-time stabilizer (with nonconstant settling time) for the integrator chain has been designed
using transport PDE (Partial Differential Equation) as a model of the input delay and the back-stepping transforma-
tion.3>3 However, a similar PDE-based analysis seems impossible for our fixed-time stabilizer due to its discontinuity. In
the delay-free case, the analysis of the closed-loop dynamics is based on the Filippov’s theory of discontinuous differen-
tial equations.’ Its analog for PDEs with discontinuous controllers is not yet well-developed, despite of some interesting
recent contributions to this field.3® We extend the results obtained in the delay-free case to the input delay LTI system by
means of the Artstein’s transformation,> which allows both the stability and the robustness analysis of the closed-loop
system to be realized easily.

The paper is organized as follows. First, the problem statement is presented. Next, some preliminary remarks
about the particular class of homogeneous FDEs are given. After that, a fixed-time stabilizer with a prescribed
constant settling time is designed for LTI system. Finally, the numerical simulation examples and conclusions are
presented.

1.1 | Notation

R is the field of reals; Rg =R"\ {0}, where 0 is the zero element of a vector space (e.g., 0 € R" means that 0 is the zero
vector); || - || is a norm in R" (to be specified later); a function ¢ : [0, +o0) > [0, +c0) belongs to the class K if ¢ is strictly

85US017 SUOLLLIOD BAIERID 3|qedljdde ay Aq pausenob afe 9ol VO ‘88N JO'SajnJ o AXeiq1T 8Ul|UO A1 UO (SUOIPUOO-PUR-SLLBHWIOD" A3 | IMAfe.d) 18U |UO//SONY) SUORIPUOD pUe SWiia | 841 835 *[7202/T0/52] Uo Arigiauljuo AB|iM 1uioyied JO AisReAIUN AQ ZT2. 2U/200T 0T/I0p/wod A8 | M ARIq1 Ul juo//SAnY Wo.y papeojumod ‘0 ‘6€2T660T



POLYAKOV and KRSTIC 3
WILE Y—I—

increasing and ¢(0) =0; 0 € K* if 6 € K and o(s) > +00 as s —» +oo; the function g : [0, +o0) X [0, +0) > [0, +00)
belongs to the class KL if the function s — f(r,s) is decreasing to zero for any fixed r > 0, but the function r — f(r,s)
belongs to the class K for any fixed s > 0; the matrix norm for A € R™" is defined as [|A|| = sup, %; Amin(P) denote a
minimal eigenvalue of a symmetric matrix P = PT € R™"; P > 0 means that the symmetric matrix P is positive definite;
CH(Q1,Q,) denotes the set of continuously differentiable functions Q; C R" = Q, ¢ R™; L*(R, R¥) is the Lebesgue space
of measurable uniformly essentially bounded functions R + R¥ with the norm defined by the essential supremum, that

is, ||CI||L(',‘;J) = esSSupP.¢(, ) llg(z)|| for g € L® (R, R¥); Wb (', R?) = {¢p € L, R") : ¢p € LT, R")} is the Sobolev space

e. a.e. a.e.
of absolutely continuous functions I C R — R"; we write = (resp, < or €)if an identity (resp., inequality or inclusion)
holds almost everywhere.

2 | PROBLEM STATEMENT
Let us consider the system
x(t) = Ax(t) + Bu(t —7), t>0, x(0)=x € R", (1)

where x(t) € R" is the state variable, u(t — ) € R™ is the control signal, A € R™" and B € R™™ are known matrices, the
time shift > 0 models a delay of a transmission of the input signal to the plant. We restrict the class of admissible control
signals u € L®((—z, +00), R™), so the differential equation in (1) is assumed to be fulfilled almost everywhere. Notice
that u has to be defined on the time interval (—z, +o0) to guarantee the well-posedness of the system (1). The whole state
vector x(t) is assumed to be available (measured or estimated) for the control purposes. The pair {A, B} is assumed to be
controllable.

First, we study the delay-free case (z =0). For a given constant T >0, we need to design a nonlinear
feedback

u(t) = Kx(t),x)x(t), K e C'(RI xR",R™™"), (2)

such that the closed-loop system (1) and (2) is fixed-time stable with the constant settling time T > 0. This means that the
system is Lyapunov stable and x(t) = 0, Vt > T, Vx, € R", but x(t) # 0 for t € [0, T) if xo # 0. Therefore, any trajectory of
the system initiated away from the origin will reach the origin exactly at the time instant ¢t = T.

The second goal of the paper is to study the robustness (in the sense of ISS?3) of the closed-loop system with respect
to additive disturbances and measurement noise (for = = 0):

X(t) S Ax(t) + BRO(E) + qu(0), Xo + qo)0e(t) + qu(£) + qa(8), >0,  X(0) = xp, 3)

where g, € R"” models the measurement error of the initial state x(0) = Xy, g; € L*(R, R¥) is measurement noise of the
state x(t) for t > 0 and g, € L*(R, R¥) is the exogenous disturbance.

Finally, the third goal is to solve the above problems for the input delay system (1) with = > 0. In this case, the control
value generated at time ¢ affects the system in the future instant of time ¢ + z. Since the plant model (1) is valid only for
t > 0, the control signal u(t) can be generated based on the state measurements (similarly to (2)) only for ¢ > 0, but for
t € (—1,0) it has to be initialized as follows:

u@ = ¢@ for 6e€(-r,0), ¢e€L®(-7,0),R™), (@))

where, dependently of the control application, the initial control signal ¢ can be assumed to be uncertain or assigned
as needed for reaching the control goal. Due to the input delay, we restrict the desired settling time to T + 7. Below
we show that the problem of the fixed-time stabilization with a constant settling time T + ¢ is feasible only if the
control signal on (-7, 0) is initialized by the zero (¢ = 0). Notice that, for an arbitrary selected or unknown initial func-
tion ¢ # 0, the fixed-time stabilization with the prescribed time T + r remains possible. However, the constant value
of the settling time cannot be guaranteed anymore. The settling time can be just bounded by the prescribed constant
T + 7 in this case.
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3 | PRELIMINARIES
3.1 | Stability notions
Let us consider the system
x(t) = fee(t), x(ty)), t>to, x(th) =x €R", (5)

where x(t) is the system state and f : R"” x R"” — R" is locally bounded. On the one hand, the system (5) is well-posed,
since it can be rewritten in the form of the conventional ODE

{%_fajx t>to, x(to) = r(to) = Xo. (6)
r=0,

For simplicity, we assume that f € C(Rj x R", R"). However, the results presented in this section are also valid for dis-
continuous equations and inclusions studied in Reference 37. If f € C(Rj x R",IR") so this system (as well as the system
(5)) has classical (possible nonunique) solutions ¢ — (x(t), r(t)) on R x R" and Filippov solutions on Ry x R" provided
that f is locally bounded.

On the other hand, the differential equation (5) is not a dynamical system in the sense that its solutions do not satisfy
the so-called semi-group property.** Namely, if x(t, ty, Xo) with ¢ > to denotes a solution of the system (5) then, in the general
case, x(t, s, x(s, ty, Xo)) # x(t + s, tg, Xp), Where s > ty. So, the classical results of the stability theory (such as the Lyapunov
function method) cannot be directly applied to the system (5). However, the stability notions can be introduced in the
conventional way. Since, in this paper, we deal only with a global uniform stability, then, for shortness, we omit the words
“global uniform” when we discuss stability issues.

Definition 1 ((Reference 1)). The system (5) is said to be
« Lyapunov stable if there exists € € K such that
IOl < e(llXolD), V& >to, Vxo €R™ (7
« asymptotically stable if there exists f € KL
Ix()Il < Blixoll. t — o),  Vxo €R", V>t ®)

« finite-time stable if it is Lyapunov stable and the exists a locally bounded function T : R” ~ R, such that
for any xo € R" \ {0} it holds

x(H) =0, Vt>to+ T(x), 9

for any solution x(t) of (5) with x(ty) = xo, but x(t) # 0 for all ¢ € [0, T(x)), at least, for one solution x(t) of
(5) with x(ty) = xo;

« fixed-time stable if it is finite-time stable and there exists Tr.x > 0 such that
ATmax > 0 : T(xo) L Thax, X% € R"; (10)

The function T from the above definition is known as the settling time function®® and its value T(x) is referred to as
the settling time for the given initial state x,. In this paper, we study finite-time stable systems with constant settling-time
functions, that is, T(x,) = const for all x, # 0.

Let us consider the system

X(t) E Fo0). %0, (1)), > ty,  X(to) = xp € R, (11)
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where x(t) is the system state, g € L®(R, R¥) andf is a locally bounded measurable function such that the system (11)
has a Filippov solution®” for any x, € R", any fp, € R and any g € L®(R, R¥).

Definition 2 (Reference 23). A system is said to be ISS if there exist § € KL and y € K such that
kOl < Allall. e =t +7 (Iglhiz, ). Vxo €R™ Vixto, VqeL™RRY, ViR, (12)

where x is a state of the system at the time ¢ > #;, X, is the initial state and g is an exogenous input/perturbation.

In control theory, the ISS is frequently interpreted as a robustness of the system with respect to a perturbation, which is
modelled by an exogenous input q in the right-hand side. Since the right-hand side of (11) depends on the initial condition
then the behavior of the perturbed system on the infinite horizon could also depend on the initial state x,. Therefore, in
the case of the system (11), the function y in the ISS definition may depend on x, as well.

3.2 | Homogeneous systems
3.2.1 | Linear dilations

Let us recall that a family of operators d(s) : R" — R"” with s € R is a group if d(0)x = x, d(s)d(t)x = d(s + t)x, Vx €
R", Vs, t € R. A group d is

a. continuous if the mapping s — d(s)x is continuous, Vx € R";
b. linear if d(s) is a linear mapping (i.e., d(s) € R™"), Vs € R;
c. adilation in R" if lim infs , o ||d(s)x|| = +0c0 and lim sup,_, . [|d(s)x|| = 0, Vx # 0.

Any linear continuous group in R" admits the representation*!

el
d(s) = /% = Z—d seR, (13)
=

where G4 € R™" is a generator of d. A continuous linear group (13) is a dilation in R”" if and only if Gq is an anti-Hurwitz
matrix.3 In this paper we deal only with continuous linear dilations. The weighted dilation?’ is the most popular dilation
in control theory.3283! It corresponds to the linear dilation with a diagonal generator (i.e., Gq is a diagonal anti-Hurwitz
matrix). The standard (Euler) dilation is given by d(s) = €°I,,,s € R.

A dilation d in R" is

(i) monotone if the function s — ||d(s)x]| is strictly increasing, Vx # 0;
(ii) strictly monotone if 3f > 0 such that ||d(s)x|| < e®||x||, Vs < 0, Vx € R".

The monotonicity of the dilation guarantees the uniqueness of the homogeneous projection on the unit sphere,* that
is, for any x € Ry there exists a unique par (s, Xo) € R X S such that xo = d(so)x, where S = {x € R" : ||x|| = 1}. Below
we use this simple property in order to design the so-called canonical homogeneous norm.

Since for the linear continuous dilation we have %d(s) = Gd(s), s € R, then the following result is the straightforward
consequence of the existence of the quadratic Lyapunov function for an asymptotically stable LTI system.

Corollary 1. A linear continuous dilation in R" is strictly monotone with respect to the weighted Euclidean norm
lx|l = VxTPxwith 0 < P € R™" if and only if

PGg+GyP>0, P>0. (14)

This corollary implies that any continuous linear dilation in R" is monotone with respect to a properly selected
weighted Euclidean norm.
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3.2.2 | Canonical homogeneous norm

Any linear continuous and monotone dilation in a normed vector space introduces also an alternative norm topology
defined by the canonical homogeneous norm.33

Definition 3 (Canonical homogeneous norm). Let a linear dilation d in R" be continuous and monotone
with respect to a norm || - ||. A function || - ||q : R" — [0, +00) defined as follows: ||0]|q¢ = 0 and

[Ix|la = €, wheres, € R : [|[d(=s)x|| =1, x#0, (15)

is said to be a canonical d-homogeneous norm in R"

The function || - ||q introduced by the above definition is a norm in a vector space homeomorphic to R" (see,
Reference 33 Thm. 7.1). By construction, ||x|la =1 < ||x|| = 1. Due to the monotonicity of the dilation, it holds
lIxlla <1< [lx]| <1and |Ix[la > 1 < [Ix]| > 1.

For standard dilation d,(s) = €°I,, we, obviously, have ||x||q, = ||x||. In other cases, ||x||q with x # 0 is implicitly defined
by a nonlinear algebraic equation ||d(— In ||x]la)x|| = 1, which always have a unique solution due to monotonicity of the
dilation. In some particular cases,'® this implicit equation has explicit solution even for nonstandard dilations. The basic
properties (such as local Lipschitz continuity and differentiability) of the canonical homogeneous norm are characterized
by the following lemma.

Lemma 1. (Reference 33) If a linear continuous dilation d in R" is monotone with respect to a norm || - || then

(D |- la : R" — R, is single-valued and continuous on R";
(2) there exist 61,0, € Ko such that

o1(llxlla) < [Ixll < oa2(llxlla), VX €RY (16)

(3) || - |l is locally Lipschitz continuous on R" \ {0} provided that the linear dilation d is strictly monotone;
(4) || - |la is continuously differentiable on R" \ {0} provided that || - || is continuously differentiable on R" \ {0}
and d is strictly monotone.

Below we use the canonical homogeneous norm as Lyaounov function for fixed-time stability analysis. In this case, it
isimportant to know how to compute the derivative of || - ||4. For the d-homogeneous norm ||x||q induced by the weighted

Euclidean norm ||x|| = V/xT Px we have?

a||x x"d" (= 1In ||x||¢)Pd(—In ||x
l ”d:”x”d L (—Inixlla)Pd(=In [Ixlla) a7
ox xTd' (= In[lx|la)PGad(- In [|x]|a)x
3.2.3 | Homogeneous vector field

Below we study various systems being symmetric with respect to linear dilations. The dilation symmetry introduced by
the following definition is known as a generalized homogeneity.”-*7-28:33:42

Definition 4 ((Reference 42)). A vector field g : R" — R" is d-homogeneous of degree y € R if
g(d(s)x) = e**d(s)g(x), VseR, VxeR™ (18)

The homogeneity of a mapping is inherited by other mathematical objects induced by this mapping. In particular,
solutions of d-homogeneous system’

X=gx), t>0, x0)=x €R", (19)
are symmetric with respect to the dilation d in the following sense.”?742
x(t, d(s)x0) = d(s)x(e"t, Xo), (20)
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where x(-, z) denotes a solution of (19) with x(0) = z € R" and u € R is the homogeneity degree of g. The mentioned sym-
metry of solutions implies many useful properties of homogeneous system such as equivalence of local and global results.
For example, local asymptotic (Lyapunov or finite-time stability) is equivalent to global asymptotic (resp., Lyapunov or
finite-time) stability.

3.24 | Homogeneous FDE

It is well known,”#3#* that an asymptotically stable system (19) is finite-time stable provided that g is d-homogeneous

of negative degree. The following theorem shows that a homogeneous FDE (5) may be fixed-time stable with a constant
settling-time function.

Theorem 1. Let f € C(Ry X R",R") be locally bounded on R" X R" and the system
X=f@,r), t>0, x(0)=x, r#0, (21)
be asymptotically stable for any r € R|. Let d,, d; be linear dilations in R" such that
o foranyr € R" the vector field
x = fx, 1), (22)

is d;-homogeneous of negative degree u < 0;

« thevector field
<x> > <f o r)>, x,reR", (23)
r 0

&(s)=<d2(s) 0 ) sER. (24)
0 dys)

is d-homogeneous of degree 0, where

If the system (5) is Lyapunov stable then it is

« finite-time stable with a discontinuous (at least at 0) settling-time function T : R" ~ [0, 4+00);

« fixed-time stable provided that T is bounded on some compact set S C Ry such that | dy(s)S = R}, moreover,
seR
the settling time is a constant for all Xy # 0 if and only if T is constant on S.

Proof. On the one hand, since for any fixed r # 0 the system (21) is asymptotically stable then d,-homogeneity
with negative degree u < 0 implies its finite-time stability (see References 7 and 30), that is, there exists a
settling-time function T, : R" — R,. This means that Ty (x;) < +oo for any xy # 0. Hence, the Lyapunov sta-
bility of the system (5) implies its finite-time stability with the settling-time function T : R”" i [0, +c0) defined
as follows

T(xo) = Ty, (x0) for xo #0, (25)

and T(0) = 0.
On the other hand, d-homogeneity of the system (21) implies the following dilation symmetry of solutions

Xa,s)r(t, d2(8)X0) = da(s)xr(8, X0), >0, (26)
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where x;(t,z) denotes the solution of the system (21) with the initial condition x(0) = z and the vector of
parameters (in the right-hand side) 7 € R".

The discovered symmetry implies that the simultaneous scaling of xy and r by d,(s) in (21) does not change
the settling time of the corresponding solution:

T(da(5)x0) = Ta, sy, (d2()X0) = Ty, (X0) = T(xo). (27)

Therefore, the settling time function of the system (5) has a constant value along any homogeneous curve
Ta,(x0) = {x € R" : x = dy(s)xp,s € R}. In this case, T is always discontinuous at zero since T(0) = 0 and
T(xo) # 0 for x, # 0. However, taking into account User d2(9)S = Ry, a boundedness of T on the compact S
implies the uniform boundedness of T on R", that is, the system is fixed-time stable. Moreover, if T'(xy) = const
for all xy € S then, due to homogeneity, T(xy) = const for all x, € Ry n

The proven theorem discovers a novel property of a homogeneous system. Namely, a homogeneous system with a
right-hand side dependent of the initial condition may be globally fixed-time stable and the settling-time function may be
a constant (outside of the origin). In the case the classical ODE, a fixed-time stability is possible for locally homogeneous
system.®33

Below we design a feedback law u for the system (1) with = = 0 such that the closed-loop system satisfies the above
theorem for S = {x € R" : ||x|| = 1} and dy(s) = €°I,;,s € R.

4 | PRESCRIBED-TIME STABILIZATION BY STATIC HOMOGENEOUS
FEEDBACK
4.1 | Initial state-dependent homogeneous feedback

Inspired by Reference 16 let us consider the system (1) and define the homogeneous feedback as follows

X
[1%oll

u = Kox+ Kd(—1n T)d<— In

)x for xo #0, (28)
d

where Ky, K € R™" are feedback gains to be defined, d is a dilation in R", T > 0 is a prescribed settling time of the system,
[l - ]la is @ canonical homogeneous norm induced by a norm || - || in R” to be defined below. For x, = 0 we assign u = Kyx.

The key difference between the feedback (28) and the homogeneous controller studied in Reference 12 is the depen-
dence of the feedback gain of the initial state x; and the prescribed settling time T > 0. As in Reference 12 the linear term
Kox is selected such that the linear vector field x — (A + BKj)x is d-homogeneous. Moreover, d is constructed such that,
for any fixed xy, the right-hand side of the closed-loop system (1), (28) is d-homogeneous of degree y = —1. The closed-loop
system is standard homogeneous of degree 0 with respect to simultaneous scaling of x and xo by d,(s) = €°I,, s € R. There-
fore, in the view of Theorem 1, the asymptotic stability of the closed-loop system implies its fixed-time stability. Below we
prove, by the direct Lyapunov method, that the settling time of the system is equal to the constant T' > 0 for any initial
state x(0) = xp # 0. Since the feedback (28) is discontinuous at x = 0 (for x; # 0) then solutions of the closed-loop system
(1), (28) are defined in the sense of Filippov.’

The dependence of the control gain on the initial state of the system simplifies the fixed-time control design. This can
be easily illustrated in the scalar case. Indeed, let us consider the controllable system (1) with z =0and n=m = 1. In
this case, A € R, B € Ry, the linear dilation d in R is given by the standard dilation d(s) = e’ with s € R, so [|x||q = ||x|| =
|x| with x € R. According to Reference 12, to homogenize the system, the gain K, € R has to be selected as Ky = —%.
Therefore, for K = 1, the closed-loop system (1), (28) in the considered case has the form

|xo| x
=———, >0, x(0)=xp.
T ] (0) =xo
Hence, we derive |x(t)| = |xo| — Paly ag long as x(t) # 0 and x(t) — 0 as t — T independently of xy # 0. Therefore, the

T
controller (28) solves the problem of the fixed-time stabilization with the constant settling time T > 0 at least in the scalar

case. The stability analysis in the vector case is essentially based on the homogeneity theory.
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Lemma 2 (Well-posedness of delay-free control system). The feedback law (28) is locally bounded and for
any x # 0 it holds

u—>Kopx as xp—0. (29)

For any xy # 0, the closed-loop system (1), (28) has a global-in-time Filippov solution x : Ry — R" being
a unique classical solution as long as x(t) # 0. For xy =0, the closed-loop system has the unique zero
solution.

Proof. According to Filippov’s method,*” to define a solution of the closed-loop system, the discontinuous
feedback is regularized at x = 0 as follows

u € ||xl|Kd(—InT)B for x=0, (30)

where B = {x € R" : ||x|| <1} isthe unitball. The right-hand side of the closed-loop system (1), (28) becomes
a differential inclusion with an upper semi-continuous right-hand side, which is single-valued at x # 0 and
set-valued (compact- and convex-valued) at x = 0. In this case, the system has a Filippov solution (defined at
least locally in time) for any x, # 0 (see, Reference 37 for more details). Since, by definition of the canonical
homogeneous norm, we have ||d(—1n ||z||a)z|| = 1 then

llu — Kox|lgn < [IKA(=InT)]ln - lIxoll, (31)
where || - [|g» is @ norm in R™, || - || is a norm utilized for the definition of || - ||g and ||[Kd(—In T)||,, =
SUp)jy=1 |[Kd(—In T)x||g=. Moreover, since the canonical homogeneous norm || - ||4 is locally Lipschitz con-
tinuous on Ry then the right-hand side of the closed-loop system (1), (28) is locally Lipschitz continuous
away from the origin (x # 0). So, for any x, # 0, the closed-loop system has a classical solution x(¢),t > 0

defined uniquely as long as 0 < |[x(?)|| < +o0. Since the right-hand side of the closed-loop system satisfies
the estimate

lAx + Bull < ||A + BKoll - lIx|| + [[BKA(=1In T)|| - ||Ioll, (32)
with respect to ||x|| then, in the view of Winter’s theorem (see, e.g., Reference 45), the solution x(¢) is defined

globally in time (i.e., for all ¢ > 0). For x, = 0, the (regularized) closed-loop system becomes linear x = (A +
BKy)x, t > 0,x(0) = 0, so it has the unique zero solution. [

Notice that, in the view of the proven lemma, Lyapunov stability of the zero solution should imply the uniqueness of
all solutions of the closed-loop system.

Theorem 2 ((Homogeneous stabilization with constant settling time)). For any controllable pair {A, B} one
holds

(1) the linear algebraic equation
AGy—GyA+BYy =A, GoB=0, (33)
has a solution Yo € R™", G, € R™" such that
o the matrix
Ga = I, + uG, (34)

is anti-Hurwitz for u <1/, where n €N is a minimal number such that
rank[B, AB, ..., A" 1B] = n;
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o the matrix Gy — I, is invertible and the matrix

Ay =A+BYy(Gy—I,)7", (35)
satisfies the identity
AyGq = (Gq + ul,)Ay and GgB = B; (36)
(2) the linear algebraic system
AoX +XAJ +BY +Y BT + GaX + XG] =0, GaX+XG; >0, X=X'>0, (37)

always has a solution X € R™" Y € R™";
(3) the closed-loop system (1), (28) with T = 0, with

Ko=Yo(Go—1I,)"", K=YX, (38)

with the dilation d(s) = e°C4 and with the canonical homogeneous norm || - ||q induced by the formula (15)
using the weighted Euclidean norm

lIx|| = \/deT(— In )X-'d(-1n T)x, (39)

is fixed-time stable with the constant settling time T > 0;
(4) all solutions of the closed-loop system (1), (28) are unique.

Proof. The claims (1) and (2) are proven in Reference 12 For any constant r > 0, using the formula (17) we

derive
TaT(_ T_ -1q/(_ _ 3
e e T TGt A a0
The identity (36) implies that
Apd(s) = &fd(s)4y and d(s)B=¢°B, VseR. (41)
Hence, for the closed-loop system (1), (28) with xo # 0 we have
x| _ e_lnTdeT(— In ||x/[[xo]l|la)d" (= In T)X ' (Ao + BK)d(—In T)d(=In [|x/|}xo | lla)x (42)
defl Ixolllla xTd" (= In |lx/ Il ll)d" (= In T)X "1 Gad(~ In T)d(~In [|x/|1xo]l[la)x
Using (37) we derive

as long as x(t) # 0. For t = 0 and x(0) = Xy # 0 we have ||x(0)/|[x]||la = 1. Since the derivative of the function
t |Ix(@®)/]1xolllla is negative (for x(¢t) # 0) then ||x(¢)/||xo]||la < 1 for all ¢ > 0. This is equivalent to ||x(¢)|| <
[|%o]l, so the closed-loop system is Lyapunov stable. Moreover, the system is fixed-time stable such that x(t) = 0
fort > T and x(¢t) # 0forallt € [0, T) if xo # 0. Finally, by Lemma 2 any solution of the system unique as long
as x(t) # 0, but the proven Lyapunov stability guarantee the uniqueness of the solution after the reaching of
the origin. The proof is complete. [

By the proven theorem, for any controllable pair {4, B} the algebraic equations (34), (37) are feasible, and any
controllable linear plant can be stabilized to zero exactly in a prescribed time by means of the static homogeneous
feedback (28).

85US017 SUOLLLIOD BAIERID 3|qedljdde ay Aq pausenob afe 9ol VO ‘88N JO'SajnJ o AXeiq1T 8Ul|UO A1 UO (SUOIPUOO-PUR-SLLBHWIOD" A3 | IMAfe.d) 18U |UO//SONY) SUORIPUOD pUe SWiia | 841 835 *[7202/T0/52] Uo Arigiauljuo AB|iM 1uioyied JO AisReAIUN AQ ZT2. 2U/200T 0T/I0p/wod A8 | M ARIq1 Ul juo//SAnY Wo.y papeojumod ‘0 ‘6€2T660T



POLYAKOV and KRSTIC W] LEY 11
4.2 | Robust stabilization of the delay-free LTI system

If xp in (28) is replaced with a nonzero constant vector, then the corresponding closed-loop system (1) is homogeneous
and ISS (in the conventional sense??) with respect to measurement noise (in the view of results.?#) So, the obtained static
feedback has some ISS properties with respect to measurement noise, but the robustness (namely, the asymptotic gain y
in Definition 2) depends essentially on the initial state x,. Indeed, considering the term

>, 44)
d

as a state-dependent gain of the feedback u = K(x, xo)x we conclude that K — Kj as x, — 0. Since the matrix A + BKj is
nilpotent then the stability margin* of the matrix A + BK(x, x,) tends to zero as xo — 0. This badly impacts the robustness
of the system. For example, the delay-free closed-loop system (1), (28) with matched additive exogenous perturbation and
the zero initial condition has the form

X

K(x,x) = Ky + Kd(—In T)d(— In
[I%oll

X=(A+BKo)x+Bq(t), t>0, x(0)=x =0, g€&LR,RM. (45)

Since the matrix A + BKj is nilpotent and {A, B} is controllable then, for m = 1, this system is equivalent to the perturbed
integrator chain y™(¢) = q(t), which has unbounded solution for any arbitrary small positive perturbation gq.
To eliminate this drawback, we modify the feedback law (28) as follows

Uct(x,%9) = Kox + Kd(—In T)d<— In min {1, ol })x for xy #0, (46)
oll lla
with
Uet(X,0) = Ui (@) 1= (Ko + Kd(=InT))x for x,=0. 47)
Obviously, for x # 0, it holds
Uet(X, Xo) = Wiin(x) as  xo — 0. (48)

Since uct(x, Xo) = win(x) for [|x|| > [|xo]|, the above limit is uniform on any compact from Ry and ue € C(Rj x R", R™).
Such a modification of the controller allows us to improve the robustness of the feedback law (28) preserving all
stability properties of the closed-loop system.

Theorem 3. Let the parameters of the control (28) be defined as in Theorem 2. Then the closed-loop system (1),
(46) is fixed-time stable with the constant settling time T > 0 and it has a unique solutions for any x, € R". All
solutions of the perturbed closed-loop system:

X Z Ax+Bug(x + qi. X0+ qo) + g2, t>fo, X(k) =Xo, G =1(qo,q1,q2) € R" x L®(R, R") x L®(R,R"), (49)

admit the ISS-like estimate

[1%o]| ||Q1||Lf;)[) ||Q2||Lf;;[) ¢
Dl < + —t 1l | + — |+ S —— or + 0, 50
Il < [lx0 + qoll ﬁ<||x0+q0” 0) 7 o+ ol Y2 o+ ol Xo+qo # (50)

where f € KL and y1,y, € K are independent of x, and q, but dependent on T > 0. Moreover,

« there exist C; > 0 dependent of T > 0 such that

o+ aols( ) e and o + ol 2 ) et
o +qoll” 0 ORI oo + goll TG
as ||Ixo + qoll = 0, (51)

wherei=1,2and a = %ﬂmin(X‘lGd + GdTX‘l);
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« the system (49) is fixed-time stable with the settling time estimate Trax = :TTl for p > 1 provided that qo =
0,q1 =0,q, =By and
Amin(XH2GaX 2 + X12G X 71/2)

By(®)|| < , VteR. 52
1B (0] < lIxol T (52)

Proof. The identity ditllx(t)/ [Ixollla = —% proven in Theorem 2 holds also for the unperturbed closed-loop
system (1), (28) since ||x(¢)/||Xo||||la < 1 for all ¢ > 0. So, all conclusions of Theorem 2 remain valid.
Making the change of variables z = x/||Xo || with X, = Xp + go # 0 we derive

2% Az B(Ko (z+aqy) + KTd(— In min { e+ ar

o) @+ar) +a,

(53)
2(0) = Zo,
where g° = IIgc_lll’ q; = ”2—2”, Kr =Kd(-=1InT) and zy = ”i—‘)” The system (53) is homogeneous in the bi-limit®
0 0 0

(with the zero degree in co-limit and negative degree in 0-limit. The unperturbed system (53) as well as its
homogeneous approximations are globally asymptotically stable. This implies ISS with respect to q’f’ and q’zc" in
the view of the results.® Hence, we derive the estimate (50). By construction, the stabilizer u¢; (x + q1,%o + go)
tends (uniformly on compacts from R") to the linear feedback wj, (x + q1) = (Ko + K7)(x + q1) as xp + qo — 0.
Moreover, uq (X + q1,X%o + go) = Win(x + q1) for [|x + q1]| > ||x0 + qol| and

dllx|| ae. xTd" (= In X 'd(~In T)(AxX + g, + BKo + KX + q1)
dt 2]

a.e.
< —allxll + IBKo + Kn)qull + llgzll - if [+ qull = lIx%o0 + qoll.,

where the identity (37) and the homogeneous identities d(—In T)(A + BKy) = e""T(A + BKy)d(-In T),
d(-In T)B = e~ '"TB have been utilized to obtain the above estimate, and the norm || - || is defined as in
Theorem 2. Hence, the property (51) holds.

Finally, assuming qo = 0,q; = 0 and q, = By we derive gy = 0, q)lc‘) =0 and q;‘) = B—L-. In this case,

_r_
[l
repeating the proof of Theorem 2 we derive

1 Z2'd (- In|zlla)d" (- In HX'd(- In T)BL

d L.
@ T i el I X GadIn DA In Tl &0
Since ||d(—In ||z||a)z]| = 1 or, equivalently,
z'd"(~Inljzllyd" (- In DX ~'d(~In T)d(-In ||zlla)z = 1, (55)
then
U A s e FXGIXIT) Tt R
Taking into account ||z(0)||q4 = ’%Hd = 1 we derive z(t) = 0 for t > Tiax. [

The ISS-like estimate (50) and the property (51) highlight the specific continuous dependence of solutions of the
closed-loop system on exogenous perturbations and measurement noise: the closer the noisy measurement of the initial
state xo + qo to the origin, the closer is the ISS property of the nonlinear system (1), (46) to the ISS properties of the linear
system (1), (47).

For small initial conditions the robustness properties of the closed-system (1) with the non-linear feedback (46) are
close to the system with the linear feedback w;;,. However, the time-varying controller'® and the fixed-time controller??
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are known to be efficient in rejection of the matched additive disturbances. The estimate (52) shows that the static
prescribed-time controller (46) rejects the matched perturbation y of a magnitude proportional ||x]|.
The further modification of the obtained feedback law

X

Usxe (X, Xo) = Kox + Kd(—In T)d<— In min { 1, ‘ _
max{||xoll, 1}

})x for x, # 0, (57)
d

allows us to enlarge a class of matched perturbations to be rejected, but, in the disturbance-free case, it guarantees just the
fixed-time stabilization (see Definition 1) with the prescribed upper bound Tiax = T > 0 of the settling time. It is worth
stressing that the settling-time estimate is exact for ||xo|| > 1.

Theorem 4. Let the parameters of the control (28) be defined as in Theorem 2. The closed-loop system (1), (57)
is fixed-time stable such that the settling-time function admits the representation

it xoll > 1,

- T
T(x()) = (58)
Tlxolla if  [lxll < 1.

Moreover, the perturbed closed-loop system (49), (57) is

« ISS with respect to the additive measurement noise q; € L*(R, R") and additive exogenous perturbations
g2 € L*(R, R") such that

1ol
x(t)||] < max{1, ||xo + S E—1
[lx@)l {1, llIxo qOI|}<ﬂ<maX{1’”x0+q0”} )
”qllll‘ffoz) ||Q2||L(°;)[)
+y ' +7 - . (59)
'\ max{1, lIxo +qoll} /) **\ max{1, [lx0 + qoll}

forsome f € KL and 1,72 € Ko
« fixed-time stable with Tpax = ;TTl provided that p > 1,q, =0, q; = By,

Amin(X_l/ZGXm/z +X1/2GIX_1/2)
1By ()]l < max{1, ||xoll} 2T , VteR. (60)

X

——————— instead
max{L]lx,+qoll}

The proof of this theorem repeats the proof of Theorems 2 and 3 using the change of variables z =
X

= ol respectively.
0 0

ofz

4.3 | Predictor-based stabilization of input delay LTI plant

The so-called predictor-based approach,3>3%47-4% allows the delay-free control design ideas to be extended to input delay
systems. The fixed-time stabilizer for the linear generalized homogeneous plant (the integrator chain) with input-delay
has been proposed in Reference 34 based on the technique developed in References 35 and 49 which consist in the mod-
eling of the input delay using a transport PDE. The control design based on PDE models has one technical limitation:
the theory of PDEs is not supported with a well-established common methodology for analysis and design of control
systems with state-dependent discontinuities such as to Filippov’s method®’ for discontinuous ODEs and sliding mode
control system.*® Some ideas for possible expansion of the sliding mode (discontinuous) control methodology to infinite
dimensional system can be found in Reference 38. However, this technique is far to be universal, well-recognized and
easy-to-use. Since our controller (46) has the discontinuity at the origin, then the PDE-based design of fixed-time input
delay controller is expected to be complicated. However, for linear plants, the predictor-based control design can be easily
done using the well-known Artstein’s transformation®®:

0
y(t) = e x(t) + / e Bu(t + 6)do, t>0, (61)

T
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where 7 > 0is the input delay. The variable y is the so-called predictor variable, since it estimates the future state x(t + h) =
y(t) of the system (1). Notice that if u € L*((—7, +0), R™) then

t

. ae 4. i ‘
¥t = Ax(t) + dt(ef‘ /t

-7

e_A"Bu(a)d6> . (62)

t t
E AT (AX(D) + Bu(t — 7)) + Ae / e’ Bu(c)do + ™ dit / e Bu(c)do. (63)
t—1 -
t
A <e“fx(t) + e / e‘AvBu(a)da> + e""Bu(t — 1) + Me A Bu(t) — eMe A" Bu(t — 7). (64)
t—1

Therefore, the dynamics of the predictor variable is governed by the ODE

() S Ay(®) + Bu(t), £>0, 3(0)=yo, (65)

where y, = eA"x, + /_()Te‘A”d>(a)da and ¢ € L®((—7,0), R™) defines the control signal u (see (4)) on the time interval
[—7,0].

The Artstein’s transformation reduces the problem of a control design for the input delay system to the same problem
in the delay free case. By Theorem 3, the fixed-time stabilizer for the delay-free system (65) can be designed in the form
of the discontinuous feedback (46). Following the Filippov regularization technique (see Lemma 2) we define

a.e. ¢ ), if t 0,
u(®) € (), y0) := 4 VDY) 0 # 66)
ollKd(-InT)B if y(t) =0,

where u is given by (46) and B = {x € R" : ||x|| < 1} is the unit ball.

Lemma 3 (Well-posedness of the input delay control system). For any xo # 0 and any ¢ € L*((—7,0), R™),
there exists a tuple (x,y,u) € Wltf"(RJ,, R™) x W/lt‘f’(RJr, R™) X L (7, +00), R™) satisfying (1), (4), (66), (61).

Proof. By Lemma 2 the system (65) and (66) is well-posed and has a Filippov solutiony : R, — R". The Filip-
pov’s lemma®! about measurable selector guarantees that there exists a measurable function u € Ly (Ry,R™)
such that

{y’(t) = Ay(t) + Bu(t), -

u(t) € aa(y().y0),

Let us extend the signal u to the time interval (—z, +o0) using the initial condition (4). Applying the inverse
Artstein’s tranformation x(t) = e™4* (y(t) - /_Ore‘A" u(t + a)da)) we derive x(0) = x; and

t t
X(t) = 7 <y - d%(e““ / e‘A“Bu(a)d(y)) = AT <Ay(t) + Bu(t) — d%(ef“ / e_A"Bu(a)da>> = Ax(t) + Bu(t — 7).
t—7 t—7
Therefore, the constructed tuple (x,y, u) satisfies (1), (4), (66), (61). [

The following theorem proves that the closed-loop input-delay system is fixed-time stable with a constant settling time.

Theorem 5. Ifall parameters of the control (66) are defined as in Theorem 2 then any solution of the system (1)
with the control signal generated by the formulas (4), (66), (61) satisfies

x()=0, Vi>T+r, (68)

independently of xo € R". Moreover, if ¢ = 0 then the system (1), (4), (66), (61) is fixed-time stable (in the sense
of Definition 1) with the constant settling time T + 7 and x(t) # 0 for all t € [0, T + 7) provided that x, # 0.
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Proof. Let (x,y,u) € W PR+, R") X W (R, R") X Li? ([~7, +00), R™) satisfy (1), (4), (61), and (66). Then,

loc
due to Artstein’s transformation, y satisfies the following differential inclusion

J(O) € Ay + Bia(£).30). £20, Y(0)=yp. (69)

Since, by Theorem 3, the system is fixed-time stable with a constant settling time T > 0 and has the unique
solution:

yt)=0 forallt>T,

and y(t) # 0 for all ¢ € [0, T) and all y, € R{. Since y(t) = y(t) = 0,Vt > T then, in the view of the equation
(65), we have Bu(t) 0.t > T. Therefore,

a.e.
0 = Bu(t),

0 Vi>T = x()=0, Vi>T+r. (70)
0 = e*"x(t) + [e*?Bu(t + 0)do,

-7

The identity x(t) = y(t — ) holds for all t > 7, i.e., x(t) = 0,Vt > T + 7.

Moreover, if ¢ = 0 then y, = eA"xp and xp # 0 = yo # 0, so y(t) # 0 for all ¢ € [0, T) independently of x, €
Ry. To prove the constant convergence time, we just need to show that xo # 0 = x(¢) # 0 for all ¢ € [0, 7].
Suppose the contrary, that is, for some x, # 0 there exists t* € (0, z] such that

x(t*) = 0. (71)

0
On the one hand, since x(t*) = ™4~ (y(t*) — [eBu(t* + 0)d0> then

-7

"
N /eA(t*_G)Bu(O')da. (72)
0
On the other hand, since ¢ = 0 and y is satisfies (69), then, by Cauchy formula, we have
.
y(t*) = ey + / A=) Bu(o)do. (73)
0

Hence, we derive ¢4y, = 0, but this is possible if an only if y, = 0 (or, equivalently, x, = 0). We derive the
contradiction.

Finally, since the system (69) is Lyapunov stable then there exists @ € K such that |[y(t)|| < a(||yol]), V¢ > 0.
Taking into account

luee@. yo)llrn < (1Kol + IKd(=In D)) - (llyoll + lI¥ID- (74)
and using (61), we derive
0
@1l < lle=* lla(llyoll) +/ lle=|Ids - (IIKoll + IKd(=In T)I|) - (llyoll + @(lyol)- (75)
—h
Since yy = e47x, then there exists @ € K such that ||x(¢)|| < a(]|xo|]), V¢ > 0. The proof is complete. L]
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Notice that it is impossible to assign the constant settling time for all x; # 0 if ¢ # 0. Indeed, since the pair {A, B}
is controllable then /_()Te‘A‘)B¢(9)d0 # 0 for ¢ # 0. In this case, taking xo = —e™47 /_Ore‘A"BdJ(G)df) # 0 we derive that
the unique solution of the closed-loop system satisfies x(z) = yo = 0. Hence, x(¢) = 0 for all t > z. However, if xy =
—2e7A7 f_ore‘A"qu(O)de # 0 and x(r) # 0 for any fixed-time stabilizing controller. Therefore, at least, the two different
nonzero initial vectors x, # 0 corresponds two different settling times of the system to zero.

To analyze a robustness with respect to perturbations (such as measurement noise, additive disturbances, computa-
tional errors for the predictor variable, etc.) we consider the system

%) S Ax(0) + Bu(t — 1) + ¢>(0),
y(O) = e x(t) + [° e ABu(t + 0)do, t>0, x(0)=xo, (76)
() € fa((t) + q1(D,)(0) + o),

where u is given above, qo € R is the estimation error of the predictor’s initial state, g; € L*(R, R") models mea-
surement noise and computational errors of the predictor variable y, but g, € L*(R,R") is additive perturbations of
the plant.

Theorem 6. Under the conditions of Theorem 5 and ¢ = 0, any solution of the system (76), (4) satisfies the
1SS-like estimate

”eArXOH ||Q1||L(°Zm ”qZHLffOJ)
@)l < lle**xo + qoll /3<—,t—t tn|l ———— |+t —0———= ) (77)
*TIN Tl + ol ")) T et aoll )T\ Tl + goll
where f € KL and y1,y, € K are independent of xy, but depend on T > 0 and t > 0. Moreover, §, y1, y» satisfy
the property (51).

Proof. For ¢ = 0, the predictor dynamics is described by

{ P(O) = Ap(6) + Bu(t) + e47qx(t), t>0, p(0) = eAxq, o8)

u(t) € i (Y(t) + q1(0), €**x0 + qo).

The ISS of this system is studied in Theorem 3, where it is shown that there exist f© € KL, Y, y; € K such that

eyl

el S Nl le* qall,:

YOl < lle*x0 + goll ﬁy<—,t—t [ ) e e ] (79)
Y oM et + ol ) T et + qoll ) T2 | TleA o + qol

and 7, yf , yf satisfy the property (51). On the other hand, by Cauchy formula, we have

0 0

y() = eyt — 1) + / e YBu(t + 0)do + / e q,t+0)do, t>r, (80)

-7 -T

SO

0
H/ e Bu(t + 0)do| < lly®ll + IIeATII<|IY(t— Dl + ”qZHL("%[)THS%p]”eA0”>- (81)
-7 ’ €[0,7

> < (82)

lle 7| <2lly(t)ll +[le*| (Ily(t -l + IquIIL;;)Y”TeSl[})p]IIeAOII>>, vt (83)
(0,7

On the one hand, using the formula (61) we derive

0
/ e 2%Bu(t + 0)do

T

IOl < I|€_A’II<|Iy(l)II +
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On the other hand, since ||lu(®)|| < (JIKol| + |IKd(—In T)|D(ly®]l + lle*"xo + qoll), V¢ > O then, taking into
account ¢ = 0, by the Artstein’s transformation, we derive

()|l < [le™ | <||y(t>|| + C1lle*"xo + qoll + C> sl[lop]uy(a)u), vt € [0,7]. (84)
o€|0,t

for some Cy, C, > 0. Therefore, using (79) we derive that the ISS-like estimate (77) holds for ¢ > 0 under a
properly defined functions f € KL and y1,7, € K. u

The matched perturbation g, = By becomes mismatched for the predictor system (78), so it cannot be completely
rejected as it was done in the delay-free case. Therefore, in the input delay case, the robustness of the prescribed-time
stabilizers with respect to additive perturbations is proven only in the ISS-like sense.

5 | NUMERICAL EXAMPLE
5.1 | Prescribed-time stabilization of the harmonic oscillator in the delay-free case

As an example, let us design the prescribed-time stabilizer for the harmonic oscillator in the delay-free (z = 0) case

A=<0 1), B=<° ) 59
-1 0 1

The parameters of the prescribed-time stabilizer (46) are designed according to Theorem 2:

2 0 1 =2
K, = (10), Gd=< > K = (=5.5-3), X=< ) T=1. (86)
0 1 -2 55

The simulation has been done in MATLAB using the zero-order-hold method and the consistent discretization of the
homogeneous controller (46) realized in Homogeneous Control Systems Toolbox$ for MATLAB. The consistent discretiza-
tion (see Reference 25) allows the convergence rate (e.g., finite-time or fixed-time convergence) of the continuous-time
control system to be preserved in the case of the sampled-time implementation of the controller. The sampling period for
the simulation is & = 0.01. The simulation results show the prescribed-time convergence of the closed-loop system with
T = 1. Indeed, independently of the selected initial condition (see Figures 1 and 2) the state of the closed-loop system
converges to zero with the precision of the machine epsilon (~ 1071) at the time instant T = 1.01, which perfectly cor-
responds to the prescribed settling time T = 1 (up to the sampling period). The simulations have been done for various
initial conditions up to ||xo|| = 10°. The settling time remains equal to 1 (up to the sampling period k) in all simulation
and various h < T. Notice that the settling-time error T — T is proportional to the sampling period h for any real h > 0

2r 5 .
—
.
1
B < 0/\(
-1
-2 -5
0 0.5 1 1.5 2 0 0.5 1 1.5 2

FIGURE 1 Stabilization at the prescribed-time T = 1 for x, = (0.20)" and 7 = 0.
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FIGURE 2 Stabilization at the prescribed-time T = 1 for x, = (0.70)" and 7 = 0.
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FIGURE 4 The case of matched additive disturbance Bsin(5t) for x, = (0.70)" and 7 = 0.

(see Reference 25). So, to have a reasonable precision of the settling time in practice, the sampling period of the controller
must be essentially less than the required settling time.

To study robustness properties of the closed-loop system, the simulations have been done, first, for the system
with matched additive perturbation Bsin(5¢). As claimed in Theorem 3, such a perturbation cannot be rejected by the
prescribed-time controller (46) if the initial state is too small (see Figure 3). The larger initial condition, the larger
matched perturbation can be rejected (see Figure 4). However, according to Theorem (3), the settling time is increased
Tmax = Tﬁ, p > 1 in this case. The fixed-time stabilizer (57) rejects the considered matched perturbation for all initial
conditions.

The ISS with respect to noisy measurements is quite opposite to the case of ISS with respect to additive perturbations
in the sense that the smaller initial state X, the less sensitive closed-loop system with respect to measurement noise (see
Figures 5 and 6). The numerical simulations for this case have been done by adding a noise # of the magnitude 0.01 to the
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FIGURE 5 The case of noisey measurements for x, = (0.20)" and 7 = 0.
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FIGURE 6 The case of noisy measurements for x, = (0.70)" and = = 0.
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FIGURE 7 Stabilization at the prescribed-time T = 1.5 for x, = (0.20)" and the input delay 7 = 0.5.

state measurements X = x + . The noise is simulated by MATLAB as a uniformly distributed (pseudo-)random variable
n € [-0.01,0.01]. All state measurements (including the initial state x,) are corrupted by the noise.

5.2 | Prescribed-time stabilization of the input delay system
Let the model of the controller harmonic studied above have the input delay = = 0.5. In this case, the prescribed-time
feedback has to be calculated using the predictor variable y given by (61). To implement the method of consistent

discretization? to the system (65) and (66), the predictor variable has to be calculated exactly at the time instances

t=ih, i=0,1, ..., 87)
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FIGURE 8 Stabilization at the prescribed-time T = 1.5 for x, = (0.70)" and the input delay 7 = 0.5.
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FIGURE 9 The case of matched additive disturbance Bsin(5¢t) for x, = (0.20)" and the input delay = = 0.5.
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FIGURE 10 The case of matched additive disturbance Bsin(5t) for x, = (0.70)T and the input delay = = 0.5.

where h = 0.01 is the sampling period. Since the control signal is a piece-wise constant function with the sampling period
h = 0.01, the integral term in (61) admits the following exact representation

0 N
/ e Pu(t; + 0)do = Z(

T j=1

—(j-Dh N
/ e—A"de)u(t,- —jhy = Y AT M — My - jh), (88)
—J

. =
where N = % =50 and A~! = —A (for our model of the harmonic oscillator). Let the control for the predictor equation
(65) be designed as for the delay-free system considered above. Due to the input delay the control signal generated at the
time ¢ impacts on the system at the time instant ¢ + z. The control signal as well as the predictor variable converge to a
steady state (e.g., to zero) at the prescribed-time T = 1, but the expected settling time of the system is T+ z = 1.5. The
numerical simulations show this prescribed converge time (see Figures 7 and 8) for the closed-loop system.
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FIGURE 11 Comparison of time-varying (left) and static (right) controllers in the noise-free case.
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FIGURE 12 Comparison of time-varying (left) and static (right) controllers in the noisy case.

Notice that the matched additive perturbation Bsin(5¢t) of the original system becomes the mismatched additive
perturbation e4*Bsin(5¢) in the predictor equation (78). So, this perturbation cannot be rejected by the predictor-based
stabilizer and just ISS with respect the additive perturbations can be guaranteed (see Figures 9 and 10). The conclusions
about sensitivity with respect to measurement noise are the same as in the delay free case.

5.3 | Comparison time-varying and static feedback laws in the delay-free case

Inspired by Reference 13, we design the time-varying feedback (prescribed-time) regulator in the form

u(®) = (Ko + Kd(In u)x(0, ()= =, t€[0,7) (89)
where the matrices Ky, K and the linear continuous dilation d are defined as before (see the formula (86)). Such a feedback
steers the state of the system (1), (85) with = = 0 to zero in the prescribed time T > 0. In the disturbance-free case, both
regulators provide a good enough precision (see Figure 11). A small error of the time-varying algorithm in the delay-free
case is caused by the sampled-time implementation of the feedback law. The sampling period is as before h = 0.01. In
the case of the noisy measurements, the quality of the time-varying prescribed-time regulator degrades drastically (see
Figure 12). As before, the noise is simulated as a random variable uniformly distributed on [—0.01, 0.01]. The obtained
simulation results strongly support our claim that the static prescribed-time regulator is less sensitive with respect to the
measurement noise than the time-varying prescribed-time algorithm.

6 | CONCLUSIONS

In this paper, new fixed-time stabilizers are designed for LTI systems. The key feature of the new stabilizers is the depen-
dence of the feedback gain on the initial condition. This allows the settling time of the closed-loop to have a prescribed
constant settling time for all nonzero initial conditions. The obtained stabilizer does not have a time varying gain which
tends to infinity as time tends to the settling time. This essentially improves the robustness properties of the closed-loop
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system with respect to measurement noise comparing to well-known time-varying prescribed-time stabilizers (like Ref-
erence 13). The control laws are designed for both delay-free and input-delay cases. The theoretical results are illustrated
by numerical simulations.

The designed controller (46) steers the state of the system to zero exactly at the given instant of time T > 0 (indepen-
dently of nonzero initial state). This means that the closed-loop system with nonzero initial condition cannot reach the
origin before the desired instant of time ¢t = T. Such a problem statement may be motivated by a rendezvous problem,
where some object must meet an other object exactly at the given place and the given instant of time, while the reaching
of the meeting point before the given instant of time is prohibited. To the best of authors knowledge, the controller (46) is
the only static feedback solving such a problem of fixed-time stabilization with the exact constant settling time. This con-
troller is designed for linear MIMO plant and applicable to nonlinear system topologically equivalent to the linear one.
A similar method of the control gain scaling dependently of the initial state seems to be possible for other homogeneous
control systems. The rigorous study of this issue is the interesting problem for the future research.
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ENDNOTES

*ISS=Input-to-State Stability??

TA system x = g(x) is d-homogeneous if it is governed by a d-homogeneous vector field g.

*The stability margin of a Hurwitz matrix M € R™" is the maximum of real parts of eigenvalues of M.
$https://gitlab.inria.fr/polyakov/hcs-toolbox-for-matlab.
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