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Abstract

The present article gathers the analysis of non-asymptotic convergence rates (finite-time and fixed-time) with
the property of input-to-state stability. Theoretical tools to determine this joint property are presented for
the case where an explicit ISS Lyapunov function is known, and when it remains in implicit form (e.g. as a
solution of an algebraic equation). For the case of finite-time input-to-state stability, necessary and sufficient
conditions are given whereas for the fixed-time case only a sufficient condition is obtained. Academic examples
and numerical simulations support the obtained results.

1. Introduction

The study of stability and robustness of dynamical systems is at the center of control system theory; for
nonlinear systems the most general framework available to perform this study is Lyapunov analysis (LA) [1].
LA uses scalar functions that satisfy some differential properties in order to determine, for a system with
no inputs, if a trajectory that starts close to an equilibrium will remain close to this equilibrium (Lyapunov
stability). In the case of input systems, it allows to determine if for any initial condition and any bounded
input, the system’s state will remain bounded (input-to-state stability) [1, 2, 3].

The first works on input-to-state stability (ISS) were developed considering an asymptotic behavior of the
solutions [2], this is, that in the absence of inputs or perturbations, the system’s solutions tend asymptotically
to the equilibrium point. However, nonlinear systems may exhibit faster rates of convergence often called
non-asymptotic [4, 5, 6, 7]. In the case of finite-time stability, the system’s trajectories converge exactly
to zero in a finite amount of time [4]; in the case of fixed-time stability exact convergence to the origin
occurs in a maximum amount of time that is independent of the system’s initial state [8, 9, 10]. Non-
asymptotic convergence rates are a major feature in Sliding Mode Control [11, 12, 13, 14] and some further
developments in non-asymptotic convergence include a bound on the convergence time that is not only fixed
but also arbitrarily selected [15, 16, 17], a better control performance when initial conditions are far away
from the origin by separating low and high growing terms [18, 19] and finite-time stable controllers with
an enhancement of the domain of attraction for state-constrained systems [20]. Although systems with non-
asymptotic rates of convergence may exhibit numerical inconsistencies [21] or lose some of its properties under
discretization algorithms [22], recent advances in consistent discretization provide algorithms that overcome
these issues [23, 24].

To gather the properties of non-asymptotic stability and robustness with respect to exogenous inputs in
a single framework is useful not only for analysis purposes, but also to design controllers and observers.

In [25], a first set of results that gathers ISS with finite-time stability can be found; there, the authors show
that the existence of a finite-time ISS Lyapunov function implies the finite-time ISS property, however, this
implication only goes in one direction 4.e. a converse result is not obtained. One of the main contributions
of this article is to show that if an assumption about the continuity of the settling-time function is made, a
converse result can be obtained.

When studying non-asymptotic stable systems using LA, the differential inequalities that a Lyapunov
function satisfies are much more difficult to verify [26], and the proposition of a candidate Lyapunov function
becomes more intricate. In this regard, the implicit Lyapunov function approach has proved to be useful
[27, 28]. This approach, encapsulates the conditions that an implicitly defined Lyapunov function has to
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satisfy in order to assert finite-time or fixed-time stability. Thus, explicit knowledge of a Lyapunov function
is avoided and substituted by a set of conditions that an implicitly defined Lyapunov function has to satisfy.
This approach also allows to obtain convergence time estimates, which even if conservative, provide a rigorous
estimation of the maximum convergence time [27]. In the same line of thought, the benefits of the implicit
Lyapunov approach can be extended to the study of asymptotic and non-asymptotic ISS.

The contributions of this article, for which a preliminary version can be found in [29], can be summarized
as follows:

e A complete framework (with necessary and sufficient conditions) to study the finite-time ISS property
using Lyapunov analysis.

e A sufficient condition for fixed-time ISS stability.
e An extension of the explicit Lyapunov framework to the implicit approach.

e Alternative dissipativity-like formulations of the results. In some cases, this alternative formulation
involves more tractable terms, making the conditions easier to verify.

Proofs of all theorems, corollaries and propositions are presented in the appendix.
1.1. Notation
R denotes the set of real numbers, R, = {z € R: 2 > 0} and R>¢g = {z € R: 2 > 0}.

The notation DV (z)f(x) stands for the directional derivative of the continuously differentiable function V'
with respect to the vector field f evaluated at point z. If the function V is not continuously differentiable
at x, then DV () f(x) stands for the upper-right Dini derivative of V evaluated at .

For a continuous function p(x,y,...), O.p(x,y,...) represents the partial derivative of p with respect to x;
when the context allows no ambiguity the function arguments may be omitted, i.e. 9,p.

For a (Lebesgue) measurable function d : R>o — R™, we use [|d||z,,¢,) = €8s suDsepy, ¢ |d(¢)|| to define the
norm of d(t) in the interval [to, 1), then ||d||oc = ||d|[[0,4-0) and the set of essentially bounded and measurable
functions d(t) with the property ||d||o. < -+oc is further denoted as Lo ; Lp = {d € L : ||d||oc < D} for
any D > 0.

For any r € R, the notation [-]” is an abbreviation of | - |" sign(-).

2. Preliminaries

Consider the following nonlinear system

@(t) = f(x(t),d(t)), t =0, (1)

where z(t) € R™ is the state, d(t) € R™ is the input, d € Lo; f : R**™ — R" is continuous, ensures forward
existence of the system solutions, at least locally, and f(0,0) = 0. For an initial condition zy € R™ and an
input d € L, define the corresponding solution of (1) by X (¢, x¢,d) for any ¢ > 0 for which the solution
exists. Since (1) might not have unique solutions and in this work we are interested in the strong stability
notions only (satisfying for all solutions), then with a slight inexactness in the notation we will assume that
if a property is satisfied for all initial conditions in a set, then it implies that it also holds for all solutions
issued from those initial conditions.

2.1. Stability Rates

Following [1, 9, 30], let I' C R™ be an open connected set containing the origin.



Definition 1. The origin of the system (1), for d € Lp and D > 0, is said to be

uniformly Lyapunov stable if for any zo € I' and d € Lp the solution X (¢, x,d) is defined for all
t > 0, and for any € > 0 there is § > 0 such that for any zo € T, if ||zg|| < ¢ then || X (¢, zo,d)| < € for all
t > 0;

uniformly asymptotically stable if it is uniformly Lyapunov stable and for any x > 0 and € > 0 there
exists T'(k,€) > 0 such that for any o € I' and d € Lp, if ||zo|| < & then | X (¢, zo,d)|| < € for all t > T'(k, €);

finite-time stable if it is uniformly Lyapunov stable and finite-time converging from T, i.e. for
any o € I' and all d € Lp there exists some constant T' € R>¢ such that X (¢,z9,d) =0 for all ¢t > T. The
function T'(x¢) = inf{T > 0: X (t,29,d) =0Vt > T, Vd € Lp} is called the settling-time function of the
system (1);

fized-time stable if it is finite-time stable and sup,, cr To(zo) < 400.

The set T is called the domain of attraction and throughout the paper will be considered to be I' = R™.

2.2. Comparison Functions

A continuous function ¥ : R>9 — R>¢ is said to be a class-K function if it is strictly increasing with
¥(0) = 0; ¥ is a class-K« function if it is a class-K function and 9¥(s) — oo as s — oo. A continuous
function 8 : R x R>¢9 — R belongs to the class-KCL if §(-,t) € Ko for each fixed t € R>g, ((s,-) is
decreasing and lim;_, o B(s,t) = 0 for each fixed s € Rx.

2.3. Generalized Comparison Functions

In order to define the property of non-asymptotic ISS, conventional class-KCL functions are no longer
suitable, therefore, a generalization of these functions is proposed.

Definition 2. A continuous function 8 : R>oxRx>¢ — Rx¢ is a generalized class-KL function (GICL function)
if
i) the mapping s — 5(s,0) is a class-KC function;

i1) for each fixed s > 0 the mapping ¢ — S(s,t) is continuous, decreases to zero and there exists some
T(s) € [0,4+00) such that B(s,t) =0 for all ¢ >T(s).

Compared to KL functions, a GICL function has to be a IC function only for ¢ = 0 whereas a L function
has to be so for any fixed t > 0. Moreover, a GKCL function not only has to be continuous and decreasing for
each fixed s, but also has to converge to zero in a finite amount of time. Note that the definition of a GKL
function presented here differs from the one introduced in [25].

Asymptotic Input-to-state Stability.

Definition 3 ([3]). The system (1) is called input-to-state stable (ISS) if for any input d € L., and any
zo € R™ there exist some functions § € KL and ¥ € K such that

1 X (¢, 0, d)|| < B(llzoll, ) + I([dl]jo,)) VE = 0.
The function ¥ is called the nonlinear gain.

Non-Asymptotic Input-to-State Stability.

Definition 4. System (1) is said to be finite-time ISS (FTISS) if for all zp € R™ and d € L, each
solution X (t,zo,d) is defined for ¢ > 0 and satisfies

1X (&, o, )| < B([loll, ) + I([ld]loo), (2)

where 9 is a class-KC function and 8 is a class-GK.L function with B(r,t) = 0 when t > T (r) with T (r)

~

continuous with respect to  and T'(0) = 0. If, furthermore, sup,.cg., 1' (1) < +oo, the system (1) is said to
be fized-time ISS (FXISS). B



Figure 1: 3D plot of the function B(s,t) of Example 1.

Remark that indeed the key difference with respect to asymptotic ISS is that S is a GKL function and
that according to Definition 2 this implies the existence of the settling-time function 7". Remark also that
only the case of continuous T is considered.

Example 1. The trajectories of the input scalar system

satisfy, for all z,d € R, the inequality (2) with

2 1.3 . ~,

-1 <t< ~

B(s,t) = (5% — 5t)° 1f0_.t_T(s) , T(s):3s%, I(s) = 257,
0 otherwise

Since SB(s,0) = s is a class-K function, 8(s,t) = 0 for all ¢ > %(8) and for each fixed s, 8(s,t) is decreasing
(see Figure 1), 8 is a class-GKL function and the system (3) is FTISS. Figure 1 also shows, in blue, the
projection of 8(s,0) on the s-3 axis. The white line on the ¢-s axis represents the settling-time curve t = 3s%.

The plot of the function 8 in Figure 1 helps to understand why class-GICL functions are needed to define
non-asymptotic ISS: by looking at the grid lines on the s axis, it is possible to notice that for any fixed t # 0,
B(s,t) is not a class-KC function since it equals to zero for multiple values of s. Hence, the FTISS property
cannot be defined using KL functions.

From the definition of FTISS, it follows that if system (1) is FTISS, for d = 0 it becomes finite-time
stable with some continuous settling-time function 7. Therefore, for FTISS systems, the existence of T(z)
implies that of %(x) and vice versa. Hence FTISS implies finite-time stability when d = 0, however, as the
next example shows, the converse is in general not true.

Example 2. The state of the system )
z=—(1+sind)[z]3 (4)

is bounded for each bounded input d € R. Moreover, for d = 0 the origin of (4) is FTS. However, for
d = 37/2, the origin is not even asymptotically stable and therefore not FTISS.

2.4. Asymptotic ISS Lyapunov functions

Definition 5 ([2]). A smooth function V' : R™ — Ry is called ISS Lyapunov function for system (1) if
for all x € R™ and all d € R™ there exist a1, as € K and x,y € K such that

ar(flzl]) < V(z) < ao(llzl), (5)
[zl = x(lldll) = DV (z) f(z,d) < =~(||z]})- (6)



Remark that, without loss of generality, one can assume that v € Ko, [31, Remark 4.1].

As the next lemma states, there exists an alternative definition of an ISS Lyapunov function that provides
a dissipativity like characterization, i.e., it includes a dissipation term that eventually vanishes, leaving only an
input-dependent term. Depending on the family and context of the systems under study, this representation
may be more relevant, ease the calculations or render the equations more tractable [3].

Lemma 1 ([2]). A smooth function V : R™ — R is an ISS Lyapunov function for (1) if and only if there
exist a1, a,0,( € Ko such that (5) holds and

DV (z)f(z,d) <(|d|]) — ¢(||zll), for allx € R™ and d € R™. (7)

The following theorem is the main result in ISS theory, it relates the existence of an ISS Lyapunov function
with the ISS property of a given system.

Theorem 1 ([2]). The system (1) is ISS if and only if it admits an 1SS Lyapunov function.

2.5. Implicit Lyapunov Functions

The implicit Lyapunov function approach combines the implicit function theorem with Lyapunov’s direct
method in order to determine the conditions that a function Q(V,z) has to satisfy in order to implicitly
define, through the solution of the equation Q(V,z) = 0, a Lyapunov function V.

Theorem 2 ([27]). If there exists a continuous function

Q:R, xR" - R,
(Viz) = Q(V,x)

satisfying the conditions

C1 Q is continuously differentiable on Ry x R™\{0};

C2 for any x € R™\{0} there exists V. € Ry : Q(V,z)=0;

C3 for Q= {(V,z) e R"™ : Q(V,z) = 0} we have ‘}g% V=0, li_>rf)1+ lz|| =0, lim V = +oc;

|2]]— oo

(V,z)eQ (l‘;,m)eﬂ (V,z)eQ
C4 —0co <y Q(V,z) <0 for Ve Ry and z € R"\{0};
C5 0,Q(V,z)f(z,0) <0 for all (V,z) € Q,

then the origin of (1) with d = 0 is globally uniformly asymptotically stable and the function Q(V,z) = 0
implicitly defines a Lyapunov function V(z) for (1).

Conditions C1 and C4 are required to satisfy the implicit function theorem. Conditions C2 and C3
ensure that Q(V,z) = 0 defines implicitly a unique, continuously differentiable, radially unbounded and
positive definite function V. The last condition not only implies that V satisfies the differential inequality
of Lyapunov’s direct method, it also determines the system’s convergence rate. Indeed, as shown in [27], if
conditions C1 and C4 hold and 9,Qf(z,0) < ¢;V*0yQ, where ¢; > 0 and a € [0, 1) the origin is finite-time
stable; if 3,Qf(z,0) < (c1V® + c2V?)dyQ, where ¢; and a are as before, co > 0 and b > 1, the origin is
fixed-time stable.

3. Finite-Time and Fixed-Time ISS Lyapunov Functions: Explicit Approach

3.1. Finite-Time ISS Lyapunov Functions

Definition 6. Consider a positive definite and radially unbounded C* function V : R™ — R>q. V is called
a finite-time ISS Lyapunov function for system (1) if there exist some x € K, ¢; > 0 and a € [0,1) such
that for all x € R™ and all d € R™

2| =x((ld]]) = DV () f(z,d) < —c2 [V (2)]". (8)



In [25], some sufficient conditions for finite-time ISS with continuous settling-time function are presented.
However converse results are not obtained. The following results show that if some assumptions on the
Lipschitz continuity of the system outside the origin and of the settling-time function are added, then a
converse result exists.

Assumption 1. Let on (R™\ {0}) x R™ the function f : R*™™ — R” be locally Lipschitz continuous and,
in addition, there exists a continuous function L : R>9 — R>¢ such that

| f(x,d) = f(=,0)] < L([|=[) ]|
for all x € R™ and d € R™.

Theorem 3. The system (1) is FTISS if it admits a finite-time ISS Lyapunov function. Conversely, if (1)
1s F'TISS with a locally Lipschitz continuous settling-time function and Assumption 1 is satisfied, then there
exists a finite-time 1SS Lyapunov function for it.

Regarding the settling-time estimate when perturbations are absent, the following corollary can be
straightforwardly obtained from previous results

Corollary 1. Assume that any of the conditions of Theorem 3 holds, then the settling-time function T
satisfies

T(z) < 1

< g V@I (9)

for d =0 and for all x € R.
Example 3 (1SS vs FTISS). Consider the input systems

, z,deR*~y€(0,1)

T = —x1 — T2 +dy .%"1:—|_£C1J7—$2+d1
212 . 3 9 22: . ¥
By = x1 — X5 + do &p = a1 — [22]7 + da

and the ISS Lyapunov function candidate V(z) = 3 (2} + 23). Note that

ot <af oy, o] +af < V2ot ad,
where Jensen’s inequality was used for the second relation, then we have
lz* =t +a3 < (af +23) + V2/af + 23
= a(a] +a3)

for the class Ko function a(s) = s + v/2s. Hence,

DV (@)f (. d)| < —af — a3+ 2|z||d] < —a(||z])) + 2(=|l||d]

where a(s) = a7 !(s?) = s? + 1 — /252 + 1. A direct analysis shows that
1
a(s) > 1 min{s?*, s*},
therefore,
1 .
]| < g min{[lz]*, |2]|*} = DV (@) f(z,d) < -

and the system is ISS.
Proceeding similarly for s, we have that

DV (z)f(z,d) 5 —lay |7 = Jao| T + 2 d

2

A

—lan [ = a2+ [lllld],
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Figure 2: Phase space diagram (left) and time plot (right) of a trajectory of the ISS system 3; with initial condition
z0 = (—2,2) and di(t) = d2(t) = 0.5sin(5t).The effect of the perturbation prevents the trajectories from reaching the origin,
however they remain confined in a vecinity of the origin.
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Figure 3: Phase space diagram (left) and time plot (right) of a trajectory of the FTISS system X5 with initial condition
zo = (—2,2) and di(t) = d2(t) = 0.5sin(5t). Compared to ISS, the trajectories of the FTISS system ¥ remain confined in a
smaller vicinity of the origin, which shows a better degree of robustness.

since
1+~

(m%—i—x%) 2 < |x1|1+’7+|$2|1+7
for all z1, x5 € R, then
DV () f(x,d)|s, < —|l=l|** + ||z|l]|d]

and for ||d|| < $|z[|” we obtain

=1 14~y
2

DV(@)f(wd)| | < —5lal "7 = 27 VF (1),

Then, according to Theorem 3, Y5 is an FTISS system. Figure 2 shows a trajectory of X; starting at
xo = (—2,2) with inputs dy(r) = do(t) = 0.5sin(5¢). Figure 3 shows a trajectory of ¥y starting at the
same initial condition and with the same inputs. It becomes noticeable that the trajectories of Yo are less
influenced by the disturbance d and that they remain contained in a smaller vicinity of the origin. Using
Corollary 1, the settling-time function for d; = dy = 0 can be estimated as

.
T(2) < gogya=y (@l +23) 2

8.2. Fized-Time ISS Lyapunov Functions
Definition 7. A function V' : R” — R>¢ as defined in Definition 6 that additionally satisfies

lz[|>x(ldl}) = DV (2) f(z,d) < —e1[V()]* = e2[V(2))* Yz € R",d € R™, (10)
where ¢ > 0 and b > 1, is called a fized-time ISS Lyapunov function.

Theorem 4. The system (1) is FXISS if it admits a fized-time ISS Lyapunov function.



Corollary 2. If the Theorem 4 holds and d = 0, then the settling-time function T satisfies

1 1 .
T(x)gcl(lfa)—’—@(bfl) Vo € R™. (11)

Note that this bound on the settling-time is independent of x. The lack of a converse result on FXISS
stems from the fact that a necessary conditions for fixed-time stability with continuous settling-time function
in autonomous systems is still an open problem [10]. In [10], we discussed a property called complete fixed-
time stability, for which converse results were obtained. Although these results may be extended for input
systems, this exceeds the scope of this article.

4. Finite-Time and Fixed-Time ISS Lyapunov Functions: Implicit Approach

This section introduces the tools to determine the FTISS and FXISS properties using the Implicit Lya-
punov approach. Let us insist on the fact that this approach allows to circumvent explicit knowledge of a
Lyapunov function V' and its derivative; instead, knowledge of an implicit function Q(V, z) and its derivative
is required. This new conditions on the function () may be more difficult to verify in the general case; how-
ever, as shown in Example 5, a combination with a suitable proposition of () can ease the calculations and
succeed in determining non-asymptotic ISS properties where the explicit approach fails to do so.

Definition 8. A continuous function @ : Ry x R™ — R is called an émplicit ISS Lyapunov function for
system (1) if it satisfies all conditions of Theorem 2 for d = 0 and
0:Q(V, x)

5" llall 2 x(ldl) = 5oy (@ =)

for all (V,z) € Q and all d € R™, with x,~v € K.
Theorem 5. System (1) is ISS if and only if there exists an implicit ISS Lyapunov function Q(V,x) for it.

4.1. Implicit Finite-Time and Fized-Time 1SS Lyapunov Functions
Definition 9. Consider a continuous function @ : R x R™ — R that satisfies all conditions of Theorem 2
for d = 0. @ is called an implicit finite-time ISS Lyapunov function for (1) if there exist some y € K,
¢1 >0 and a € [0,1) such that for all (V,z) € Q and all d € R™

ft 8IQ(V7 ‘T) a

> _— > .
O5" el 2x(dl) = 55 oy F@ D2 erV

Q is called an implicit fized-time 1SS Lyapunov Function for (1) if there exist some x € K, ¢1,¢2 > 0,
a €[0,1) and b > 1 such that for all (V,z) € Q and all d € R™

9:Q(V, )
8VQ(V7 JZ)

Theorem 6. System (1) is FTISS if there exists an implicit finite-time ISS Lyapunov function for it.
Conversely, if (1) is FTISS with a locally Lipschitz continuous settling-time function and Assumption 1 is
satisfied, then there exists an implicit finite-time ISS Lyapunov function for it. The settling-time estimate

for d =0 and for all xg € R™ satisfies T(xg) < ﬁ‘/o“ for some ¢1 > 0, where Vj € R>o : Q(Vp, zg) = 0.

C5™ ||z||>x(d|) = flz,d)>a Ve + VP,

Theorem 7. System (1) is FXISS if there exists an implicit fized-time ISS Lyapunov function for it.

Remark that since in the case of FXISS, the settling-time estimate is independent of the initial conditions,
the estimate (11) remains valid for the implicit approach.

Example 4. Consider the system
T = 7173 — I’% + I2d1 — I’dg + d1d2 (12)

and the following implicit ISS Lyapunov function candidate:

2

QV.w) = 5o — L. (13)



We have that % 2v2’ and that 8Q(VI) = &, hence

_0:Q(V.z) VB by g2,
8VQ(V7x)f(z’d)7 (=2 — a3 + 2°dy — xds + d1ds),

if 3|d1| < |z| and 3|ds| < 2% and since Q = 0= 1= % we have

0:Q(V,x)
s (@d) 2 §o' + jaf.

Then, according to Theorem 7 the functlon Q(V,z) defined by (13) is an 1mphclt fixed-time ISS Lyapunov
function for (12) with v(|z|) = 2a2* + a:s and x(d) = v=(d), v(r) = min{%, % } d = max{d;,ds} and
we conclude that the origin of (12) is FXISS Note that although in this example it is possible to obtain
an explicit expression for V', using the implicit framework this is no longer necessary and FXISS can be
determined using information about @ only.

Example 5. Consider the double integrator

& = Apzx + bu(x) + d, (14)
(01 (0 2
g = (0 0),1)_ (1>,deR ,
with the following control law
u(z) = —ki[21] 77 — kafz2]”, (15)

where kq, ke > 0 and v € (0,1).

In [32], instead of using an explicit Lyapunov function, finite-time stability of this system, for z € R™ and
d = 0, is proven by first considering the asymptotic stability of (14)-(15) when v = 1. In this case, the closed
loop system becomes linear and it is possible to propose a quadratic Lyapunov function

V(z) = 27 P, (16)

0,V (z)f(x,0) < 0 for all z € R?\{0} and for properly selected k = (k1,k2). Next the authors show
that {x : V(z) < 1} is strictly positively invariant under (14)-(15), for v sufficiently close to 1, and using
homogeneity arguments (see [32, Theorem 6.1]), global finite-time stability and ISS are obtained. In this
example we will show that it is possible to construct an implicit FT ISS Lyapunov function for (14)-(15),
provided that v is sufficiently close to 1.

Let us propose the following implicit Lyapunov function candidate':

Q(V,2) = 2" D.(V ") PD.(V V- 1, (17)

where P € R>*2 P > 0 and D, (V™) = (V;” V9T2 ), ry = 25—”,7"2 = % The function Q(V,z) is differen-
tiable for any (V,z) € Ry x R™\{0} and since P > 0 then

)‘min(P)H33||2 )‘maX(P)”x”Z

Vv V2-v ’

and there exist some V~,V*t € Ry such that Q(V~,z) < 0 < Q(V*,z) and some V € R, such that
Q(V,x) = 0. Hence conditions C1-C3 are fulfilled. Remark that for v = 1, the identity Q(V,z) = 0 defines

the quadratic Lyapunov function (16).
The derivative of @ w.r.t. V is given by

<SQV,z)+1< (18)

ovQ=-V12TD.(V V) (H,P+ PH,)D,(V ')z,

where H, = (%1 SZ ) Since H, = %Iz + 1;” (§9) where I is the identity matrix, H, — %IQ as v — 1 and

0 < PH, + H,P,

I The proposed implicit Lyapunov function is discussed in detail in [27, 33].



so that oy Q(V,z) < 0 for all (V,z) € Ry x R"\{0} and condition C4 is satisfied. Assuming additionally
that PH, + H,P < P and taking into account (from (17)) that Q(V,z) = 0 = 27 D,(%)PD,($)z = 1 we
obtain

—VL<avQ(V, ) < 0. (19)

Similarly, the derivative of @ along the trajectories of (14)-(15), denoted as 9,Qf, is given by
9.Qf = 23" D, (L)PD, (L) (Aoz + bu(z) + d).
Let us assume that the following condition holds for some p > 1:
AgS + SAY +bg +0"¢" + S + uly <0, (20)

where S = P~! and ¢ = kS~!. By adding and subtracting the term 2V*/227 D, (L) PD,(3)bkD, (), and
taking into account that D, (%)A¢D; (&) = V=D/2A45 and that D,()b = V= 2b, we obtain

v—1

0,Qf = (Z)TG(Z) + V= (2T Pbkj, — yT Py) + %Vl_Tusz,

where y = D,.(3)z, 2 = Dr(3)d, G =y — ([y1]77, [y2]*)" and

o= <V”21(P(Aobk)+(Ao —bk)"P + P) g ) (21)

P fiv“T”Iz

Since the Schur complement of (Pgl 9)© (Pal 0) is equivalent to the left hand side of (20) and Q(V,z) =
0 = TPy = 1, we have that

0.Qf < V= (24T Pbk, — 1) + %VlnydTpg(%)d'

Since g, — 0 and D%(%) — VI, as v — 1, there exists some v, sufficiently close to one, such that
mMax,., T py=1 yT Pbkg, < i < c¢1 < 1. Then

0,Q <~V T + Ly,

where cog =1 — ¢ > 0. From (19) we obtain

0,Q
ov@Q

flz,d) > VT T — 5V—1+1"T"de,

and from (18) we finally derive

0:Q
ov@

=]l = x(lldl]) = f@,d) > (e - Hy+a

where x(r) = (P
implicit Lyapunov function and from Theorem 6, the origin of (14)-(15) is FTISS for any v sufficiently close
to 1. Figure 4, shows the simulation plot of system (14) with the disturbance term d;(t) = da(t) = d(t),

where

)rv%rl and we recover the condition C5%. Thus, we conclude that Q(V, x) is a finite-time

d(t) = 0.2sin(10t)+ ! lft€[5_’6]. (22)
0 otherwise

This example focuses in showing that it is always possible to find v, sufficiently close to 1, such that (14)-(15)
is FTISS; note that from (21) it is clear that it is always possible to find some P, k such that (20) holds. In
a different scenario, if k£ and P are given, then it is possible to explicitly calculate the restrictions on v.
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t (seconds)

Figure 4: Simulation of system (14) for v = 0.8, initial conditions z(0) = (0.6, —0.6), k = (5,5) and in dotted green the

disturbance term d. It is possible to see that the trajectories remain in a small vecinity of the origin in spite of the
perturbation.

5. Dissipativity-like Formulation

Using the arguments of Lemma 1, it is possible to show that the following proposition is an equivalent
definition of an implicit finite-time ISS Lyapunov function.

Proposition 1. Suppose that there exists a continuous function @@ : Ry x R™ — R that satisfies conditions
C1-C4 of Theorem 2 for d =0 and

iss* 890@(‘/7 x)
Ta\ V") > _
Os" 2EE fw,d) 2 (el ~ (1)
for all (V,z) € Q and all d € R™, where §,( € Koo. Then (1) is ISS and Q(V, ) is an implicit ISS Lyapunov
function for (1).
With a mild modification of the proof of Theorem 6, we obtain the next proposition.

Proposition 2. Consider a continuous function @ : Ry xR™ — R that satisfies conditions C1-C4 for d = 0.
If there exist some § € Koo, 1 > 0 and a € [0,1) such that

C5"" T fad) 2 eav = a((d])
for all (V,z) € Q and all d € R™, then (1) is FTISS and Q(V,x) is an implicit finite-time 1SS Lyapunov
function for (1). If there exist some 6 € Koo, ¢1,¢2 >0, a €[0,1) and b > 1 such that

fx* azQ(V7 x)
O Qo)
for all (V,z) € Q and all d € R™, then (1) is FXISS and Q(V,x) is an implicit fized-time ISS Lyapunov
function for (1).

fl@,d) > Ve + eV —5(|d])

6. Conclusions

A theoretical framework, with necessary and sufficient conditions, for implicit ISS and implicit finite-time
ISS Lyapunov functions has been developed. For the implicit fixed-time ISS case, sufficient conditions were
provided and a possible direction to obtain a converse result was discussed.

All the proposed theorems and definitions allow to assert, with a single implicitly defined function, the
convergence type and the robustness, in an input-to-state sense, of a given nonlinear system. Also, with the
results presented, it is possible to obtain the convergence time to zero whenever the disturbances are absent.
In order to achieve these results, necessary and sufficient conditions for finite-time ISS explicit Lyapunov
functions were developed for the first time.

The implicit framework, being developed from Lyapunov’s direct method, also lacks a universal method-
ology to obtain implicit Lyapunov functions, however, as seen in Example 5, it can be used in systems where
no explicit LF is known, thus broadening the Lyapunov analysis tools.

To derive nonlinear gains from a given implicit Lyapunov function is proposed as a future research topic.
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7. Appendix

Proof of Theorem 3.
Sufficiency. If there exists a finite-time ISS Lyapunov function for (1), then we have that ||| > x(||d||)
implies that

DV (2)f(x,d) < —ar[V(2)]* (23)

and from Definition 5 we know that (5) holds.
I Let us define the set V = {z : V(2) > ag o x(||d||j0,))}. We have that for any z € V, as(||z|) > V(z) >
as o X(||d||s), which implies that ||z] > x(||d||) and by (23), R™\V is an invariant and attractive set. Then,
using the comparison lemma and direct integration, it is straightforward to obtain a class-GICL function
B(r,t) such that

1X (8,0, )| < Blkzoll,¢) while X (¢, z0,d) € V. (24)

where 3(r,t) = 0Vt >T(r) and T(r) is a continuous function for all » € R™.
ITIf x ¢ V then V(z) < az o x(||d][j0,00)) and therefore [|z|| < 9(]|d[|[0,o0)), Where ¥ = a;toazoy. In
addition, R™\V is invariant so that

”X(ta o, d)” < 19(||dH[O,oo)) while X(tvxo’d) ¢ V’ (25)
IV Combining (24) and (25) gives
1 X (¢, 20, d)|| < B(l|zoll; ) + I(||dllj0,00)) VE =0,

and FTISS for (1) is obtained.

Necessity. This part of the proof has four main steps. First, using converse arguments, a Lyapunov function
V() is constructed that shows FTS of the unperturbed system (1). Second, it is shown that this Lyapunov
function V() is actually an FTISS Lyapunov function if ||z|| < p, for any p > 0 (with the asymptotic gain
dependent on p). Third, applying smoothing tools another ISS Lyapunov function W(z) is designed for
|z|| > 6 for any & € (0, p). Finally, a desired global FTISS Lyapunov function is constructed by uniting V'
and W.

I Since (1) is FTISS, when d = 0 there exists some T'(x) such that || X (¢,2,0)|| =0Vt > T(x). If T(x) is a
locally Lipschitz function, then by [4, Theorem 4.3] it is possible to define a function V(z) := T(ac)ﬁ7 with?
a € [0,1), satistying aq (||z]]) < V(z) < as(]|z]]) for some a1, as € Ko and such that

DV (z)f(z,0) < —ar[V(x)]" (26)

for some ¢; > 0 and for almost all z € R™.

IT (Case ||z|| < p). Since T'(x) is locally Lipschitz continuous, V(z) is also locally Lipschitz continuous and
H%—‘;H < k + n(|lz]|) for some £ € R>¢ and n € K. By Assumption 1, | f(z,d) — f(z,0)|| < L(J|z|)||d| for
some L : R>g — R>q. Thus

| DV () (f(z,d) = f(2,0))|| < (& +nllz) L[]
for all z € R™ and all d € R™. Let us define

4= gpllalhu where g(lol) =z o (27)

K+ 1(p))L(p)”

Then, for ||u|| <1 and some p > 0, it becomes clear that ||z|| < p implies

DV (@) (f (@, ep(llzlDu) — f(2,0)|| < 5[V ()]

From (27), it follows that [lul| < 1 implies that |z]| > ¢ '(||d||) and using the inequality (26) we have that
p > |lzll > ¢, (ld]]) implies
DV (x)f(x,d) < =5[V(x)].

2The reference [4] considers the interval a € (0,1) only, an extenstion of the same result for the interval a € [0,1) can be
found, for instantce, in [34].
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ITI (Case ||z|| > §). For any two constants L, > 0 and L, > 0 define the function

(Lav + Lalld][)(1 + supy, <, [1f (=, d)])
(Lzd + Lalld]|)(1 + supyg <5 | f(z, d)]) |

s (v, d) := min {1,

for some 6 € (0, p). Note that by design s is continuous, increasing, bounded by 1, equals to 1 when v = 9,
strictly positive outside of the origin and us(0,0) = 0. Define a vector field

f(z,d), if ||z > 6
,d) = . 7
e {Ma(llwlyd)f(x,d), if |lz]| <6

which is locally Lipschitz and continuous by construction. Indeed, the function f possesses this property
outside of the origin by the imposed hypothesis, and for ||z|| < § we have that

1fs (@, )| < llus(llzll, d) f (z, d)|

1+su s,d
_ If (z, d)| LA subpen WS DI
L+ supyjs <oy 1/ (s; )|
< = L Lgl||d
1+ supys <5 [1f (s, D)l
= L, Lalldl),
< .0+ Lald] (Ll + Lalldll)

so that fs is locally Lipschitz for all z € R”. Now let us consider the system
T = f5 (.’E, d),

where f5 is, as showed above, a locally Lipschitz continuous function and it is ISS since (1) has this property
(multiplication by a continuous strictly positive function ps does not influence the stability, it acts as a time
re-scaling). Consider now the following modified version of the system (1):

&= fs(z,d) = f(z,d) + Af,

where Af := f(z,d) — fs(z,d), and by construction ||z|| > § = Af = 0. Following the converse results on
existence of ISS Lyapunov functions, there exists a continuously differentiable, positive definite and radially
unbounded function W : Ry — Rxo, a3 € K« and o € K such that

lzll = o(lldl) = P52 f5(x,d) < —as(|l2]),
then due to the properties of the auxiliary perturbation Af:
[zl = max{d,o(||d]})} = DW(z)f(z,d) < —as(||z).
IV Let us define the function
V(@)= s(V(@)W(x) + (1= s(V(@)V(2),
where s : R>o — R>( satisfies

s(r) =

1 ifr > ag(p)
0 if’l“SOq((S)

and § = 6‘5—(:) > 0 for all 7 € (a1(0), a2(p)). Assume that V(z) < W(z) forallz € {z € R" : 1 (0) < V(z) <
as(p)} (both functions V(z) and W (zx) are continuous, positive definite and radially unbounded, then we
can adopt such a hypothesis without being restrictive, since multiplying W (z) by a constant we can always
assure its fulfillment), then we have that

DV (x)f(x,d) = s DW(2)f(z,d) + (1 - 5)DV(2) f(z,d) + 4 DV (2) f (,d)(W (z) - V(2)),

13



and gathering all the previous estimates, we arrive to
[zl = x([ldll) = DV () f(z,d) < —aa([lx]]), (28)

where x(r) := max{o(r), ¢, (r)} and as € K such that

Consequently, V is a finite-time ISS Lyapunov function for (1). O
Proof of Corollary 1. This corollary is an immediate consequence of Theorems 4.2 and 4.3 of [4]. O

Proof of Theorem 4. The proof follows closely the reasoning of the sufficiency proof of Theorem 3. Instead
of (26), the estimate
DV (2)f(z,d) < —a1[V(2)]* = co[V(2))°

is obtained. Then, from [9, Lemma 1] we know that the inequality (7) holds with B(r,t) =0 V¢ >T (r) and
that supreRN)T (r) < 4o00. Since the estimates (24) and (25) also hold in this case, we conclude FXISS of
the origin of (1). O

Proof of Corollary 2. This result follows directly from Lemma 1 in [9]. O

Proof of Theorem 5.

I Conditions C1, C2 and C4 of Theorem 2, and the implicit function theorem imply that the equation
Q(V,z) = 0 implicitly defines a unique function V' : R"\{0} — R, such that Q(V(z),z) = 0 for all
x € R™\{0}.

IT The function V is continuously differentiable outside the origin and 0,V = —35?;%2)) for Q(V,z) = 0,
z # 0. Condition C3 of Theorem 2 implies that the function V' can be continuously prolonged at the origin
(by setting V' (0) = 0) and that V' is positive definite and radially unbounded; therefore it can be bounded by

ar(flzl]) < V(z) < ao(ll2l)) (29)

where a1, g are Koo functions [1, Lemma 4.3]. Thus (5) holds.
ITI The derivative of V along the vector field (1) is given by

Dv(x)f(xvd) = Bfo(:c, d)
2:Q(V, z)

PRIV RARCE

and from condition C5™° we obtain
]l = x(lldl]) = DV (z)f(x,d) < —~([|=]),

for all (V,z) € Q. Therefore Q(V,z) = 0 implicitly defines an ISS Lyapunov function for system (1).
Consequently, according to Theorem 2, (1) is an ISS system.

Converse implication. If system (1) is an ISS system, then there exists an ISS Lyapunov function V:R" —

R>¢ for it (see Theorem 1). Then it is clear that the implicit ISS Lyapunov function Q(V,z) = @ -1
satisfying C1-C5™* also exists. O

Proof of Theorem 6.
Sufficiency. I As shown before, from conditions C1-C4 of Theorem 2, Q(V(z),z) = 0 implicitly defines a
unique, proper, positive definite function V(x) such that (29) holds and its derivative along (1) is given by

9.Q(V, x)

bv@)fle.d) = =5 0w 2

f(z,d). (30)
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IT From condition C5™ and (30) we have that ||z > x(||d||) implies that
DV (z)f(x,d) < —c[V(x)]*

so that () implicitly defines a finite-time ISS Lyapunov function. The result follows by applying Theorem 3.
Necessity. From Theorem 3, if (1) is FTISS, there exist a finite-time ISS Lyapunov function V. Then it is

straightforward to construct an implicit finite-time ISS Lyapunov Q, e.g. @ = % —1, that satisfies conditions
C1-C5™ hold. O

Proof of Theorem 7. By previous considerations and if condition C5™ holds, then for ||z|| > x(||d||)
DV () f(z,d) < —ar[V(2)]* = c2[V (2)]",

so that @ implicitly defines a fixed-time ISS Lyapunov function and from Theorem 4 we conclude that the
origin of (1) is FXISS. O

Proof of Proposition 1. The proof is a direct consequence of Theorem 5 and Lemma 1. O
Proof of Proposition 2. From C5™" and previous considerations we have that
DV (z)f(z,d) < 6(||dl]) — &[V(z)]".
by adding and subtracting 6V (z)?, with 6 € (0, k) we obtain
DV (z)f(z,d) < —(k = 0)[V(2)]* = 0]V (2)]* + &(||d]),
and by taking into account (29), it becomes clear that it is always possible to find some x € K such that
[zl = x(lldl]) = DV () f(z,d) < —c[V(z)]*
take, for instance, ¢ = x — 0 and x = a; ' o (%6)1/‘1. The fixed-time case can be dealt with by following the
same reasoning and repeating the arguments of the proof of Theorem 6. O
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