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Lyapunov functions for time varying systems satisfying
generalized conditions of Matrosov theorem

Frederic Mazenc and Dragan Nesi¢

Abstract— The classical Matrosov theorem concludes
uniform asymptotic stability of time varying systems via
a weak Lyapunov function (positive definite, decrescent,
with negative semi-definite derivative along solutions) and
another auxiliary function with derivative that is strictly
non-zero where the derivative of the Lyapunov function
is zero [10]. Recently, several generalizations of the
classical Matrosov theorem that use a finite number
of Lyapunov-like functions have been reported in [5].
None of these results provides a construction of a
strong Lyapunov function (positive definite, decrescent,
with negative definite derivative along solutions) that is
a very useful analysis and controller design tool for
nonlinear systems. Inspired by generalized Matrosov
conditions in [5], we provide a construction of a strong
Lyapunov function via an appropriate weak Lyapunov
function and a set of Lyapunov-like functions whose
derivatives along solutions of the system satisfy a par-
ticular triangular structure. Our results will be very
useful in a range of situations where strong Lyapunov
functions are needed, such as robustness analysis and
Lyapunov function based controller redesign.

Key words. Lyapunov functions, Matrosov Theorem,
Nonlinear, Stability, Time-Varying.

I. INTRODUCTION

Lyapunov second method is ubiquitous in stabil-
ity and robustness analysis of nonlinear systems. In
recent years, its different versions were used for
controller design, e.g. control Lyapunov functions,
nonlinear damping, backstepping, forwarding, and so
on [7], [11]. While it is often useful to obtain a strong
Lyapunov function (positive definite, decrescent, with
negative definite derivative along solutions) to analyze
robustness or redesign the given controller, it is often
the case that only a weak Lyapunov function (posi-
tive definite, decrescent, with semi-negative definite
derivative along solutions) can be constructed for
a problem at hand [1], [2], [3], [8], [9], [14]. For
example, controller design methods that are based on
the passivity property typically require the use of the
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La Salle invariance principle [8] which exploits weak
Lyapunov functions to conclude asymptotic stability.

The La Salle Theorem in its original form ap-
plies only to time-invariant systems. On the other
hand, the Matrosov Theorem [10] concludes uniform
asymptotic stability of time-varying systems via a
weak Lyapunov function and another auxiliary func-
tion with derivative that is strictly non-zero where
the derivative of the Lyapunov function is zero [10].
Different generalizations of the Matrosov theorem
that use an arbitrary number of auxiliary functions to
conclude uniform asymptotic stability have been re-
cently reported in the literature [5]. Moreover, results
in [5] make use of the recently proposed notion of
uniform § persistency of excitation (ud-PE condition)
[6] that allows to further relax the original Matrosov
conditions.

The proofs presented in [5], [10] do not provide a
construction of a strong Lyapunov function and they
conclude uniform asymptotic stability by considering
directly the behavior of the trajectories of the system.
Nevertheless, these results are extremely important in
applications since it is often too hard to construct a
strong Lyapunov function. The main purpose of this
paper is to construct strong Lyapunov functions using
appropriate generalized Matrosov conditions that are
inspired by main results in [5]. In particular, each
of our results assumes existence of an appropriate
weak Lyapunov function and a set of Lyapunov-
like functions, similar to [5], to provide an explicit
formula for constructing a strong Lyapunov function.
Moreover, our results parallel main results in [5]
and we present constructions that exploit the ud-
PE condition. We apply our results to construct a
strong Lyapunov function for time-varying systems
in cases when an appropriate weak Lyapunov function
is known and certain uniform observability conditions
are satisfied. When applied to time-invariant systems,
this result provides an alternative construction of a
strong Lyapunov function to the one presented in
[13]. A special case of our results also generalizes
the construction of a strong Lyapunov function given
in [12].

Constructions provided in this paper will be useful
in a range of situations when the knowledge of a
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strong Lyapunov function is useful, such as robustness
analysis and Lyapunov based controller redesign. In
particular, our results can be applied to non holonomic
systems and model reference adaptive control exam-
ples reported in [S]. This analysis is not presented in
this paper due to space constraints.

II. PRELIMINARIES

Unless otherwise stated, we assume throughout the
paper that the functions encountered are sufficiently
smooth. We often omit arguments of functions to
simplify the notations. A continuous function %k :
R>9 — R>¢ is said to be of class Ko if £(0) = 0
and k is increasing and unbounded. A function V :
R x R" — RP is said to be bounded uniformly in
t if there exists a@ € K, such that for all ¢ and x
we have |V (t,z)] < a(]z|). A continuous function
V : R" — Ry is positive semi-definite if V' (0) =0
and V' (z) > 0 for all 2 € R™. It is positive definite if
V(0) =0 and V(x) > 0 for all = # 0. It is negative
semi-definite (definite) if —V is positive semi-definite
(definite).

Consider the time varying system:

&= f(t,x) (D

with ¢t € R,z € R™. In order to simplify the notation,
we use the following notation:

oV oV
DV .= E(t,x) + %(t,x)f(t,x) )

where V' : R x R®" — R. We need the following
definition and assumptions:

Definition 2.1: Suppose that there exist functions
V :RxR" — Rzo, a1, 0,0y € Ks and as :
R™ — R such that for all x and all ¢ the following
holds:

ailla) € V(o) < aslls) @
DV < —as(x) 3)

ov

G| < e @

If the function a3 is positive semi-definite, then we
say that V' is a weak Lyapunov function for the system
(1). If, on the other hand, a3 is positive definite, then
V is referred to as a strong Lyapunov function for the
system (1).

Assumption 2.2: A weak Lyapunov function V; for
the system (1) is known.

Assumption 2.3: The following functions are
known: V; : R x R" — R, ¢ = 2,3,...,7, such that
Vi, % vy 7 (t, ) and ‘W -1 (t, ) are bounded uniformly in
t; posmve semi- deﬁmte functions IV; : RxR™ — Rxq
for i = 2,...,N; x; : RxR” x R"2 — R for
1=3,...,N, with x;(¢,2,0,0,...,0) = 0 such that

i and N; are bounded uniformly in ¢. Moreover, for
all t € R and all z € R™ we have:

DV, < —Ny=Y, &)
DVy < —Ny+xalt,z,Ys,Y3) =1Y) (7
DV] < _Nj+Xj(t7xa}/2aa}/3—1) :}/](8)

III. MAIN RESULTS

In this section, we establish main results of this
paper that are summarized in Theorem 3.1 and Corol-
laries 3.4 and 3.6. Each of these results provides a
construction of a strong Lyapunov function using an
existing weak Lyapunov function (Assumption 2.2), a
set of Lyapunov-like functions (Assumption 2.3) and
other appropriate conditions.

To state the first main result, we will suppose that
the system (1) admits the decomposition:

= fi(t,x) , 2 = fa(t, @) )

with 1 € R™, 29 € R™, ny; + ny = n. Note that
we allow for the cases when either ny = norng =n
that correspond to z; = = and x5 = x, respectively.
The main result of our paper is stated next:
Theorem 3.1: Consider the system (9) and suppose
that Assumptions 2.2 and 2.3 hold. Suppose also that
the following conditions hold:

C1. There exist a positive definite real-valued func-
tion w, and a nonnegative continuously differen-
tiable function M : R x R — R such that
M (t,z2) and %(t,l}g) are bounded uniformly
in ¢ and the following holds for all x and ¢

j
ZN’ (t,z) > w(|z1]) + M (¢, x2) (10)
=2

and

|f2(t7$>| SXf(ta$,}/27Y37"~73/}71) B (11)

where xf(t,2,0,...,0) =0 and x; is bounded
uniformly in .

C2. There exist a differentiable function 6 : Ryg —
R~ and a positive definite function v : R>¢ —
R such that for all (¢,z), we have:

t+0(|z2|)
/ M(s,x2)ds > y(|xa]) . (12)
t

Then, one can determine nonnegative functions p; and
a positive definite function § such that the following
function:

Zpl Vi(t,x))Vi(t, x)
+ P, iﬂ)) (lz2) AL, z2)

(13)
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with

¢ ¢
A(t,xe) = /te( ; </ M(l,xg)dl) ds (14)

is a strong Lyapunov function for system (9).

Remark 3.2: We note that a construction of the
functions p; and § in (13) is provided in the proofs
of our main results.

Remark 3.3: Conditions of Theorem 3.1 can be
regarded as generalized Matrosov theorem conditions
and they are directly related to conditions used in
[5, Theorem 1]. Indeed, our Assumption 2.2 corre-
sponds to [5, Assumption 1]. Our Assumption 2.3
corresponds to [5, Assumptions 2 and 3], and so
on. In particular, our condition C2 corresponds to
the so called wud-persistency of excitation condition
introduced in [6]. Note, however, that our conditions
are stronger in that we assume that we know all
the bounding functions since they are required in
construction of the strong Lyapunov function W. For
instance, we assume that we know the functions 6 and
v in the condition C2 of Theorem 3.1 whereas this
is not needed in main results of [5]. This is the main
difference between our conditions and those given in
[5]. A consequence of our stronger assumptions is that
we construct a strong Lyapunov function W, which
was not done in [5].

There are several important consequences of Theo-
rem 3.1 that we state next. The following corollary is
a direct consequence of Theorem 3.1 - it is a special
case of this theorem when z; = z in (16). It is
interesting in the sense that it provides with a family
of strong Lyapunov function for systems satisfying
the conditions of the classical Mastrosov theorem. In
this special case V3 is the weak Lyapunov function,
Vi = Vo and V3 is the auxiliary function from the
classical Matrosov theorem.

Corollary 3.4: Consider the system (1) and sup-
pose that Assumptions 2.2 and 2.3 hold and that
f(t,x) is bounded uniformly in ¢. Suppose also that:

J
Y Nit,z) > w(x)

=2

5)

where w(-) is a positive definite function. Then, one
can determine nonnegative functions p; such that the
following function:

W(t,x) =Y pi(Vi(t,2))Vi(t,z)  (16)

is a strong Lyapunov function for system (1).
The following corollary is devoted to the case where
x9 = x. In particular, we can state:

Corollary 3.5: Consider the system (9) and sup-
pose that Assumptions 2.2 and 2.3 hold. Suppose also

there exists a nonnegative continuously differentiable
function M : R x R®™ — R such that M(¢,x)
and %(t,x) are bounded uniformly in ¢ and the

following holds for all x and ¢

ZJ: Ni(t,z) > M(t,x)

=2

a7)

and
|f(t7x)‘ S Xf(t7x7Y27Y3a v

holds, where x (¢, x,0,...,0) = 0 and x is bounded
uniformly in ¢. Moreover, there exist a differentiable
function 8 : Ry — R-( and a positive definite
function v : R>9 — Rx( such that for all (¢,z),
we have:

Y1) (18)

t+0(|z|)
/ M(s,z)ds > ~(|z]) . (19)
t
Then, one can determine nonnegative functions p;,
i=1to j+ 1 and a positive definite function § such
that the following function:

W(tv .CE) = 25:1 pi(‘/l(t’ x))vz(tv I)+

t t
pinatta)s(el) [ ([ aragar)as
t—0(|z]) \Js 20)
is a strong Lyapunov function for system (9).
It is possible to strengthen the persistency condition
(19) and at the same time relax the condition (18)
to provide a similar Lyapunov function construction
that is presented in the next corollary. Observe that
the strong Lyapunov functions we obtain are given
by expressions slightly simpler that (13). Besides, this
corollary will be instrumental in establishing the result
of the next section.

Corollary 3.6: Consider the system (1) and sup-
pose that Assumptions 2.2 and 2.3 hold and that
f(t,x) is bounded uniformly in ¢. Suppose also that

J
> Nt ) > M(t, ) = p(t)u(x)

1=2

2y

where p is a positive definite function and p(t) is a
nonnegative function such that, for all ¢t € R,

t
/ Bl > pm
t

—T

p(t) < pm (22)

where 7 > 0,p,, > 0,pp > 0.
Then, one can determine nonnegative functions p;
such that the following function:

W(t,x) = S0, pi(Vi(t,2))Vilt, x)+

+pj+1(Vi(t, @) ( /t i ( / tp(l)dl> ds> (23)

is a strong Lyapunov function for system (1).
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IV. STRONG LYAPUNOV FUNCTIONS VIA UNIFORM
OBSERVABILITY

The result of this section is an extension of the
main result of [13] to time-varying systems. Similar
uniform observability conditions were used in [5,
Section 3.3] to conclude uniform asymptotic stability
of time-varying system. We apply Corollary 3.6 to
construct a strong Lyapunov function for this case:

Corollary 4.1: Consider the system (1). Assume
that f is a function bounded uniformly in ¢ and that
Assumption 2.2 holds. Let N > 2 be an integer and
let us assume that the functions

a(t,z) := DVi(t,x) <0 24)

and
b1 (t,x) := Da(t,x) , biy1(t,z) := Db;(x,t) , (25)
i = 2,...,N are bounded uniformly in ¢ and such

that for all (¢, x),

a(t,z) +bi(t,2)* +- - +bn(t2)* = (t)u(z) (26)
where u(x) is a positive definite function and p(t) is
nonnegative function such that (21) is satisfied. Then,
one can determine nonnegative functions p; such that
the strong Lyapunov function for system (1) has the
form (23), where

V2( ,iC) Vl(t LL’)
Va(t,x) := —a(t, z)by (¢, x) , (27)
Vi(t,z) := —=bi—3(t,x)b;—2(t,x) , Vi > 4 .
Proof. Observe that
DVz = —by(t,2)? — a(t,z) Dby (t, x) (28)
and, for all i € {4,..., N},
DV; = —b;_o(t,x)* — bi_3(t,2) Db;_o(t, z) . (29)
Let p(-) be a positive function such that
|Db;(t,x)| < p(Vi(t,x)), Vi > 1. (30)
Then the following inequalities, for all i € {4, ..., N},
DVs < —by(t,2)* + a(t, 2)p(Vi(t, x)) (31)

DV; < =bi o(t,x)* + [bi—s(t, x)|p(Vi(t, x)) (32)

hold. Hence, all conditions of Corollary 3.6 are satis-
fied and the result follows.

V. PROOFS OF MAIN RESULTS

The proof of main results is carried out by first
proving Corollary 3.4. Then, the proof of Theorem
3.1 is carried out by showing that under the given
conditions it is possible to construct a function
Vi1 such that the functions V3,. ..,V satisfy all
conditions of Corollary 3.4. Corollary 3.6 is proved
in a similar way. Due to space limitations, we only
give the proof of Corollary 3.4.

Proof of Corollary 3.4: We first outline the steps
in the proof. Using functions V;, i = 1,2,...,7, we

define
ZV (t,x)

and then recursively construct the functions:
Sj—i =Vi+Vimi+1—i(V1)Sj—ita
for:=0,1,2,...

S (t ) (33)

,J — 1. In particular, we construct

these functions to satisfy for any ¢ = 0,1,...,7 — 2
the following:
DS;_; < —wj_i(x (34)
j—i—1
Fj-i( Ni)pj—i(V1)
1=2
1Sj-il < oj-illz]) (35)

for some positive definite w;_;, positive function p;_;
and 0;_;,¢0;—; € Ko where we let Ny = 0. In
particular, this implies for all (¢, x) that

DS, <

< (36)
1S <

(37

—wa(x) ,

oa(l2]) -

Note that So is not necessarily a positive definite
function. Finally, using Lemma 1.1 we can choose
the function Iy so that W (¢, z) := S1(t, x) is a strong
Lyapunov function for the system.

First, using conditions in Assumption 2.3 and (15),
one can determine ¢ € K, and a positive function p
such that

DVy < —N, (38)
i—1

DV; < =Ni+ 6> Ni)p(V1) ,Vi=3,...,5 (39)
2

DSjy1 < ~w(@) + ¢ ZNk (V1) (40)

where Sj41 is the function defined in (33) and w
comes from (15). From Assumption 2.3 it follows that
there exists 0,41 € Ko such that for all (¢,z) we
have

1Sj+1(t, )| < oj4a(|z]) -
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Consider now
Si(t,x) = Vi(t,z)+V;(t,x) 41)
+;(Vi(t,2))Sj1(tz)  (42)

where [; is any function that satisfies for all (¢, ) #
(t,0) the following:

1 (Vat )| Smm{wlumn,M} @)

j(Va(t, 2)) < min{¢a(|2]),C(2)} ., (44)

w, ®, Nj, p come from (40), 1,92 € Ko are arbi-
trary and ¢ : R>o — R is such that for all (¢, )
we have!:
o1 ( w(;c)z )
C(a) < 2p(V1(t,2))

~ 20(2N;(t, 2)p(Va(t,z)
Note that Lemma 1.1 in the appendix guarantees that
such [; always exists. From Assumption 2.3 we know
that there exists ay € Ko such that |Va(t,x)| <
ag(|z|) for all (¢, z). Hence, for all (¢,2) we have:

155 (t, 2)| < as(|z]) + az(|z]) + Y2 (z])oj41(lz])

=:0;(|z))
Moreover, its derivative along the trajectories of (1)
satisfies
DS; = DVj+[l}(V1)Sj+1 +1]DVy 5)

+1;(V1)DS; 11 -
Note that (43) implies that I3 (Vi (¢, z))S;41(t, ) +
1 > 0 and since DV; < 0 and ¢(a + b) < ¢(2a) +
¢(2b) we can write:

DS; < DVj+1;(Vi)DSj1
< =N = L(Ww+ 6> Ne)p(Vh)
+;(V1)6(>_ Ni)p(Vi)
2 i1
< =N —Li(Vi)w+ 6> Ni)p(Vi)
i1 2
(2> Nip(Va)
2
+1;(V1)$(2N;)p(V1)

(46)
We distinguish between two cases. In the first case
we assume 2¢(2N;)p(V1) < w(z) and we obtain:

j—1

L(V)w + (3 Ni)p(Vh)
2

63" Np(h

Note that such a function always exists since N ; are uniformly
bounded and V7 satisfies conditions (2) of Definition 2.1. Moreover,
note that ¢ is not necessarily zero at zero.

DS; < —3
47

In the second case we assume that 2¢(2N;)p(V1) >
w(z) and then we get:

1, ( w(®)
N, > ¢!
) (20(‘/1)>
and therefore

DS; < %d,fl(g((%)fzj(vl)w(x)
I

(43)

(49)

With this choice and using (44) the inequality
j—1
z)+ 6> Ni)p(Va)
Jj—1 ’
23" M)
2

is obtained. Thus, according to (47) and (50), we have,
for all (¢,z) that:

DS; < —li(Vi)w(
(50)

DSj S 7%1]'(‘/1)(4}(1’)

L6 Y M)
’ 51)

Using properties of functions I, V1, ¢, p, there exist
a positive definite w;, positive function p; and ¢; €
Koo such that w;(z) < w(z) for all « and p;(s) >
p(s) and ¢(s) < ¢,(s) for all s > 0 such that for all
(t, ) we have:

j—1
DS; < —wji(@)+¢; (O N (Vi) . (52)
2
Therefore, we have
DV < —Nj, (53)
DV, < —Ni+¢j(Ne—1)pj(V1), (54
for K = 3,...,7 — 1. The inequalities (52) to (54)

have the same form as the inequalities (38) to (40). It
is clear that the construction of S;_; can be applied
repeatedly for ¢ = 1,2,...,7 — 2. That way, one can
construct the function So, a positive definite function
wy and o9 € K such that (36) and (37) hold. Using
Lemma 1.1, we can determine a positive definite
function /; such that (43) and (44) hold with j =1
and, moreover, [y (V1(t,z))|S2(t,x)] < Vi(t,z) for
all (¢, ). Then, the function

Sl(t7l') = 2V1(t,$) + ll(Vl(t, (E))Sz(t,x) (55)
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is a strong Lyapunov function for the system (1).
Indeed, for all (¢,x) we have that

ai(lz]) <
DS, <

S1(t,3?) < 3042(|33|)7
—wn (z) ,

where w; is some positive definite function and
ai,as € Ko come from Assumption 2.2. Finally,
since all derivatives of [; functions are bounded by
¥(|z|) where 1 € Ko and also all derivatives of
the functions V; are uniformly bounded, we have that
there exists &4 € Ko such that for all (¢, z)

25,
or
Note, moreover, that S; has the form given in (16)

where the functions p; are given by the following
formulae:

<t,x>| < au(lal) .

i—2 k
pi(s) = 24 J[hls),
k=0=0
k—2 j—1
pi(s) = [[hsels)+ JJl(s), (56)
t=0 t=0
for k = 2,3,...,7 and the functions l;,t = 1,2,...,j

were constructed above.

VI. CONCLUSION

We provided several constructions of strong Lya-
punov functions for time-varying systems that satisfy
generalized conditions of the Matrosov theorem. We
expect that our results will have significant implica-
tions in several areas of nonlinear control, especially
in the areas of tracking and adaptive control. We will
address these issues in our future work.
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APPENDIX

Lemma 1.1: Let w; : R® — Ry ¢ = 1,2 be two
positive definite functions; V : R x R™ — R>( and
1,72 of class Ko such that for all (¢,2) we have:

m(lz]) <Vt 2) <va(l2]) - (57)

Then, one can construct a real-valued function L of
class CN, where N > 1 is an integer, such that
L(0) = 0, L(s) > 0 for all s > 0 and for all (¢, )
we have:

L(V(t,2)) < wi(2)

1L/ (V(t,2))| < wa(z)
Proof. This easy and technical proof is omitted.

(58)
(59)
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