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Complete type Lyapunov-Krasovskii functionals with a given cross term
in the time derivative

S. Mondié, V. L. Kharitonov and Omar Santos

Abstract— A general expression for the complete type
quadratic Lyapunov-Krasovskii functional with a given cross
term in the time derivative is presented. Some robust stability
conditions and exponential estimates are obtained.

I. INTRODUCTION

In [3] a modification of the quadratic Lyapunov-Krasovskii
functionals with a prescribed derivative has been proposed.
It has been shown there that for exponentially stable systems
the modified functional admits a quadratic lower bound. The
modified functionals were called of complete type if the
corresponding weight matrices in the given time derivative
are definite positive. The complete type functionals prove to
be useful in the robustness analysis of time delay systems,
see [3], as well as in the derivation of exponential estimates
for the solutions of the systems, see [4]. In this contribution
we enlarge the class of functionals by adding the functionals
whose time derivative includes a given cross term. Such an
extension is useful in improving both the robust stability
bounds and the exponential estimates obtained with the help
of the functionals.

The contribution is organized as follows: some results on
complete functionals with a given time derivative are recalled
in Section 2. Next, in section 3, the results are extended
to the case of functionals whose time derivative includes
also a cross term and some concluding remarks end the
contribution.

II. PREVIOUS RESULTS ON COMPLETE TYPE
FUNCTIONALS

The aim of this work is to construct the Lyapunov-
Krasovskii functional with a given time derivative that in-
cludes a cross term for an exponentially stable linear time
delay system of the form

xX(t) =Aox(t)+A1x(t—h), t>0 (1)

where Ag, A] € R™", h > 0. We denote by x(z, ¢) the solution
of the system with a given initial function ¢(0), 6 € [—h,0].
By x;(¢) we denote the segment, {x(r+60,¢): 0 € [—h,0]},
of the solution. When the initial function is not important or
when it is evident from the context we will drop the argument
¢ in the above notations.
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Definition 1: System (1) is said to be exponentially stable
if there exist A > 0 and y > 1 such that for every solution
x(t, @) of system (1) with initial function @(0),0 € [—h,0]
the following condition holds

ket @)l < vl e ™ @)

Here ||¢||, denotes

loll,= sup [lo(Q)]-
Ce[—h,0]

The fundamental matrix [1] K(¢) of the system (1) is the
solution of the following matrix equation

d
EK(t) =K(t)Ao+K(t —h)A,
with the initial condition
K(0)=1, K(0)=0, 0¢€][-h,0].

As the system is exponentially stable the matrix
U(t,W) = / KT (OWK (1 + 1)d1 3)
0

is well defined for all T € R and every constant n X n matrix
W. The matrix U(t,W) plays for the time delay system
the same role as the classical Lyapunov matrices do for the
case of delay free systems. We call the matrix (3) Lyapunov
matrix associated with W, or simply Lyapunov matrix of
system (1).
It satisfies the following properties:
U(-t,W)=U"(z.W"), >0, @)
U'(t)=U(t)Ao+U(T—h)A;, T>0, (5)
ALUO,W)+UT (0,W)Ag+ATU (h,W)+UT (h,W)A| = —W.
(6)
The following statement provides an explicit expression
for quadratic functionals whose time derivative is a quadratic
form of the present state of the system.
Theorem 2: [2] Let system (1) be exponentially stable.

Given a symmetric matrix Wy. Then the time derivative of
the functional

vo (xi, Wo) = x" (1)U (0)x(r) ()
+2xT(t)LiU(—h—G)Alx(t-i-e)de (8)

0 0
+/h [/th(t+91)A1TUo(91 —0)A1x(t+6,)d0; | d6,
)
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where
= /OOOKT(t)WoK(ZJr T)dt, 1>0, (10)
along the solutions of system (1) is equal to
w = —x" ()Wox(t), t>0. (11)

As it has been shown in [3] the following modification of
the functional vy (x,,Wy) allows to include more terms in the
time derivative. Given symmetric matrices Wy, Wi, R, then the
time derivative of the functional

vi(x) = volx,,Wo+Wi+hRy)
+/ (t 4+ 0) [Wi + (h+ 0)R] x(t + 6)d6
(12)
along the solutions of the system (1) is equal to
d
% = —x(t)Wox(t) — x(t — h) Wix(t — h)

0
—/ xT(t+0)Rx(t +6)d6,1 > 0.

—h
We say that the functional v (x;) is of complete type if the
matrices Wy, Wi, R are positive definite.

III. FUNCTIONALS WHOSE TIME DERIVATIVE INCLUDES
A GIVEN CROSS TERM

Although for any exponentially stable time delay system
the existence of complete type functionals with quadratic
lower bound introduced in [3] is guaranteed, a broader class
of functionals can be useful for achieving, for instance, better
exponential estimates or robustness margins.

We look now for functionals whose time derivative

dv(x;)
dt

=—w(x), >0,
is of the form

wx) = (xT(t) x!(t —h) )(AV:T/OZ ZWAII>

(e )*/jf

We assume that the matrix Z is symmetric and such that
Wo ZA;
ATz w
is positive definite. Observe that for Z = 0, the functional
v(x;) = vy(x;). It is clear that one only needs to complete

the functional (12) with a functional whose time derivative
along the solutions of system (1) is

—xT (1) ZAx(t — h) —x" (1

(t+ 0)Rx(t + 6)d6.
(13)

—we(xy) = —h)TAT Zx(r).

Due to the exponential stability of the system the additional
functional can be presented in the form

/ (t —h,@)AT Zx(1, )
0

+xT(t, ) ZA\x(t — h, @] )dt

Substituting under the integral Ajx(t —h) by x(t)
gives

— on(l)

wio2) = [[(i0)-a0.0) 2100
0
o7 (1,9)Z (x(1,9) — Aox(t, 9) ) di |

X (t,0)Zx(t, @)dt
- [0
0

—(0)Zp(0) —vo(9,ALZ +ZAy),

I
O\.S
S

(A§Z+2ZA0) x(t, @)dt

It follows that

VC((p,Z) =
or

ve(x,Z) = —xT (£)Zx(t) — vo(x,, AL Z 4 ZAy). (14)

Finally, we arrive at the following statement.
Theorem 3: Let system (1) be exponentially stable. Given
positive definite matrices Wy, W;, R and a symmetric

matrix Z such that
Wy ZA;
ATz w

is positive definite, then the time derivative of the functional
—x"(1)Zx(t) + vo (i, Wo + Wi — AT Z — ZAg + hR)
[ L O)RIx(+0)d8 (15)

along the solution of system (1) is equal to —w(x;),

dv(xy)
dt
Next, it is shown that the functional admits a quadratic
lower bound.
Lemma 4: Let system (1) be exponentially stable and let
symmetric matrices Wy, Wi, R and Z such that

Wo ZA;
AITZ Wi
is positive definite be given. Then there exists a constant

op > 0 such that along the solutions of the system the
functional (7) admits a quadratic lower bound of the form

v(x) =

(t+0)]

=—w(x),7>0.
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oo |[x(1)||* < v(x), 1 > 0. (16)
Proof: Let us define the functional
Pxr) = v(x) — o (1) (17)
Then do(x,)
7o —W(x;) (18)
where
W(x:) = w(x,) 4+ 207 (1) [Aox(t) +Arx(t — h)]
W) = (x(@) xT(t—h) )x
Wo ZA; x(t)
(A{Z 14 ) ( x(t—h) )
+/O (1 4+ 0)Rx(1 + 6)d6
—h
+20x(2) [Aox(t) +A1x(t — h)],
equivalently,
W) = (@) *T(e—h) )L(a) ( x(f(j)h) )
+/ (1 + 0)Rx( +0)d0.
where

Wo ZA; Ao+AT A

va= () e D).
Wo ZA
As the matrix L(0) = ATz W,
then there exists oy > 0 such that the matrix L(op) is
also positive definite. For oo = o, observe that w(x;) > 0.
Integrating the equality (18) along the solutions of the system
(1) one arrives at the conclusion that

()= | (i (@))dr > 0.

The last inequality ends the proof of the lemma. |
Remark 5: Let o be the first positive eigenvalue of the
Wo ZA;

matrix pencil
B Ag+AT A
L(B>_<A1TZ Wi >+°‘( AT 0 )

then the inequality (16) holds for all og € (0, oc*].

Next, it is shown that the functional admits an upper
bound.

Lemma 6: For some constant € > 0, the functional (15)
admits the following quadratic upper bound

) is positive definite,

0
s)ze{ 0P+ [ laro)Pae} o)
Proof: Let
v=max ||U(t,Wo+W) —AJZ—ZAo+hR)||, (20)

7€[0,h]

Using appropriate majorizations for each term of the
functional described by (15) and (7) leads to

W) < 00)~ZNO P v A [ 2x00x(+0)a0
+vh||A1H2/h||x(t+0)||2d6
0
(Wl +HIRI) [ [1x(e+ )]s
2 0 2
< Ml +na [ el +0)17d8 en
where
mo= U =Z|+hv]A
M= ViAWl + IR 22)

and the result holds for any € such that € > max{n;,n,}.

|

Remark 7: Using (19), and the fact that ||x(z)|| < ||x]],,

it follows straightforwardly that the functional (15) also
satisfies

vix,) < ol ;- (23)

IV. EXPONENTIAL BOUNDS

In this section, for a given initial function, we obtain an
exponential estimate of the form (2) of the solution of system
(1) based on the functional of complete type (15). First we
prove a preliminary result.

Lemma 8: Let system (1) be exponentially stable. Given
symmetric matrices Wy, Wi, R and Z, such that

< Wo ZA )

ATz w

is positive definite, then there exists a constant § > 0 such
that the functional w(x;) defined in (13) satisfies

2Bv(x) < w(x). (24)
Proof: Consider (21) and a lower bound for w(x,)
obtained as follows. Let

. [ W ZAy ,
.u—mln{lmm< A{Z W] )a/’me(R>}

wtx) 2 1 (IO + [ I+ 0)P o ).

Finally observe that if we choose f3 as

2B = mln{“ 'u}
m m

where 11 and 1, are defined in (22), then (24) is satisfied.

|

Theorem 9: Let system (1) be exponentially stable. Given
symmetric matrices Wy, Wi, R and Z such that

then

(25)
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Wo ZA;

ATz w
is positive definite, then for any initial condition ¢(0),6 €
[—h,0], the solution of system (1) satisfies the inequality

o _
||x(r,<p>|\s\/%‘n<puhe B 1>0

where o, oy are the constants defined by (16) and (23),
respectively, and f is defined in (25).
Proof: Observe that (24) implies that
d
dv(x) < —w(x) < =2Bv(x).
dt

Solving for v(x,) yields v(x;) < e *Pv(¢). Then, (16) and
(23) imply that

oo |lx(t, @)II* < v(x) < v(p)e P < ane gl

and the result follows from the first and last terms of these
inequalities. |

V. ROBUST STABILITY

In this section we show that the functional (15) can be used
to derive robust stability conditions. Consider the perturbed
system

¥(1) = (Ao +A0) y(t) + (A1 + A1) y(t —h),  (26)

where

1Ao]| < po, and [|A;]| < py 27)

and let the nominal system (1) be stable. Using the functional
(15) we want to derive conditions under which the perturbed
system (26) remains stable. Consider the derivative of v(y;)
along the trajectories of (26):

% = = 20— O)B(0)
dvo(y,Wo+W) —AJZ —ZAo + hR)
+ dt
X' (t+6)do)].

Making the change of variable s =¢4- 0 in the integral term,
calculating de derivative of vy along to the trajectories of
(26) and substituting the system (26) yields

dvcgi/r) = —w(y) +2[Aoy(t) + Apy(t — )] x

[=Zy(t) +U(0)y(r)
0
+ /_hU(—h—G)Aly(H—G)dB .

This expression can be rewritten as

R GO )(AW]T/OZ W )x

( y(f(i)h) ) —/_in(t+6)Ry(t+6)d6
+2[Aoy(r) +Ary(r — )] [~Zy(7)

0
+UO)(1) + [ U(=h=0)A1(i+0)d6).

Let agp = ||Ao|l, a1 = ||A1]|, z=|Z|| and consider (20), (27),
then

dv(yr) T T Wo ZA,
dr = _( y (t) y (t_h)) AITZ W] X
0
( 0O )— [+ )Ry +0)d6
0
tpiva (Hy’(r—h)!|2+ / h||y<r+e>||2d6)
0
eoovan (70 + [ Ive0)1Pae
+2y7(t) (zpo + pov) ¥(t)
+2y (1) (zp1 + p1v) y(t — h),
therefore
d
e (T e ) x
Wo—T11, ZA|—1%l, y(t)
ATz -Tol, Wi —T3l, y(t—h)
0
f/]yT(t+9)(R7F4In)y(t+9)d9
where
Iy = 2po(z+Vv)+pova (28)
I = pi(z+v) (29)
I = piva (30)
Iy = va(p1+po) a3

and we can write the following result.

Theorem 10: Let system 1 be exponentially stable. Then
the system (26) remains stable for all perturbations which
satisfy the conditions (27) if there exist positive definite

matrices
Wo ZA
( AlTZ W, ) and R
such that
W() — F]In ZAI - rzln
( A{Z—len Wi —Tal, > >0and R—T34l, >0

where I'j, I'5, I's and I'y are defined in (28), (29), (30) and
(31), respectively
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Example 11: Consider the stable system (1) with

0o 1 0 0
w5 G )= (5 )

introduced in [3]. For

(32)

13989 0 13980 0

o < 0 13989 > W ( 0 13989 )
1398 0

Z = < 0 027979 > and R=1b,

the matrix

Wo ZA;

ATz w
is positive definite. So, in order to construct the functional
given by (15), we calculate the matrix

W =Wy +W —AYZ —ZAo + IR,

—1.1191
W= < 49171 > '
Using the semianalytic procedure given in [5] based on the
solution of the system given by (4), (5) and (6) we determine

the matrix function U(7), 7 € [0,1] . The components of
the matrix U are shown in the next figure.

namely 3.7979
—1.1191

D

Figure 1: Components of the matrix U.

Then using the results of Theorem (9) it follows by direct
calculations that the solutions of the system (1) with Ag and
Aj defined in (32) satisfy

x(z, < 32.394 e 00 >,
[[x(z, @) oll,

Next, using the results of Theorem (10) we obtain that the
robust stability margins for the system (26) with Ay and A
defined in (32) are po = 0.016 and p; = 0.02. These bounds
for the perturbations are less conservative than those given
in [3].

VI. CONCLUDING REMARKS

The form of complete type functionals whose derivative
includes a cross term associated to any exponentially stable
linear time delay system is determined. Exponential esti-
mates and robustness conditions are given.
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