IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received April 17, 2022, accepted April 28, 2022, date of publication May 3, 2022, date of current version May 12, 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3172415

Divergence Method for Exponential Stability
Study of Autonomous Dynamical Systems

IGOR B. FURTAT *, (Senior Member, IEEE), AND PAVEL A. GUSHCHIN

Institute for Problems in Mechanical Engineering of the Russian Academy of Sciences (IPME RAS), 199178 St. Petersburg, Russia

Corresponding author: Igor B. Furtat (cainenash@mail.ru)

The results in Sections III and V were developed under support of Russian Science Foundation (grant no. 18-79-10104,
https://rscf.ru/en/project/18-79-10104/) in IPME RAS. The results in Sections IV were developed under support of Goszadanie no.
121112500298-6 [Unified State Information System for Accounting Research, Development and Technological Works for Civil Use

(EGISU NIOKTR)] in IPME RAS.

ABSTRACT The recent proposed divergence method is used for investigation of an exponential stability of
autonomous dynamical systems. New necessary conditions are derived by using Divergence theorem. Taking
into account the relation between gradient and divergence of the vector field, novel sufficient conditions
are obtained. These sufficient conditions are applied for design the state-feedback control laws ensuring
exponential stability of the closed-loop system. Examples illustrate the efficiency of the proposed methods.

INDEX TERMS Autonomous system, sufficient condition, divergence theorem, control, divergence of the

vector field, exponential stability.

I. INTRODUCTION

The paper is devoted to the development of divergence
method for stability study of dynamical systems. Interest
of this method is associated with its relationship to many
problems in physics and mechanics, in particular to processes
that are described by the continuity equation [1]-[4].

First results of stability study of dynamical systems by
using a divergence and flow of the vector field were pro-
posed in [S]-[8] for second order dynamical systems. These
results were improved in [9]-[13] for arbitrary order systems.
An overview of these and others corresponding methods is
described in more detail in [14]-[17]. Also, in [14]-[17]
new necessary and sufficient stability conditions were pro-
posed. Differently from [9]-[13] methods [14]-[17] allow
one to extend the class of investigated systems. Additionally,
in [14]-[17] the relation between necessary and sufficient
conditions as well as continuity equation in electromag-
netism, fluid dynamics, energy and heat, probability distri-
butions, and quantum mechanics is established. However, all
of these methods are proposed for investigation of stability or
asymptotic stability, but not exponential one.

There are many tasks where stability and asymptotic sta-
bility is not enough. For example, the exponentially stable
systems are more robust under parametric uncertainty and
external disturbances, than stable or asymptotically stable
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systems [18], [19]. Also, if continuous system is an exponen-
tially stable, then it remains stable under discrete control [20].
Currently, tasks with discrete controls are widespread, e.g.,
networked control [21]-[23], security control [24], event-
triggered control [25], [26], sampled-data control [27], etc.

Therefore, the main contribution of the present paper is a
generalization of results [14]—[17] to solution of the following
problems:

i) design new necessary and sufficient exponential stabil-
ity conditions;

ii) design new method of control law design ensuring
exponential stability of the closed-loop systems.

The paper is organized as follows. Section II describes
problem formulation. Section III proposes necessary and suf-
ficient exponential stability conditions. Section IV describes
application of the proposed results to linear systems.
Section V proposes methods for designing the state feedback
control laws. All proposed theoretical results are illustrated
by numerical examples. Finally, Section VI collects some
conclusions.

Notations. In the paper the superscript T stands for
matrix or vector transposition; R” denotes the n dimensional
Euclidean space with the vector norm |-|; R"*™ is the set of all

T
nxmreal matrices; V{W(x)} = [%, R % is a gradient
of the scalar function W(x); V - {h(x)} = % + ...+ % is

a divergence of the vector field h(x) = [h1(x), ..., hy(x)]7;
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int{Y} is the set of interior points in Y. We mean that the
equilibrium point is stable if it is Lyapunov stable [28].

Il. PROBLEM FORMULATION
In the paper we consider autonomous systems.
An autonomous systems (or time-invariant systems) are
described by autonomous differential equations which do not
explicitly depend on time, i.e.

x(t) = f(x(@)). ey

Here x = [x1,...,x,]7 is the state, f = [f1,...., [l
D — R”" is the continuously differentiable function in
D C R". The set D contains the origin and f(0) = 0. Assume
that the domain of attraction Dy of the equilibrium point
x = 0 coincides with the domain D. However, all obtained
results is valid if D4 C D or D4y = R".

Itis required to design new exponential stability conditions
in the divergence form. The proposed results will be obtained
by using resent methods [14]-[17].

Ill. STABILITY CONDITIONS

In [14]-[17] new necessary asymptotic stability conditions
were obtained. Now, we generalize these results for getting
new necessary exponential stability conditions.

Denote by T = {x € D : ux) = C,C > 0} and
V = Y Uint{Y}, as well as denote by ¥ = {x € D :
wlx)=C,C>0and V = Y Uint{Y}.

Theorem 1: If the equilibrium point x = 0 of (1) is an
exponentially stable, then there exists twice differentiable
function u(x) > O0inx € D\ {0}, u(0) > 0 and
[IV{ux)}| #0 for any x € D \ {0} such that one of the
following conditions holds:

(o) fy V- {1Vl 0 +a W*{,jfj)}lvwx)}]dv <o,
Gir) fo V- {1V 0l ) — o e Vi )

dv >0,
where o > 0.

Proof 1: Since the equilibrium point x = 0 of (1) is
an exponentially stable, then, according to [28, Corollary
3.4] and taking w(x) as Lyapunov function, the following
inequality holds

p(x) < —apu(x). (2

Considering j1(x) = V{u(x)}f (x), integrate (2) as follows

72 [V () + ap()]dT <0, 3)

By using Divergence theorem, rewrite (3) in the form (ir1).
Considering V{u~'(x)} = —u 2(x)V{u(x)}, rewrite (2)
as follows

Vi o () = apn™ (). )

Integrating (4), we have

f_ (Vi oo — an
Y
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_l(x)] dT > 0. (5)
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FIGURE 1. Phase portrait of (6).

By using Divergence theorem, rewrite (5) in the form (ii71).
Theorem 1 is proved.

Remark 1: The conditions (i71) and (ii71) are presented
in the integral forms. However, it can be rewritten in the
corresponding differential forms if

(ir) V- IVIROONS () + e V(o)) <0,
(i) V| IV O @) - o T @) 2 0.

[lustrate the result of Theorem 1 in the following example.
Example 1: Consider the system
X1 = —x1 — xlxg — x13,
Xy = —2xp — x2x12 — xg, 6)
with the equilibrium point (0, 0). The phase portrait of (6) is
shown in Fig. 1. Here and below, phase trajectory has its own

colour for appropriate initial point.
Investigate the equilibrium point of (6). Introduce

) = |x|*f, (7

where S is a positive integer. Calculate the following auxiliary
expressions:

Vi) = 28(f +x3)P 7,
Vin ')} = —2BG7 +x3) P,
IV{n()}] = 2B(f +x3)P 07,
Vi '@} = 28GF +x3)7F~ 0-5,

m(x) _ B— ()5
Wlago)] T W) = 6+

—1
|vwf(i)}|w @) =0 )T
V AIViR@}f ()} < =28 +x3)P 702
x[28+24+(28 + 3)(x1 +x2)]
VIV @) = 228G +x3) P03
x[28 — 2+Q2B—=3)x{ + x7)],
{ |v€£()>}| V{um}} = Q2B + D)2 +x3)F 03,
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: {#vw—lm}}
Vi~ 10}
= (28 — D7 +x3) P05,

Using the last relations,
and (ii71):

verify the conditions (ir1)

p(x)
\Y% —V
{I (OO () + ¥ ]| {n ()}}

< —(F +x)P03[4p% + 48 — 208 —

+2B(28 + 3)(x1 +x2)] <0 for « /;,E‘}ﬂ—:_ll)’
-1
—1 . no(x) -1
V. {IV{M O Cx) a—|V{,u*1(x)}|V{M (x)}}
> (xf +x3)P703[4% — 4B — 20B + o +2B(2B — 3)
4B —1)
X()Cl +x2)] >0 for $>2 and o < 2[3—_1

As a result, the equilibrium point x = 0 is an exponentially
stable.

In the next theorem we will introduce new auxiliary func-
tion £(x) that allows one to extend the class of investigated
systems in comparison with Theorem 1.

Theorem 2: If the equilibrium point x = 0 of (1) is an
exponentially stable, then there exists twice differentiable
function u(x) > 0 and differentiable function £(x) > 0 in
x € D\ {0}, u(0) = 0 and |V{u(x)}| # O forany x € D\ {0}
such that one of the following conditions holds:

(i) fy ¥ {0 0 + oG Vineot|av <0,

IV{M(X)}I2
(ir2) fy V- {67 00 ) — B SV (0 () |
dv >0,

where o > 0.

In particular, choosing &§(x) =
condition of Theorem 1.

Remark 2: The conditions (i77) and (iiT7) can be rewritten
in the corresponding differential forms if

|V{u(x)}|, we have the

(iR) V- VRO () + iy Vi) <
Gig2) V{1V N ) = @ it V(i 1<x>}zo.

Let us show in the following example, that Theorems 1
and 2 ensure only necessary conditions.

Example 2: Choose £(x) = 1 and u(x) = |x|?P.
Thus, V{u()} = 2B1xIP~%x, [V{u(0)| = 2B~ and
l0EC) V{u@x)} = 55 ﬂ Taking into account condition (ig;),

etk
no
Vo) s -0 <0,
Note, that the necessary stability condition [5]-[10] looks like
V-{fx)} <O.

The next theorem generalises the sufficient stability condi-
tion [14]-[17] to exponential one.

Theorem 3: Let u(x) be a positive definite continuously
differentiable function in D, « > 0 and x = 0 be an
equilibrium point of the system (1). If one of the following
inequalities
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(12) V- {p@)f ()} < —pu)lae — V- {f ()},
(ir2) V- (' ()f ()} = ap™ ' (x) and V - {f (1)} < 0,
(iiit2) V- {p@x)f (1)} < —ap(x) and V - {u~x0)f )} >
ap~!(x),
holds for x € D\ {0}, then x = 0 is an exponentially stable.
Proof 2: Consider each case (ir2)-(iiio) separately.
Rewrite inequality (i72) as follows

Vo A{u@)f ()} = V- {f (0)}ux) = —ap(x). ®)

Taking into account well-known relation [3]

Vi f(x) = V - Ap)f @)} = V- ff @), 9)

represent the left-hand side of (8) in the form (2),1i.e.,x = Ois
an exponentially stable.
From (ii7) we have

VA f )y = Ve ffen T o) = ap T (). (10)

Taking into account the first expression in (9), rewrite (10) as
follows

Vi 'O ) > apn (x).

Considering V{u ') = —u 2V{u@lfx),
we get (2).
From (iiit7), one gets

VA u@)f () — 12 x) V- (T @)f (0) < —20p(x)

or in the form

Vo Apu@)f 0} = V- {f () ux)
—12@) VAT Wf () + V- @)
< —2apu(x). (11)
Taking into account V{;L(x)}Tf(x) = —,u,z(x)V
(' @)f ()} + V - {f(x)}u(x) derived from (9), we get (2)
from (11). Theorem 3 is proved.

Example 3: Consider the system

x| = —x1+x2 —xlx% —xf’,

Xp = —Xx1 —xz—xlez—xg, (12)
with the equilibrium point (0, 0). The phase portrait of (12) is
shown in Fig. 2.

Investigate the equilibrium point of (12). According to
Theorem 3, introduce w(x) in the form (7). Calculate the
following auxiliary expressions:

V- {f(0)) = =2 — 4x} — 4x3, (13)

V{uf @)} = =280 + x%)ﬁ—l [x7 +x3

+2x1x2 + xl + xz]

22 4 2P (1 + 22 4 2x22) . (14)
= (7 +x) 7 [-2+28

+(28 — H(x} + x3)]. (15)

Taking into account (14), verify the condition (i72)

Vo Ar)f (0} < —[x*P[28 — (=2 — 4x] — 4x3)].

Vo w o)
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FIGURE 2. Phase portrait of (12).
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FIGURE 3. Phase portrait of (17).

Considering (13) and (15), verify the condition (iir7)

V-{f(0)} <0,
VoAuT @f @) = kTP [-2426] for f=2. (16)
Using (14), one gets V- {u(x)f (x)} < —2(B+ D(x? +x3)°.
Considering (16), the condition (iii7>) holds.
Example 4: Consider the system
X1 = —x1 + 0.5sin(xy),
X2 = —x2 + 0.5sin(xy), a7
with the equilibrium point (0, 0). The phase portrait of (17) is
shown in Fig. 3.

Introduce p(x) as in (7). Calculate the following expres-
sions

V- {fx)) = -2, (18)
Vo Au)f )} = —2BG7 +x3)P !
X [x1 sin(x1) + x2 sin(xp)]
—2(B + D(x{ +x3)P, (19)
Vo {nT e ) = 208 — D +x3) 7P
—B(F +x3) P!
X (x1 sin(x1) 4+ x3 sin(x2)).  (20)
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FIGURE 4. The pendulum.

Taking into account (19), verify the condition (i7>)

Vo {pr@)f (o)}
< B2 + 2P [x% + xg]
2B+ D07 + 1) = B+ +x3)F. 2D
Considering (18) and (20), verify the condition (iiz2)
Vo T @f (@)
> 2(8 - D07 +x3)7F
—0.58(x 4+ x3) P71 + x9)
=(1.58 -2 +x3) P >0 for p>2. (22
Using (21) and (22), the condition (iiiT2) holds.
Example 5: Consider the pendulum (see Fig. 4 [28]) which
is described by the following equation
X1 = x2,
k
i = = Ssinn) — S, (23)
[ m
where x; is the deflection angle of the rod from the vertical
axis, x is the angular velocity, g is the acceleration of gravity,
[ is the rod length, k is the friction coefficient, m is the cargo
mass. Let us investigate the equilibrium point (0, 0). The
phase portrait of (23) in the vicinity of (0, 0) is shown in Fig. 5
for%:landr%:l.
Denote by a = § and b = % Introduce w(x) as follows
p(x) = all — cos(x;)] + 0.5x3.

Calculate the following expressions:

V- {f(0)} = —b, (24)
V - (r)f (x)} = —b(x3 + all — cos(x))]
+0.5x3), (25)

b(0.5x3 — a[1 — cos(x1)])

(all — cos(x1)] + 0.5x3)2

Taking into account (25), verify the condition (i72)
V {n@)f (0} < —b(all — cos(x1)] + 0.5x3).

According with (i72), we have o = 0. Following [14]-[17],
the equilibrium point (0, 0) is an asymptotically stable.

Vo w e = (26)
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T

FIGURE 5. Phase portrait of (23) in the vicinity of the point (0, 0).

Considering (24) and (26), verify condition (ii7>)

b
all — cos(x1)] + 0.5x3

Vo w ey =

According with (iit2), one gets @ = b. Therefore, the equilib-
rium point (0, 0) is an exponentially stable. Also, following to
(iiiT2), the equilibrium point (0, 0) is an exponentially stable
fora =b.

Consider Lyapunov function V = a[1 —cos(x1)] —|-O.5x22 in
the form of total system energy [28]. Taking time derivative
of V along the trajectories of (23), one gets V = —abx% [28].
Thus, only asymptotic stability of the equilibrium point (0, 0)
can be established by using Lyapunov method for the same V
and u.

IV. STABILITY OF LINEAR SYSTEMS
Consider the linear system

i = Ax, Q27

where x € R”, A € R™". Introduce u(x) = (xT 0x)? with
0 =07 > 0and B > 1. Calculate the following relations

V- {rO)f (0}
= BT Ox)yPIxT[0A + AT Q +
Vo eof (o)
= —BGTQx) P!
xxT |:QA +ATQ -

trace(A)

Olx,

trace(A) Q:| . (28)

According to condition (i72) and (28), the linear system
(27) is an exponentially stable if V - {u(x)f (x)} + pu(x)[o —
V- {f} = BT 00~ IxT[QA + ATQ + §0lx < O or

0A+ATQ + %Q <. (29)

The inequality (29) is the well-known linear matrix inequality
for exponential stability of linear system (27) [29].
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According to condition (ii7p) and (28), the linear system
is exponential stable if V - {u~'(x)f(x)} — apn~'(x) =
BT 0x)P 1T [QA +ATQ + G0l = O or

0A +ATQ 4+ 2048 tj;m(A) <0,
trace(A) < 0. 30)

The result (30) is similar to (29).

According to condition (iiiz2) and (28), the linear sys-
tem is exponential stable if V - {u(x)f(x)} + aux) =
BT 0x)PIxT1QA + ATQ + 2 0lx < O or

O0A+ATQ + %XQ <0,

0A+ATQ + %W(A)Q <o,

trace(A) < 0. 31D

The results (31) are similar to (29).

V. CONTROL LAW DESIGN
Consider a dynamical system in the form

X = Yx, ), (32)

where x € D C R" u(x) € R™ is the control signal,
Y(x, u) = £(x) + g(x)u(x), the functions &(x), g(x) and u(x)
are continuously differentiable in D, ¥ (0, u(0)) = 0 and the
system (32) is stabilizable in D.

Theorem 4: Let u(x) be a positive definite continuously
differentiable function in x € D. The closed-loop system is
an exponentially stable if the control law u(x) is chosen such
that one of the following conditions

(ir3) V- {0y, w)} < —p@)lo — V- {¢(x, w}l;

(iir3) V (1 Y, w) > ap~'(x) and
V- {yx, 0} <0;
(iiir3) 'V {n)Y (x, u)} < —ap(x)  and

VA @Y, w)} = ap! (x),
holds for any x € D \ {0}, where o > O.
Since the system (32) is stabilizable in D, then the proof of
Theorem 4 is similar to the proof of Theorem 3 (denoting by

J(x) =¥ (x, ux)).
Example 6: Consider the system
di = —x 4% =X —xx,
X = u. (33)
The phase trajectories under u = O are presented in Fig. 7. Itis
required to design the control law ensuring the exponential

stability of the closed-loop system.
Choose pi(x) in the form (7). Find the following relations

Vo Ay (x, u)}
= 28(x} +x3)P~!
x(—x12 + x1x2 — xf — xlzxg + xou)

ou
x(xF +x)P (=1 = 3x7 —x3 + 8_x2)’

VOLUME 10, 2022
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FIGURE 7. Phase portrait of the closed-loop system.

Vo v (x, w)
= B} 4+ xH A1

ou
x[(x12 +X22)(—1 — 3)612 —X% + E)

—|—2/3(x]2 —x1x2 + xf + x]2x22 — xou)], (34)
Introducing
U= —x1—x2 —xzxf —xg,
rewrite (34) as follows

V- A{u)y(x, w)}
= —(xf +x3)°
X (2B 4 2B(x7 + x3)) — (2 — 4x} — 4x3))
< —(xf +x3)P
X(2B — (=2 — 4x? — 4x3)),
Ve T v, w)
= ()cl2 —i—x%)ﬂ9
x2[B — 14 (B —2x7 + (B — 2)x3]
> 2[8 — 1(x} +x3)F for B>3. (35)

VOLUME 10, 2022

Thus, the conditions (i73) and (iir3) hold. Additionally
estimating

Vo Au) Y (x, w)}
—(F +xHP (2B — (=2 — 4x] — 4xD))
—2B( +x3)P,

we have fulfilment of the condition (iiit3).

IA

IA

VI. CONCLUSION

In this paper the recent divergence method [14]-[17] is used
for investigation of an exponential stability of autonomous
dynamical systems. The property of exponential stability
makes it possible to increase system robustness to cer-
tain types of perturbations and uncertainties. New necessary
and sufficient exponential stability conditions are derived
from [14]-[17]. Examples illustrate the efficiency of the pro-
posed method by the simulations.

The advantage of the proposed method is that the formu-
lated necessary and sufficient conditions have the form of a
continuity equation, which is widely used in mechanics and
physics, as well as in some industrial tasks [30]. The diffi-
culties are in the selection of the density function (auxiliary
function p(x)) such that the obtained conditions hold. This
problem is equivalent to the problem of finding the Lyapunov
function.
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