A New Set of Stability Criteria Extending Lyapunov’s Direct
Method

William Li, 1iwilliam2021@gmail . com,
Delbarton School, 230 Mendham Road, Morristown, NJ 07960

Faculty Supervisor: Prof. Yingbin Liang
Department of Electrical and Computer Engineering
Ohio State University

May 6, 2021

Abstract

In mathematics, a dynamical system is a system in which a point moves in a geometrical
space as a function of time. This paper considers one type of dynamical systems where the
time dependence function is given by high dimensional ordinary differential equations. This
mathematical model can be used to describe a wide variety of real world phenomena as simple
as a clock pendulum or as complex as a chaotic Lorenz system. Stability is an important topic
in the studies of the dynamical system. A major challenge is that the analytical solution of a
time-varying nonlinear dynamical system is in general not known. Lyapunov’s direct method
is a classical approach used for many decades to study stability without explicitly solving the
dynamical system, and has been successfully employed in numerous applications ranging from
aerospace guidance systems, chaos theory, to traffic assignment. Roughly speaking, an equilib-
rium is stable if an energy function monotonically decreases along the trajectory of the dynamical
system. This paper extends Lyapunov’s direct method by allowing the energy function to fol-
low a rich set of dynamics. More precisely, the paper proves two theorems, one on globally
uniformly asymptotic stability and the other on stability in the sense of Lyapunov, where sta-
bility is guaranteed provided that the evolution of the energy function satisfies an inequality
of a non-negative Hurwitz polynomial differential operator, which uses not only the first-order
but also high-order time derivatives of the energy function. The classical Lyapunov theorems
are special cases of the extended theorems. The paper provides an example in which the new
theorem successfully determines stability while the classical Lyapunov’s direct method fails.

1 Introduction

Consider a continuous time dynamical system
i = f(z,1) (1)

where x € R" is a point in an n-th dimensional space and ¢ is a one dimensional variable representing
time. z(t) is the state of the dynamical system at time ¢ and represents the trajectory of the point
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as time passes. The initial state is given as z(tg) = xo. If f(x,t) is only a function of z, the system
is called time-invariant; otherwise, it is time-varying. Furthermore, if f(z,t) = Az for some square
matrix A, it is linear time-invariant. The dynamical system is a mathematical model widely used
in many disciplines including engineering, physics, economics and biology.

A point z* is an equilibrium point of (1) if f(z*,¢t) = 0 for any ¢ > 0. If the initial state
xo = x*, then the state will remain at x* forever. The stability of the equilibrium point is to
characterize whether the state will return to z* after certain perturbation away from it or diverge.
Stability is an important topic in the studies of the dynamical system. The stability criteria for
a linear time-invariant system have been well developed. However, it is difficult to examine the
stability of a nonlinear or time-varying system, because the analytical solution of such a system is
in general not known.

Lyapunov’s direct method, which was founded in A. M. Lyapunov’s thesis The General Problem
of Stability of Motion at Moscow University in 1892, has been a widely used approach to study the
stability of the dynamical system (Parks, 1992). Rather than solving (1) analytically, the method
employs a scalar positive definite function V(x,t) intuitively representing the energy of the state,
where V(z*,t) = 0 and V(z,t) > 0 for any  # x*. V(z,t) is the time derivative of V(x,t) along
the trajectory. If V(:U, t) < 0 for any x except at x*, then the energy decreases monotonically over
time and the trajectory converges to z*. Lyapunov’s direct method has been employed in numerous
applications ranging from aerospace guidance systems, chaos theory, to traffic assignment (Parks,
1992).

It should be pointed out that Lyapunov’s direct method is sufficient but not necessary. Intu-
itively, for example, the dynamical system is still stable even if the energy does not monotonically
decrease as long as it eventually converges to 0. This paper will develop this idea rigorously and
propose a new set of stability criteria, which are more relaxed than the conventional Lyapunov
stability criteria. Specifically, the energy function is still employed but does not have to be mono-
tonically decreasing. Instead, the evolution of the energy is to satisfy an inequality of a Hurwitz
polynomial differential operator defined in the paper, which uses not only the first-order but also
high-order time derivatives of V' (z,t).

The remaining of this paper is organized as follows. Section 2 introduces two commonly used
definitions of stability, namely stability in the sense of Lyapunov and asymptotic stability, and
reviews the Lyapunov’s direct method. Section 3 introduces the notion of a Hurwitz polynomial
and proposes a definition of non-negative Hurwitz polynomial differential operator. Section 4
presents the main results of this paper, i.e., the new set of stability criteria extending Lyapunov’s
direct method. Section 5 shows an example in which the new criteria can determine the stability
while the conventional Lyapunov stability criteria cannot. The paper is concluded in Section 6.

2 Definitions of Stability and Lyapunov’s Direct Method

For the sake of simplifying the description, shift the origin of the system by —z* so that the
equilibrium point is at 2* = 0. The following two definitions of stability are commonly used (Teschl,
2012).

Definition 2.1 Stability in the sense of Lyapunov

The equilibrium point z* = 0 is stable in the sense of Lyapunov at t = to if for any € > 0
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(a) Stability in the sense of Lyapunov (b) Asymptotic stability

Figure 1: Hlustration of two types of local stability. For global asymptotic stability, A = co.

there exists a 0(to,€) > 0 such that if ||zo|| < d(to,€) then Hx(t)H < €,Vt > tyg. Furthermore, x* is
uniformly stable if § is not a function of ty.

Definition 2.2 Asymptotic stability

The equilibrium point z* = 0 is asymptotically stable at t = to if it is stable in the sense
of Lyapunov and there exists a A(tg) > 0 such that if [|zol| < A(to) then limy_oo|/z(t)|| = 0.
Furthermore, x* is uniformly asymptotically stable if it is uniformly stable and A is not a function
of tg. x* is globally asymptotically stable if limtﬁoon(t)H =0 for xo anywhere in R™.

Figure 1 illustrates the concepts of the two types of stability in a two dimensional space. The
system in Figure 1(a) is stable in the sense of Lyapunov where if z(tp) is within a small circle of
radius d, the trajectory x(t) is always within a large circle of radius € for any ¢ > ¢;. The system
in Figure 1(b) is asymptotically stable where if z(tg) is within a circle of radius ¢, the trajectory
x(t) eventually converges to the origin as t — oo, although Hx(t)H does not necessarily decrease
monotonically as ¢ increases. Clearly asymptotic stability is stronger than Lyapunov stability.

Lyapunov’s direct method can be used to determine the asymptotic stability of the dynamical
system without analytically solving the differential equation (1), as stated in the following theorem
(Narendra & Annaswamy, 1989).

Theorem 2.3 Lyapunov theorem for global uniform asymptotic stability

The dynamical system (1) is globally uniformly asymptotically stable if a scale function V (x,t)
with continuous partial derivative with respect to x,t exists and if the following conditions are
satisfied:

1. There ezists continuous non-descending functions o(||x||) and B(|z|), such that ¥t > to,||x| >

0,
0 <aflzl) <V(z,t) <B(=l), (2)
a(0) = 5(0) =0,V(0,t) =0, (3)
af|z||) = oo with ||z|| — oo. (4)
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Figure 2: Tllustration of conditions on V'(z,t) and V(z,t) in the stability theorems of Lyapunov.
The energy function V' (z,t) is bounded by «a(|z||) below and S(|z||) above. The time derivative

V(z,t) is bounded by —W (||z||) above.
z=f(x,t)

2. There exists a continuous non-descending function W (|z||) such that ¥t > to,||z|| > 0,

V(z,t)

oy ST, 6
W(|z|]) > 0,¥||z|| >0, and W(0) = 0. (6)

Here the time derivative is given by

V(x,t)

i=f(z,t)
The above two sets of conditions are illustrated in Figure 2.
Similarly the following theorem (Murray, Li, & Sastry, 1994) states Lyapunov’s direct method
to determine the stability in the sense of Lyapunov.
Theorem 2.4 Lyapunov theorem for uniform stability in the sense of Lyapunov

The dynamical system (1) is uniformly stable in the sense of Lyapunov if a scale function
V(x,t) with continuous partial derivative with respect to x,t exists and if the following conditions
are satisfied:

1. There exists continuous non-descending functions a(|x|) and B(|z||) and some constant 2,
such that ¥t > t,0 <|jz|| < Q,

0 <a(zl]) <V(xt) < B(|z]), (8)
a(O) = B(O) =0, V<07t) =0, (9)
af|z]]) = oo with ||z|| — co. (10)

2. There ezists a continuous non-descending function W (||x||) such that ¥t > tg,||z] < ©,

V(1) - < =W(lz[]), (11)
W(|z||) >0, and W(0) = 0. (12)
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Figure 3: Illustration of time evolution of V' (z(t),t) in the two stability theorems of Lyapunov.

The main difference between the two theorems lies in (6) and (12). To ensure asymptotic
stability, W (|z||) is strictly positive except at ||x|| = 0. For the stability in the sense of Lyapunov,
W {(||x||) only needs to be non-negative. In addition, conditions (2), (5) and (6) are satisfied globally
for z € R™, while (8), (11) and (12) are satisfied locally near the equilibrium point ||z] < €.

Because z(t) is a function of ¢, V' (z,t) along the trajectory is a function of only ¢. For example,
for asymptotic stability, if the conditions (2) to (6) are met, V(x(t),t) monotonically decreases to 0
because the time derivative is strictly negative unless ||z(t)|| = 0. The time evolution of V (z(t), )
in the two stability theorems of Lyapunov is illustrated in Figure 3(a).

Note that monotonic decrease in V(x(t),t) is sufficient but not necessary to ensure the con-
vergence of V(z(t),t) to 0 or some constant. Figure 3(b) shows two examples. In one example,
V(z(t),t) goes up and down and converges to 0 and in the other example V(z(t),t) does not
even converge to any constant although it does not diverge either. We will provide an example of
V(xz(t),t) in Section 5, Figure 9, to show the idea of Figure 3(b). The main contribution of the
paper is to characterize such dynamics of the energy function V(x(t),t). To this end, the next
section defines a non-negative Hurwitz polynomial differential operator.

3 Non-negative Hurwitz Polynomial Differential Operator

d
Denote differential operator D = a7 An m-th degree polynomial differential operator is given

by
PD)= [ & il 13
(D) (dt) +a1<dt> + - +am, (13)
where the constant coefficients a1, ..., a,, are real. In the special case of m = 0, ag = 1. The
corresponding polynomial is
P(s) = s +a1s™ 4+ ap,. (14)
Denote A1, ..., \; the complex roots of polynomial P(s) and ny,...,n; the corresponding multiplic-

ities where 22:1 n; = m. [ is the number of distinct complex roots.

A time-invariant linear ordinary differential equation
d™y(t dm™Ly(t
yit) , @yl

datm dtm

can be written in the form of a polynomial differential operator

P(D)[y(t)] = =(1). (16)

+o o amy(t) = (1) (15)
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2(t) —>, P(D)ly(t)]=2(t) y(t)=ya(t)+ya(t)
(0, dy(0)/dl,...,d ™ y(0)/dt ™y —»{

Figure 4: Illustration of input and output of a linear system corresponding to linear differential
equation P(D)[y(t)] = z(t).

This linear differential equation is said to be defined by P(D). y(t) and z(t) are called the output

and input of the corresponding linear system, respectively, as shown in Figure 4.

dy(0) d™'y(0)
e 7 dtm—l

The solution of (15) or (16) with input z(¢) and initial conditions y(0),
is given by (Lathi, 2005)
y(t) = y1(t) + v2(t), (17)

where y;(t) is the zero-state response and ys(t) is the zero-input response given by

j
ZOEDB DI ek (18)
=1 \k=1

For unit step input function

A0 = {1, ift>0, (19)

0, otherwise,

y1(t) is called the zero-state unit step response and given by

1 L

yi(t) = — 1= dyt* | e | (20)
m j=1 \ k=1

Constant coefficients dj, ; are completely determined by P(D). ¢y ; is a function of both P(D) and
dy(0) d™1y(0)
Tt R e
The notion of zero-state unit step response is meaningful only when a,, # 0, which holds for
any Hurwitz polynomial differential operator P(D) defined next.

the initial conditions y(0),

Definition 3.1 Hurwitz polynomial and Hurwitz polynomial differential operator (Kuo,
1966)

Polynomial P(s) is said to be Hurwitz if the roots of P(s), A1,..., N, all have negative real
parts. Polynomial differential operator P(D) is Hurwitz if the corresponding polynomial P(s) is
Hurwitz.

If P(D) is Hurwitz, then a,, # 0, because otherwise P(s) has a root at A = 0.
It follows from (20) and (18) that if (16) is Hurwitz, then

, 1
fm () = (21)
Jim yo(t) = 0. (22)
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Lemma 3.2 j;; y1(7) d7 goes to infinity as t — oo for any fized ty.
Proof This follows immediately from (21).

We next define a new type of Hurwitz polynomial differential operator, which has not been
studied in the literature so far, but will be used in Section 4.

Definition 3.3 Non-negative Hurwitz polynomial differential operator

Hurwitz polynomial differential operator P(D) is non-negative if the zero-state unit step re-
sponse defined in (20), y1(t) > 0,Vt > 0.

Lemma 3.4 Any Hurwitz polynomial differential operator P(D) for m = 0,1,2,3 is non-negative.

Proof Solve the m coefficients dj, j of the zero-state unit step response (20) by setting the initial
conditions to zero

dy(0) _ d"'y(0)

For m =0, (15) is reduced to y(t) = z(t). Thus y1(¢) = 1. P(D) is non-negative.

dy(t
For m =1, ‘Zi) + a1y(t) = z(t). For the differential operator to be Hurwitz, a; > 0. The

zero-state unit step response is

dy(t dy(t
For m = 2, dytg ) + a1 Z(t) + agy(t) = z(t). For the differential operator to be Hurwitz,

az > 0. There are three cases of the roots of P(s).

e First, distinct real roots A1, Ao < 0.

1 )\2 M\t >\1 Mot
=—(1- it 2t ) |
n(®) a2< )\2—)\16 )\1—/\2e

e Second, distinct complex roots A1 2 = o £ wi with o < 0.

() = ;2 (1 _ (cos(wt) _ Zsin(wt)) emf> |

e Third, identical real root \; < 0.

n) = (1- 1 -xpet).

a2

497



A New Set of Stability Criteria Extending Lyapunov’s Direct Method

The minimum value of y;(¢) can be obtained by letting 3;(¢) = 0. It can be verified by algebra that
the minimum value is non-negative in all of the three cases. Therefore, y;(t) > 0,Vt > 0,

d3y(t d?y(t dy(t
y(t) + aq y(t) + agﬂ + asy(t) = z(t). For the differential operator to be
dt3 dt? dt

Hurwitz, ag > 0. There are four cases of the roots of P(s).

For m = 3,

e First, distinct real roots A1, A, A3 < 0.

1
yl(t) = — (1 — dle)‘lt — dgeAQt — d3€A3t) s
as
A2A3 AzA1 A1 A2

h= (A2 = A1)(As — Al)’d2 T Qs M) — >\2)’d3 T a = As) (e — ha)

e Second, a pair of complex roots A\j 2 = 0 £ wi with 0 < 0 and one real root A3 < 0.

1 \ : -
y1(t) = ” (1 — dse™" — by, (be cos(wt) — by sin(wt)) e t) ,
O'2 + w2 )\3

ds =

—7 ba— - )
(0= A3)? + w? w((A3 —0)? +w?)
be = (W3 — 20w) , bs = ()\30 — a4 wz) .

e Third, a pair of identical real roots A\; < 0 and one distinct real root Ay < 0.

1
yl(t) = — (1 — (dl,l + dQ’lt) 6/\1t — d2€A2t> ,
az
dyy = A5 = 20, 2,1 = Mz do = A )
R VIS W WIS T VI W D VI V5 Wy v

e Fourth, three identical real roots A\; < 0.

1 Ao\
y(t)=— | 1—[1 -t + 2 | e
as 2

Similarly to the case of m =2, y1(¢) > 0,Vt > 0, in all of the four cases. B

It should be pointed out that not all Hurwitz polynomial differential operators are non-negative.
Figure 5 shows the zero-state unit step response y;(t) of m = 4 where polynomial P(s) has a pair of

complex roots o1 fwyt = % each with multiplicity 2. It is clear that while y; (t) converges,

y1(t) < 0 for some t. This is an example where P(D) is not non-negative. As the damping factor
increases, the polynomial differential operator can be made non-negative. Figure 5 shows that
y1(t) > 0,Vt when the complex roots become oo & wai = —0.54i

\/(=0.5)2412°
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Figure 5: Zero-state unit step response yi(t) defined in (20) of two 4-th order Hurwitz polynomial
differential operators.

4 Main Results

The higher order time derivatives of V' (z,t) along the trajectory can be derived from (7). For
example, the second order time derivative is given by

A2V (z,t) A

0*V ov o ov o
> = +2—f+ 5+ or o
dt o= f(a) ox

0z’ T oz ot

ot? o0z Ot (23)

For dg‘gg 4 to exist, all the second order partial derivatives of V' with respect to x,t have to exist
and the first order partial derivatives of f with respect to z, ¢ have to exist. In general, for the m-th
order time derivative dmc‘l;,(f ) to exist, all the m-th order partial derivatives of V' with respect to
x,t have to exist and the (m — 1)-th order partial derivatives of f with respect to x,t have to exist.

Theorem 4.1 Extended theorem for global uniform asymptotic stability

The dynamical system (1) is globally asymptotically uniformly stable if a scale function V(x,t)
with continuous (m + 1)-th order time derivative along the trajectory exists such that

1.
d DV (x, 1)
dtd

max
q=1,....m

< (=), (24)

where y(|x||) is a continuous non-descending function,

2. V(z,t) along the trajectory given by (7) is bounded above by some positive function p(||x||)
when t is sufficiently large, '
Vi(z,t) < p(l]), (25)
i.e., V(x,t) does not diverge to +00 as t — oo as long as x(t) is finite, which is a much
weaker assumption than (5) and (6),
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and if the conditions in Theorem 2.3 are satisfied except that (5) is replaced by

P(D)[V (x,1)]

< =W (lz)), (26)
z=f(x,t)

where P(D) is an m-th degree non-negative Hurwitz polynomial differential operator.

Proof Along the trajectory of (1), V(x,t) is a function of ¢. Denote

= f(.1)
o(t) = V(1) ; (27)
= (o)
u(t) = PD)V(z,1)] (28)
z=f(z,t)
= (D P(D)) [V(z,1)] : (29)
= (o)

From the assumption of the theorem, v(t) > 0, u(t) < 0, V¢.

Equivalently, u(t) and v(t) can be considered the input and output, respectively, of a time-
invariant linear ordinary differential equation defined by the (m + 1)-th degree polynomial differ-
ential operator D - P(D). Thus, similar to (17), v(t) can be written in two independent parts

v(t) = vi(t) + va(?), (30)
where v1(t) is the zero-state response of the differential equation with w(t) as the input and
{vt), (ko). ..o (t) } = {0,0,.....0}, (31)

and vy (t) is the zero-input response with the initial conditions given by
{valto),valto). .., 0§ (t0) } = { Vw0, t0). V(ao.t0), ... VI (ao, t0) . (32)

where the time derivatives V..., V(™ are taken along the trajectory. The above two equivalent
representations are illustrated in Figure 6.

Furthermore, the linear system of D - P(D)[v(t)] = u(t) is equivalent to two cascaded linear
systems P(D)[r(t)] = u(t) and D[v(t)] = r(t) as shown in Figure 7. Therefore, vy(t) is given by

t
UQ(t) = / 7’2(7’ —to) dr + V(mo,to) (33)
to
t ! )
- / Z crj (17— o)1 | M7 dr 4V (o, o), (34)
t j=1 \ k=1
where 79 is the zero-input response of the linear system P(D)[r(t)] = w(t) and is given in (18).

As noted previously, Aj,n; depend on P(D) and coefficients ¢, ; depend on P(D) and the initial
conditions {V(:co,to), V) (xo,to)}. Because P(D) is Hurwitz, the real part of \; is negative

for any j. Therefore, vy(t) converges to some constant as t — oco.
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Xo,to x(t), 12t v(t) u(t)
—>» dx/dt=f(x,t) > V(x,t) D- P(D)[V(x,t)] —>

(a)

u(t)

V(%o,to), dV(xo,to)/dt ... d™V (x0,t0)/dE™} | D- P(D)[v(t)]=u(t) V{Sa{tva{t) 2t

(b)

Figure 6: Two equivalent system representations. (a) is a conventional representation using the
time-varying nonlinear dynamical system (1). (b) is a mathematically equivalent representation
using a time-invariant linear ordinary differential operator D - P(D) where u(t) is the input and
v(t) is the output.

u—(t>) D- P(D)[v(t)]=u(t) i(t>) <ﬁ>u—(t)> P(D)[r(t)]=u(t) ﬂ D[v(t)]=r(t) V—(tl

Figure 7: Linear system of D - P(D) is equivalent to two cascaded linear systems P(D) and D.

Because v(t) > 0, Vt, it follows that
vi(t) = v(t) —wva(t) > —M, for t > T, (35)

where T and M are large positive constants. Denote h(t) the zero-state unit impulse response of the
linear differential equation defined by P(D). From the property of impulse response, the zero-state
response of this linear differential equation with u(t) as the input is given by

3
r1(§) = / u(T)h(§ — 1) dT. (36)

v1, the zero-state response of the linear differential equation defined by D - P(D), is the integral of
r1(€) over £

() = /t i (€) de (37)

t

_ /to ( /0 ) dn) u(r) dr. (39)

Let yi1(-) be the zero-state unit step response, which is given in (20). The inner integral of (39),
ie., fgiT h(n) dn, is the unit step response of the linear differential equation defined by P(D) at
the instant of ¢ — 7. It follows from the linear systems and signals (Lathi, 2005) that

v e
= /t w(rT)h(€ — 7) dr d¢ (38)

t—1
| ntdn = e =) (40)
Therefore,

n(t) = / n(t — () dr. (41)

to
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v(t)

Figure 8: Tllustration of v(t) when it does not converge to 0.

Because P(D) is non-negative, y;(t — 7) is non-negative for any ¢ — 7, and because u(7) < 0, VT,

y1(t —7)u(r) <0. (42)
We next show by contradiction that
tlim v(t) = 0. (43)
—00

Assume that v(t) does not converge to 0 as t — oo. Then there exist a positive constant e
and an infinite time sequence {t;},i = 1,2,..., such that v(¢;) > €, where t;11 > t; and t; goes to
infinite as i — oo. From (2),

B(l(t)]]) > e. (44)

Because () is continuous and non-descending, there must exist a positive constant u(e) as a
function of € such that

x(t2)]| > (o). (45)

Furthermore, because W (-) is continuous and non-descending,
W (l=@)]) = w (o), (46)

where w (€) is a positive constant as a function of €. Therefore,
u(t;) < =W (Hl’(tz)H) < —w(e). (47)

If a time instant ¢ exist in interval (;_1,;) such that v(t) = §, then let s; be the maximum value
of t such that t < t; and v(t) = §. Otherwise, let s; = t;_1. Figure 8 illustrates the two different
cases of ¢; and s;. In either case,

€
o(t) > 5,V € [si i), (48)
By construction, intervals [s;, t;] do not overlap each other except possibly at the end points.

We next show that an infinite number s; exist such that v(s;) = §. Assume on the contrary
that a number i( exists such that for any i > ig, s; = t;—1. This means v(t) > 5,9t > t;,. Then
u(t) < —w (§), where w (§) is a constant derived similarly to w (€) in (44), (45), and (46). From
(41) and (42)

vi(t) < / y1(t — 7)u(r) dr (49)

tig

< —w (;) /t; it — 7) dr. (50)
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From Lemma 3.2, v;(t) goes to negative infinite as ¢ — oo, which contradicts (35).

Denote the subsequence s;, for which v(s;,) = . As shown below by contradiction, ¢;, — s;,
does not converge to 0 as k — oo. Because of the continuity of v(t), there exists s;, 1 € [s4,,ti,]
such that

U(t) < E,Vt S [simsik,l] (51)
U(Sik,l) = €. (52)

As illustrated in Figure 8, s;, 1 is the minimum value of ¢ such that ¢ > s;, and v(t) = e. From the
mean-value theorem, there exists s;, 2 € [si,, S;,,,1] such that

O(s5. 2) = Ulsit) —vsi) o 5 (53)
Sip,1 — Siy ti, — Sik
Assume that lim; ,o t;, — s;, = 0. Then 0(s;, 2) goes to +00. On the other hand, from (51),
v(sik,Q) < €. (54)
From (2),
|2 (sin2)| < Kile), (55)
where K (€) is a positive constant as a function of e. Thus,
0(8iy,2) < Ka(e) (56)

for some positive constant K»(e), because V (x,t) along the trajectory is bounded by p(|x||) when ¢
is sufficiently large from (25) in the theorem. Contradiction! Therefore, ¢; — s;, does not converge
to 0 as k — oo. In other words, there exist a positive constant ¢ and a subsequence of {s;, %, },
referred to as {sikj7tikj}7 j=1,2,..., such that

tikj - Sikj Z C (57)
Denote ® the union of all the intervals [Sikj , t,-kj]. Similar to (50),

nlt) < A n(t — Tu(r) dr (58)

< —w (2) /1> n(t — 1) dr. (59)

From (21), y1(t) > <ﬁ - 61) for a small positive constant €; when ¢ is sufficiently large. Therefore,

)<= (5) 3 (i, —50,) (- a) (60)

J=1

as t — oo,

Because of (57), the right side and thus vy (¢) go to negative infinite, which contradicts (35). Hence,
by contradiction, we have proved (43). From (2), we conclude that

lim ||z(t)|| = 0. (61)

t—o00

Note that (61) holds for any xg, to.
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Next we show that z* is uniformly stable in the sense of Lyapunov. For any given ¢ > 0, to
show that ||z(t)|| < €,Vt > to, from (2) it suffices to require that

v(t) =V(x,t) < (€),Vt, (62)

where 1(€) is a positive constant as a function of €, because a(|z|) < V(z,t) < 1(e) and «of|x]|) is
continuous non-descending and «(|z||) = 0 only when ||z|| = 0. From (41) and (42),

U1 (t) < O,Vt. (63)
Therefore, it suffices to require that
va(t) = v(t) —vi(t) < (e),Vt. (64)
From (34), v(t) is a linear combination of coefficients ¢, ; and V (x, to),
I ny t
i) =323 ([ (01 M) Vi), o
j=1 k=1 to
Because (ftz (T — tO)k_l ei(T—to) dT) converges to some constant as t — oo for any k, j, the quantity

t
/ (1 — to)k"_1 eti(7=t0) g

t

is bounded and only depends on P(D). Therefore, it suffices to require

(¢)
max | max ‘01@-‘ ,V(aco,to)> < (66)
< ki max » . ; ’ftto (1 —to)* Tt N Tt0) dr| 4+ 1

The coefficients ¢y, j are obtained by solving a system of linear algebra equations from (32),

w7 ) M )

(a) _ ‘ —v@
vy (to) = Z Ch.j o =V (20, o), (67)
j=1k=1 t=to
for ¢ =1,2,...,m. This system of linear equations can be written in the standard form
Aw=1b (68)

where vector w consists of coefficients ¢y j, vector b consists of V(@) (xo,t0), and the elements of

da (ftto (r—tg)*~1eMd (r=t0) dT)
dtd

. A is a square because Zé-:l n; = m. Furthermore, for any
t=to
Hurwitz P(D), A is nonsingular (Lathi, 2005). Thus,

A are

lwlle <[ A7 _ 1ol - (69)
oo
Therefore, to satisfy (66), which is an upper bound of ||w|| ., it suffices to require that

dDV (o, to)
dtd

max
q=0,...,m

=6l < (lzoll)

V(e)
maxg Zk,j ’ftto (r— to)k_l eri(T—to) dT‘ +1

< bl
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Finally, because ~(|zo||) is a continuous non-descending function, it suffices to require that
[[zoll < 8(e). (71)

for some positive §(¢), which is independent of ¢y3. From Definition 2.1, x* is uniformly stable.

Hence, from Definition 2.2, x* is globally asymptotically uniformly stable.

Theorem 2.3 is a special case of Theorem 4.1 when m = 0. From Lemma 3.4, one can use any
m = 0,1, 2,3 Hurwitz polynomial differential operator. However, it should be pointed out that the
use of the high order time derivatives in Theorem 4.1 imposes more stringent requirements on the
choice of V'(z,t) and on the dynamical system itself. Specifically, from (7), f(x,t) is not necessarily
continuous in Theorem 2.3. From (23), both % and %{ have to exist to apply Theorem 4.1 with
m = 1. Just like the classical Lynapunov theorem, Theorem 4.1 provides a sufficient condition to
test global uniform asymptotic stability. One can try out multiple choices of m, P(D) and V (z,t)
to see whether one of them works out.

Theorem 4.2 Extended theorem for uniform stability in the sense of Lyapunov

The dynamical system (1) is uniformly stable in the sense of Lyapunov if a scale function
V(z,t) with continuous (m + 1)-th order time derivative along the trajectory exists such that (24)
holds when ||z|| < Q, and if the conditions in Theorem 2.4 are satisfied except that (11) is replaced

by
P(D)[V(x,t)] - < —W([zl)- (72)

where P(D) is an m-th degree non-negative Hurwitz polynomial differential operator.

Proof Because of the difference between (12) and (6), (46) in the proof of Theorem 4.1 does not
hold here and v(t) does not necessarily converge to 0 as shown in (43). The difference between
Theorems 4.1 and 4.2 parallels that between Theorems 2.3 and 2.4.

The proof of Theorem 4.1 has already provided the steps from (62) and onward to show uniform
stability. The proof is based on u(t) < 0, V¢, which does not rely on (6). (12) is sufficient to ensure
u(t) < 0,Vt. Therefore, the proof is applicable here, with the only difference being that in this
theorem (8), (24) and (72) now hold for ||z| < € instead of for x € R™. To show uniform stability
here, consider any given € > 0. Without loss of generality!, suppose that ¢ < €. It suffices to show
that ||z(t)|| < €,Vt > to for which (8), (24) and (72) always hold.

From the proof of Theorem 4.1, it follows that if
Jaoll < min (5(6),e) (73)
where d(€) is given in (71), then (66) and (70) hold. As a result,

max vz (t) < U(e). (74)

t>to

!Otherwise, set € = min(e, ), and find the region of zo for which the trajectory z(t),Vt > to, stays in a smaller
region than the original e.

505



A New Set of Stability Criteria Extending Lyapunov’s Direct Method

As the trajectory starts with ||zo|| < e < Q, v1(t) < 0 because u(t) < 0 from the assumption of
the theorem and because of (41) and (42). Thus

V(z,t) =v(t) =vi(t) + valt) < (€), (75)

and therefore ||z(t)|| < € from (8). In other words, once the trajectory starts within the e local
region around the equilibrium point, (8), (24) and (72) hold, therefore keeping the trajectory to
stay within the region.

Hence, it is concluded that Ha:(t)” < €Vt > ty and z* is uniformly stable in the sense of
Lyapunov from Definition 2.1. H

Theorem 2.4 is a special case of Theorem 4.2 when m = 0.

5 An Example

Consider the following example of a one dimensional time-varying linear system
&= g(t)r, (76)

with tg > 0 and g(t) a differentiable function. The solution of this system can be analytically given
as
t
x(t) = Jjoefto 9(7) dT’ (77)

from which stability can be determined. However, for the sake of illustration, we use Lyapunov’s
direct method and compare the Lyapunov and extended theorems for asymptotic stability.

Let ;
Vix,t) = §x2. (78)

It follows that .
V(x,t) = vi = g’ (79)

To apply Theorem 2.3, g(t) has to be negative Vt > ty.

Now consider the second order time derivative of V(x,t)

V() = (g + 292> 22, (80)

and let

P(D)[V(z,t)] = V(z,t) + a1V (z, 1), (81)
where a; > 0 making P(D) non-negative Hurwitz. It follows that

P(D)[V(x,t)] = (g +2¢% + alg> 2% = G(t)z% (82)

To apply Theorem 4.1, g(t) does not have to be negative Vt > to. When g(t) > 0, if ¢ is sufficiently
negative, G(t) can be negative. Consider a concrete example of g(t)

g(t) = —1 4 5710, (83)

(77) becomes
1‘(t) — x06t07t+%(6_10t0*6_10t). (84)

From Definition 2.2, * = 0 is globally uniformly asymptotically stable, because
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0 0.5 1 1.5 2
t

Figure 9: Plot of V(z(t),t) of the dynamical system (76) with (83) with tg = 0. V(x(t),t) is not
always decreasing.

—10t0_6710t)

41
o lim; oo e t+3(e =0.

o x(t) = xoeto_“%(eilmo_eilm) < xoe%,Vt > tg,tg > 0. Thus, for any € > 0, let § = ce”2. If
l|zo|| < 9, then Hx(t)H < €.

Figure 9 plots V' (z(t),t) by plugging (84) into (78). Clearly V(z(t),t) is not always decreasing,
which is an example of the scenario depicted in Figure 3(b).

Rather than relying on the analytical solution (84), we now employ Lyapunov’s direct method.
Let a1 = 3.

G(t) = g+ 2¢° + arg = —1 — 55e 10 4 50e 2%, (85)
It is easy to show that G(t) < 0,Vt > tog. Figure 10 plots g(t), G(t). Because g(t) is not always
negative, Theorem 2.3 cannot be applied to confirm global uniform asymptotic stability. Because

G(t) < 0,Vt > tp, Theorem 4.1 can be applied to show that in (76) with (83) z* = 0 is globally
uniformly asymptotically stable.
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G(t)
a(t)

20 I . 1

Figure 10: Plots of g(t), G(t) of the dynamical system (76) with (83) with ¢y = 0. V(x,t) = g(t)z?
is not always negative. P(D)[V(z,t)] = G(t)z? < 0,Vt > to. Therefore the system is globally
uniformly asymptotically stable from Theorem 4.1.

6 Conclusion

Stability is an important topic in the studies of the dynamical systems. A major challenge is
that the analytical solution of a time-varying nonlinear dynamical system is in general not known.
Lyapunov’s direct method is a classical approach used for many decades to study stability without
explicitly solving the dynamical system. Roughly speaking, an equilibrium is stable if an energy
function monotonically decreases along the trajectory of the dynamical system. In this paper, we
extend Lyapunov’s direct method by allowing the energy function to temporarily increase. More
precisely, we prove two theorems, one on globally uniformly asymptotic stability and the other on
stability in the sense of Lyapunov, where stability is guaranteed provided that the evolution of the
energy function satisfies an inequality of a non-negative Hurwitz polynomial differential operator.
The classical Lyapunov theorems are special cases of the extended theorems. We provide an example
in which the new theorem successfully determines stability while the classical Lyapunov’s direct
method fails. In the future study we hope to apply the extended stability theorems to more
sophisticated dynamical systems in the real world.

References

Kuo, F. (1966). Network analysis and synthesis (2nd ed.). New York, NY: John Wiley & Sons.

Lathi, B. P. (2005). Linear systems and signals (2nd ed.). New York, NY: Oxford University
Press.

Murray, R. M., Li, Z., & Sastry, S. S. (1994). A mathematical introduction to robotic manipulation.
Boca Raton, FL: CRC Press.

Narendra, K., & Annaswamy, A. (1989). Stable adaptive systems. Englewood Cliffs, NJ: Prentice-
Hall.

508



A New Set of Stability Criteria Extending Lyapunov’s Direct Method

Parks, P. C. (1992). A. M. Lyapunov’s stability theory - 100 years on. IMA Journal of Mathematical
Control & Information, 9(4), 275 - 303.

Teschl, G. (2012). Ordinary differential equations and dynamical systems (Vol. 140). Providence,
RI: American Mathematical Society.

509





