C106B Discussion 1: Dynamical Systems & Linear Control

1 Introduction

Today, we’ll talk about:
1. Lyapunov Stability
2. Energy-Like Functions (LPDF, PDF)

3. The Basic Theorem of Lyapunov

2 Lyapunov Stability

What does it mean for an equilibrium point to be stable? Recall that last week, we discussed what an
intuitive definition of stability should be - a stable equilibrium point should be such that if we start close
to the point, we’ll stay close to the point for all time!

We can formalize this concept using the definition of stability in the sense of Lyapunov (SISL), or
Lyapunov stability for short! Note that if z. # 0 but we wish to study it, we may simply perform a
change of coordiantes that shifts x. to be the zero vector.

Definition 1 Stability in the Sense of Lyapunov (SISL)
The equilibrium point x. = 0 of the nonlinear system:

i= f(z,t), zeR", t e RT (1)

Is said to be stable in the sense of Lyapunov at t = to if for all € > 0, there exists a d(tg,e) > 0 such
that ||x(to)]| < d implies:

lz(@)]] < eVt >to (2)

This definition is local, and not too restrictive! There are some stronger versions that ensure convergence
and rates of convergence to the equilibrium point.

At the moment, to apply the definition of Lyapunov stability, we’ll need to find an explicit solution to
the nonlinear differential equation, & = f(x,t)! This is often challenging and in many cases impossible
to write in a closed form.

3 Energy-Like Functions

For physical systems, we can think about studying the energy of a system to determine stability. If en-
ergy is always or almost always decreasing with respect to time for some region, we can make conclusions
about the stability of the equilibrium points of a physical system!

Not all systems can be described using methods of dynamics! Can we define a measure of energy for
a arbitrary nonlinear system? We have two possible types of ”energy-like functions,” one with stricter
conditions than the other!
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Definition 2 Locally Positive Definite Function (LPDF)
A continuous function V(x,t) is locally positive definite if V(0,t) = 0 and for some ¢ > 0, V(z,t) > 0
for all x such that ||z|| < e.

Note that this is not the only definition of an LPDF! There is an equivalent more advanced definition
that’s sometimes easier to use as well!

The stronger version of an LPDF is a positive definite function, PDF, which extends the result to its
entire domain!

Definition 3 Positive Definite Function (PDF)
A function V(z,t) : R x RT — R is a positive definite function if there exists a strictly increasing
function o : Ry — R such that a(0) =0 and:

1. V(0,t) =0 for allt € R
2. V(z,t) > a||z]]) for all z € R™ and allt >0

3. limy, o0 a(p) = 00

Problem 1: Suppose P € R"*" is a diagonal matrix with all positive, real eigenvalues.

A1 ... O
P=|: . (3)
0 ... M\

Show that the function V(x) = 2T Pz is a positive definite function (PDF).
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4 The Basic Theorem of Lyapunov

We now need a method to compute the time derivative of the Lyapunov function!

Definition 4 Derivative Along a Trajectory
The first time derivative of the function V(x,t) : R® x R — R along the trajectories of the system
& = f(x,t) is defined:

V:a+%f(x,t) (4)

Let’s apply the idea of “rate of change of energy” to study stability.

Theorem 1 Basic Theorem of Lyapunov (Direct Method)

Suppose © = f(x,t) is a system with an equilibrium point x. = 0. Let V(z,t) : R* X R — R be a
nonnegative function, called a Lyapunov function, with derivative 1%4 along the trajectories of the system
z = f(z,t). .

If V(z,t) is locally positive definite and there exists some € > 0 such that V(z,t) <0 for all z such that
||z|]| < e and for all t, then x. = 0 is a locally stable equilibrium point in the sense of Lyapunov.

This portion of the basic theorem of Lyapunov, also known as the direct method, allows us to conclude
local stability using a locally positive definite Lyapunov function - we don’t need to know the solution
to the system! There are stronger versions of this theorem that allow us to conclude stronger forms of
stability!

Problem 2: The dynamics of a simple pendulum with some friction are given by:

6 = —asing — B0 (5)
A potential Lyapunov function for this system is based off of energy:

V(6,0) = %9’2 + a(1 — cos ) (6)
Show that this function is locally positive definite. (V'(6,6) > 0 for some region around (6,8) = (0,0)).
Problem 3 Take the time derivative of V (6, 0) subject to the constraint that 6 = —asinf — A6, and

show that for certain values of (,0) near the (6,6) = (0,0), V < 0. What can you conclude about the
stability of the equilibrium point?
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