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Fundamental Properties

To be a useful mathematical model of a physical system, the state equation
SL':f(t,LL’), 1’(t0)=l’0

must have the following properties:
o Existence of solution.
@ Uniqueness of solution.
@ Continuous dependence of solution on initial conditions.
@ Continuous dependence of solution on parameters.
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Fundamental Properties

Non-uniqueness of Solution: Let us consider
1
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Figure: Non-uniqueness.

Prof. Eugenio Schuster ME 450 - Nonlinear Systems and Control Spring 2024



Fundamental Properties

If 29 # 0, then the solution is unique

2(t) = sgn(zo) (:170 + ;t)

If g = 0, then the solution is not unique
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=) = +(2(t-1)7 t>T" € [0,00)

o Cause of non-uniqueness: non-differentiability of /3 at z = 0.
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Fundamental Properties

Existence and Uniqueness of Solution
Given the state equation

jj:f(ta‘r)’ ‘T(tO) = Zo

we understand by solution a continuous function z : [tg,tf] — R" that satisfies
the above equation V¢ € [to, t].

@ The degree of freedom is f(t,x).
o We have to study the conditions over f(t,x) to have a unique solution.

o Continuity of f(x,t) in t and x is enough for existence but not uniqueness.
o Example: & = x/3 (discussed above)

Extra conditions must be imposed on the function f(¢,x).

The Lipschitz condition is used to show existence and uniqueness.
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Fundamental Properties

Lemma 3.1: Let f: [a,b] X D — R™ be continuous for some domain D C R".
Suppose that [0f/0x] exists and is continuous on [a,b] X D. If, for a convex
subset W C D, there exists a constant L > 0 such that

of
J5z] <

on [a,b] x W, then the Lipschitz condition

1t 2) = f(&y)ll < Lllx =yl

is satisfied for all ¢ € [a,b], x € W and y € W. The lemma indeed shows how a
Lipschitz constant can be computed using knowledge of [0f/0x]
Proof:

@ Mean value theorem

o Holder Inequality
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Fundamental Properties

Lemma 3.2: If f(¢,2) and [0f/Ox] are continuous on [a,b] x D, for some
domain D C R"™, then f is locally Lipschitz in 2 on [a,b] X D.

C° (Continuity) <= Lipschitz <= C* (Continuously Differentiability)
Examples:
o Lipschitz but not C1: f(z) = |z|, f(z) = sat(z).
o CO but not Lipschitz: f(z) = /z.
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Fundamental Properties

Lemma 3.3: If f(¢,2) and [0f/Ox] are continuous on [a,b] X R™, then f is
globally Lipschitz in x on [a,b] x R™ if and only if [0f/0x] is uniformly bounded
on [a,b] x R™.

For a globally Lipschitz function f, there exists a single Lipschitz constant L for
all z,y € R". Globally Lipschitz implies § =ty — ¢y in Theorem 3.1.

C! (Continuously Differentiability) % Globally Lipschitz

Example: C* but not globally Lipschitz: f(z) = .
@ See also Examples 3.1, 3.2.
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Fundamental Properties

Theorem 3.1 (Local Existence and Uniqueness): Let f(¢,x) be piecewise
continuous in t and satisfy the Lipschitz condition

1f(t,x) = f(t )l < Lz -yl

for all z,y € B = {z € R"|||lx — zo|| <}, for all t € [to,t;] (we want the
function f(¢,x) to be Lipschitz in a ball around the initial condition). Then, there
exists d > 0 such that the state equation

i‘:f(t’x)7 1‘(t0) = 2o

has a unique solution over [tg,to + ¢].
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Fundamental Properties

Proof: We start the proof by noting that if 2(¢) is a solution of

&= f(t,x), x(to)= o, (1)
then, by integration, x(t) satisfies

x(t) = x0 + t f(s,z(s))ds )

Conversely, if z(t) satisfies (2), then x(¢) satisfies (1). Thus, the study of
existence and uniqueness of the solution of the differential equation (1) is
equivalent to the study of existence and uniqueness of the solution of the
integral equation (2). This proof proceeds with the integral equation (2).

Viewing the right-hand side of (2) as a mapping of the continuous function
x : [to,t1] — R™, and denoting it by (Px)(t), we can rewrite (2)

a(t) = (Pz)(t) 3)

(Pz)(t) is continuous in t. A solution of (3) is a fixed point of the mapping
P that maps x into Pzx.
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Fundamental Properties

o Existence of a fixed point of (3) can be established by the contraction
mapping theorem. This requires defining a Banach space X’ and a closed set
S C X such that P maps S into S and is a contraction over S.

@ Let us define the Banach space as

X = Cl[to,to + 9], with norm ||z]|c = max |=z(t)]
te[to,t0+5]

and
S={z € X|||lz — zollc <r}

where r is the radius of a ball B and § is a positive constant to be chosen.
Note that that ||z(t)|| denotes a norm on R"™, while ||z||c denotes a norm on
X. Also, B is a bal in R™, while S is a ball in X.

We restrict the choice of § to satisfy § < ¢, — #( so that [to, o + d] C [to, t1].

@ By definition, P maps X into X'. To show that it maps .S into S, write

(P)(t) =0 = [ fls.a(s))ds = [ [f(s.0(5)) = F5.20) + fs.0)]ds

to

Prof. Eugenio Schuster ME 450 - Nonlinear Systems and Control Spring 2024



Fundamental Properties

Since f(t,x) is piecewise continuous, f(t,zo) is bounded on [tg,¢1]. Let

h = t,
wepnax f )l

Using the Lipschitz condition
1f(t,2) = f(ty)ll < Lllz -yl
and the fact that for each z € S,
|z(t) — xol] <7, Vit E€E [to,to+ I]
we write

[(Pz)(t) — ol < /[Hf(&w(S))—f(saxo)IIJrIIf(S,wo)IHds

t
to

< / [L|la(s) — o] + hlds

< /t[Lr + h)ds = (t —to)(Lr + h) < 6(Lr + h)

Hence, choosing § < r/(Lr + h) ensures that P maps S into S.
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Fundamental Properties

@ To show that P is a contraction over S, let x,y € S and consider

1(Pz)(t) — (Py)(®)Il = ‘/[f(s,x(S))f(s,y(S))]dS

1f (s, 2(s)) = f(s,9(s))llds
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Therefore
|Pz = Pylle < Lélle = ylle < pllz —ylle fors < 2
Thus, choosing p < 1 and 0 < £ ensures P is a contraction mapping over S.

@ By the contraction theorem, we conclude that (2) will have a unique solution
if § is chosen to satisfy

5<min{t1_t0’Lr:—h’§} for p <1
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Fundamental Properties

@ We are interested in establishing uniqueness in X and not just in S. The key
is to show that any solution of (2) in X" will lie in S. To do so, note that
since x(tg) = x is inside the ball B, any continuous solution z(t) must lie
inside B for some interval of time. Suppose that z(t) leaves the ball B and
let to + p be the first time x(t) intersects the boundary of B. Then,

[ (to + p) — ol =7
On the other hand, for all t <ty + p,

t
() -zl < / £ (s, 2(5) — F(s, 20)l| + £ (5, z0) [1ds
< / [L]|z(s) — w0l + hlds < / [Lr + hlds
Therefore,
r=lla(to+p) —woll < [Lr+hlu=p> g 20

Hence, the solution z(t) cannot leave the set B within the time interval
[to, to + d], which implies that any solution in X lies in S. Consequently,
uniqueness of the solution in .S implies uniqueness in X.
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Fundamental Properties

Non-existence of Global Solution: Let us consider
i=—x+2°

with solution given by

x(t)

Figure: Non-existence of global solution
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Fundamental Properties

If |xo| > 1 then |z(t)] — o0 as t — %lnﬁé1
If |xo| < 1 then |z(t)] = 0 ast — o

@ Solution exists locally both in time and state.

e Cause of non-existence of global solution: d(x?)/dx not linearly bounded.
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Fundamental Properties

One may try to extend the interval of existence by repeated applications of the
local theorem. However, the interval of existence of the solution cannot be
extended indefinitely because the condition may cease to hold.

ate [P [t 305 |7 et |

[to, T) : Maximal interval of existence. In general, ' may be less than ty, in which
case as t — T, the solution leaves any compact set over which f is locally
Lipschitz in z.

Example: & = 23 — z(t) = —=%o—
& x z J)( ) /1,21315
Maximal interval of existence: [0, 1]

’ 22

@ See also Example 3.3.

Q: When is it guaranteed that the solution can be extended indefinitely?
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Fundamental Properties

Theorem 3.2 (Global Existence and Uniqueness): Let f(t,z) be piecewise
continuous in t and satisfy the Lipschitz condition

1 (t,x) = f(t )l < Lz -yl

for all z,y € R™, t € [to,ts] (we want the function f(t,z) to be Lipschitz
globally). Then, the state equation

i=f(t,z), x(to)=1o
has a unique solution over [tg,t¢].

Proof: The key point of the proof is to show that the constant § in Theorem 3.1
can be made independent of the initial state zg. This is indeed possible thanks to
the Global Lipschitz condition. So, the local result from Theorem 3.1 can indeed
be used repeatedly (the solution always remain in a compact set over which f is
locally Lipschitz in ).
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Fundamental Properties

Q: Globally Lipschitz condition is sufficient for global existence, but is it necessary?
A: No!

Example (3.5): i = —a® = f(z)

This function is locally but not globally Lipschitz. The Jacobian,

of 2

=L __3
Ox *

is not bounded (see Lemma 3.3). The solution

Zo

V14228t

z(t) =

is defined for ¢ > 0. Unique solution!!!
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Fundamental Properties

In view of the conservative nature of the global Lipschitz condition, it would be
useful to have a global existence and uniqueness theorem that requires the
function f to be only locally Lipschitz.

Theorem 3.3: Let f(t,z) be piecewise continuous in t and locally Lipschitz in x
for all t >ty and all = in a domain D C R™. Let W be a compact subset of D,
xg € W, and suppose it is known that every solution of

&= f(t,x), x(tg) = g
lies entirely in W. Then, there is a unique solution that is defined for all ¢ > t,.

Proof: The proof is indeed based on the discussion on extending solutions above.
By Theorem 3.1, there is a unique solution over [t, tg + d]. Let [tg, T] be its
maximal interval of existence. If T is finite, the solution must leave any compact
subset of D. Since by Theorem 3.3 the solution never leaves the compact set

W C D, we can conclude that T' = oc.
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Fundamental Properties

Example (3.6): & = —2% = f(x)
We have already shown that the function is not globally Lipschitz. However, the
function is locally Lipschitz in R.

- If x(t) is positive, the derivative &(t) will be negative.

- If x(t) is negative, the derivative &(t) will be positive.

Therefore, starting from x(0) = a, the solution z(t) cannot leave the compact set
W = {z € R||z| < a}. Without calculating the solution, we conclude by
Theorem 3.3 that the equation has a unique solution for all ¢ > 0.
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Fundamental Properties

Continuous Dependence on IC and Parameters
Solution of
&= f(tz), z(to) = 2o
must depend continuously on
@ initial time tg.
@ initial state x.

o f (parameters).
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Fundamental Properties

Theorem 3.4 (Closeness of Solution): Let f(t,2) be piecewise continuous in ¢
and Lipschitz in = on [to,ts] x W with a Lipschitz constant L, where W C R™ is
an open connected set. Let y(t) and z(¢) be solutions of

y = f(tvy)a y(tO) =Y
and

z:f(t,z)—i-g(t,z), Z(tO):zO
such that y(t), z(t) € W for all ¢ € [to,tf]. Suppose that

lg(t; )| < p, V(E,2) € [to, tp] x W

for some p > 0. Then, for all ¢ € [to,t¢],

ly(#) = 2O < llyo — 2ol exp[L(t — to)] + %{QXP[L(t —to)] = 1}.

Proof: The proof is based on the direct application of the Gronwall-Bellman
inequality.
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Fundamental Properties

Theorem 3.5 (Continuous Dependence on IC and Parameters): Let
f(t,z, \) be continuous in (¢,z,A) and locally Lipschitz in = (uniformly in ¢ and
A) on [to, tf] x D x {||]X = Ao|| < ¢}, where D C R™ in an open connected set.
Let y(¢, \g) be a solution of

y:f(t7ya>\0)7 y(t())AO):yO eD.

Suppose y(t, Ao) is defined and belongs to D for all t € [to,t¢]. Then, given
€ > 0, there is § > 0 such that if

[[z0 — yo|l < 0 and ||A — Aol < 0

then there is a unique solution z(¢, \) of
2= f(t,z,A\), z(to, A) = zo,

defined on [tg,ts] and z(t, \) satisfies
12(8:A) = y(t, do)|| <€ Vi€ [to, ts].
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Fundamental Properties

Proof: Uses Theorem 3.4 (Closeness of Solution) to show that solution stays in
the tube U.

Figure: Continuous Dependence on IC and Parameters

U ={(t,2) € [to, t2] x R"||lz = y(t, Xo)|| < €}
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Fundamental Properties

Sensitivity Equations

Suppose that f(¢,, ) is continuous in (¢, z,A) and has continuous first partial
derivative with respect to & and A for all (¢, z,\) € [to,tf] x R™ x RP. Consider
the nominal equation for A = Aq,

Ct:f(t,l',)\o), x(tO) = Zo,

which has unique solution over [t,tf]. From Theorem 3.5, for all X sufficiently
close to Ag, i.e., ||A — Aol| sufficiently small, the state equation

&= f(t,z, \), x(to) = xo

has a unique solution z(t, \) over [ty,ty] that is close to the nominal solution
I(t, )\0)
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Fundamental Properties

We are interested in (¢, x,\) (partial derivative of x w.r.t. A). We write the
integral form of the state equation,

z(t) =z + f(s,z(s,A), A)ds

to
Then,
‘1o 0
ont) = [ |G (s, a5, + G a5, 00| s
to
0
xx(to,N) = %ZO
By defining
A(t,\) = g(t,x,)\) ,B(t,\) = g(t,w,)\) ,
O z=x(t,\) oA =z (t,\)
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Fundamental Properties

we can differentiate w.r.t. ¢ and write

%@\(t, A) = A(t, Nax(t,\) + B(t, \), zx(to,A) =0.

Let S(t) = zx(t, \o) be the sensitivity function. Then, S(t) is the unique solution
of the sensitivity equation

S(t) = A(t,\o)S(t) + B(t, Mo), S(to) =0.
Sensitivity functions provide first-order estimates of the effect of parameter

variations on solutions. They can also be used to find an approximate solution
when ||A — Agl| is small, by Taylor expanding x(t, A), i.e.,

x(t, N) = x(t, Ao) + S(E) (A — o)

More on this when we study perturbation theory ...
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Fundamental Properties

The procedure for calculating the sensitivity function S(¢) can be summarized by
the following steps:

@ Solve the nominal state equation for the nominal solution z(t, o).

o Evaluate the Jacobian matrices

At No) = ﬁ(t,x,>\) ,
Ox a=z(t,X0),A=Ao
of

B(t,\o) = Zx(t,x,)) '
oA z=2(t,X0),A=Xo

@ Solve the sensitivity equation

S(t) = A(t,X0)S(t) + B(t,\o), S(to) = 0.
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Fundamental Properties

Examples:
@ See Example 3.7:

T = T2 = fi(z1,72)
Z9 = —csinxg —(a+beosxi)ry = folxr,22)
— Solving the nonlinear nominal state equation and linear time-varying sensitivity

equation usually demand a numerical approach.
— These equations can be solved simultaneously

& = f(tx,N), z(to) = w0
Y [aftan) 8F(t,m,) _
S = [ Ox :|)\:AO e [ oA :|A:)\0 » Slto) 0
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Fundamental Properties

Comparison Principle
Quite often when we study the state equation & = f(¢,x) we need to compute
bounds on the solution z(¢) without computing the solution itself.

@ Gronwall-Bellman inequality.
@ Comparison principle.
The upper right-hand derivative is defined as

DFo(t) =lim sup vt +h) —(t)
h—0+ h

o If v(t) is differentiable at ¢, then DT w(t) = o(t).

o If +[v(t+h)—wv(t)] < g(t,h) for all h € (0,b] and limy—o4 g(t, h) = go(t),
then D o(t) < go(t).
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Fundamental Properties

Lemma 3.4 (Comparison Lemma): Consider the scalar differential equation
= f(ta u)7 U(to) = Uo

where f(t,u) is continuous in ¢ and locally Lipschitz in u, for all ¢ > 0 and all

u € J CR. Let [tg,T) (T could be infinity) be the maximal interval of existence
of the solution u(t), and suppose u(t) € J for all t € [to,T). Let v(t) be a
continuous function whose upper right-hand derivatives DV v(t) satisfies the
differential inequality

D+U(t) < ftu(t), v(to) < uo

with v(t) € J for all ¢ € [ty, T). Then, v(t) < u(t) for all t € [to, T).
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Fundamental Properties

Examples:
o Example 3.8: & = —(1 + 2?)x, z(0)=a
o Example 3.9: & = —(1 + 2%)x + €', z(0) =a
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