Mathematical Systems Theory: Advanced Course
Exercise Session 5

1 Accessibility of a nonlinear system

Consider an affine nonlinear control system:

i = (@) + G(a)u, 2(0) =20, Gl)=| g1(a) - gul2) |,

where x € N C R", N is an open set and u € R". We will discuss the ac-
cessibility of this system, which is a weaker concept than the controllability.

Definition

The system is called locally strongly accessible from xg if for any initial point
in the neighborhood of zq, the set of reachable points with appropriate u
contains a non-empty open set for any sufficiently small final time T

Proposition

If dimR.(z¢) = n, then the system is locally strongly accessible from x,
where R.(x) is the strong accessibility distribution (see page 67 in the lecture
note).

Procedure to compute R.(x)
Step 1. Take
Ro(z) = span{g1(x), -+, gm(x)} .
Set k= 0.
Step 2. Compute Lie brackets
[f,d]; 1gi,d], Vd(x) € Ry (),
and take

Ri+1(x) = Ri(x) + span {Lie brackets which are not in Ry(x)}.

Step 3. Stop and set Ro(z) = Rgy1(x) if Rgy1(x) = Ri(x), or dim Ry (z) =
n,Vx € N. Otherwise, return to Step 2 with k =k + 1.

Note: There is no guarantee that the process will end up.



Example

Consider the angular motion of a spacecraft. Here we assume there are
only two controls (two pairs of boosters) available. The model for angular
velocities around the three principal axes is as follows:

az — asg

il = o3
a

. as —ax

To = 123 + Ul
az

. a —ag

T3 = o1 + U2
as

a1 >0, ag >0, a3 > 0.

Let us compute the strong accessibility distribution R.(z) and check the
accessibility of the system. In this case,

ax9x3 0 0
f(x) = | Brsz1 |, g1i(x):==| 1 |, g2(x):=| O
YT1T2 0 1

where a := (ag — a3) /a1, f = (a3 — a1)/az and v = (a1 — a2)/as.

Step 1. Ro(x) = span {g1(x), g2(x)} = span {es, s}

Step 2. Lie brackets are computed as follows:

0 0 ars
Frol = 525 @) = ey =—| 0 | = gs(o)
= ,yxl -
0 0 ar2
02 = 224 (w) = ey = — | B | =t (o)
0
; | 0
[91,92] = | O
0

Thus,
Ri(x) =span{gi(x),i =1,...,4}.

Step 3. If @ =0 (i.e. ag = a3), then Ri(x) = Ro(x). So, Re(x) = Ro(z) =
span {egz,e3}. If a # 0, then Ri(x) # Ro(zr) and dimR(z) =2 < 3
for 9 = 3 = 0. Hence, go back to Step 2.



Step 2-2.

RQ("B) = Rl(‘r) + span{[f, g%] ’ [gug]] ) Za] = 1727374}

Ra(z) = R? (whole space).
Step 3-2 Since dim Ry(x) = 3 for any z, R.(x) = R3.

Therefore, if as # a3, then the system is locally strongly accessible from
any point in R3.
2 Stability for linear systems
We will discuss the stability of the linear system
z(t) = Ax(t).

2.1 Asymptotic stability

The matrix A is stable (i.e., all the eigenvalues of A have negative real parts)
if and only if for any N < 0, there exists a unique solution P > 0 for the
Lyapunov equation

ATP+PA=N.

In this case, if we define the Lyapunov function

with the solution P, then
V(x(t) = 2T (t)Px(t) + 2T (t) Pi(t) = 2T (t)(ATP + PA)z(t) < 0

for z(t) # 0.



Example

0

Check if the matrix A = [ 9

1
3 ] is stable, without computing the

eigenvalues.
Set N = —I, and solve the Lyapunov equation (you can use lyap.m):

0 -2 Prop2| | P1 P2 0O 1 ]_ |10
I -3 P2 D3 P2 D3 -2 -3 0 1
S
P A N

AT

P
1[5 1
®P_4[1 1]'

The matrix P is positive definite, and therefore, A is stable.

2.2 Critical stability

Suppose that the matrix A does not have eigenvalues with positive real part
and has some eigenvalues on the imaginary axis. Such a case is called a
critical case. In critical cases, the system is stable if and only if algebraic
multiplicities of the eigenvalues on the imaginary axis equal geometric mul-
tiplicities.

Example

First, consider the system

where A has two eigenvalues at the origin (algebraic multiplicity is two).

T
For the two eigenvalues, there is only one eigenvector { 10 } (geometric
multiplicity is one). Hence, the system is unstable. Indeed,

.?1 = I9 N xl(t) = x99t + 10
Tro = 0 T2 (t) = I920

and xa(t) diverges if x99 # 0.



Next, consider the system

where A has eigenvalues at £, with algebraic multiplicity one. Since each
eigenvalue corresponds to one eigenvector, algebraic and geometric multi-
plicities are the same for each eigenvalue. Hence, this system is stable.
Indeed,

1= 29 x1(t) = rsin(t + ¢)
{ To = —11 — { z2(t) = rcos(t + ¢)

and the trajectory {(z1(t),z2(t))}, forms a circle with radius 7.

3 Stability for nonlinear systems

3.1 Principle of stability in the first approximation

Consider a nonlinear system
&= Az + g(x),

where g(z) indicates higher order terms than order one (i.e., g may include
22, m129, 23 etc.). Denote the set of all the eigenvalues of A by o(A). Then,

xr=01is

e exponentially stable if 0(A) C C~. (C~ is the open left half-plane.)
e unstable if 0(A) NCT #£ (). (C™ is the open right half-plane.)

If A has no eigenvalue in the open right half-plane but has at least one
eigenvalue on the imaginary axis, then we need nonlinear stability theory,
such as center manifold theory, to determine the stability of = 0.

Next, consider a nonlinear system with a control

& = Az + g(x) + Bu,

where ¢ is the same as above. If (A, B) is stabilizable, then © = 0 of
the nonlinear system can be exponentially stable by using a state feedback
u = Fx, where F' is chosen so that A + BF is stable.



Example

Consider a nonlinear system

. o
x_aﬁ

| S
A

z +g(x),

where ¢ is a higher order term than order one.

If « =—1 and § = —2: A has two eigenvalues at —1, and hence x = 0 is
exponentially stable. (In fact, if @ and 8 are negative, then A is a
stable matrix and = = 0 is exponentially stable.)

If « =0 and § = 1: A has eigenvalues at 1, and hence z = 0 is unstable.

If o = 8 = 0: Since A has eigenvalues only on the imaginary axis, we cannot
determine the stability of x = 0 by “Principle of stability in the first
approximation”.

3.2 Stability for a special but important nonlinear system
Consider a scalar nonlinear system
& =az", z(0) = xo,

where a is a real constant and n is a positive integer. Study the stability of
this system.
We consider several cases.

If n = 1: The system is linear.
z(t) = e ay.
If a < 0: Since z(t) — 0 as t — oo, x = 0 is asymptotically stable.

If a = 0: Since z(t) = xg for all ¢, x = 0 is (critically) stable.
If a > 0: Since |z(t)] = oo as t — 0o, x = 0 is unstable.

If n > 1: We solve the differential equation.

z=az" = /:c_”dac:/adt

1 1
- nxl_” =at+ . nxé_", (since z(0) = xg)
1

(1 —n)at + x5 ™"

=

= ()" =



If a = 0: Since z(t) = xg for all ¢, x = 0 is critically stable.

If a # 0: Since ‘(1 —n)at—kxé*"‘ — 00 as t — oo, |z(t)] > 0ast —
oo. But the question is if |x(t)] — oo at some time ¢y € (0,00)
for some x.
By setting the denominator of z(t)"~! equal zero,

T
O an—1) azxftn—1)

If a < 0 and n is odd: Since xg_l > 0 for all nonzero xq, tg < 0
and hence |z(t)| # oo and x = 0 is asymptotically stable.
Otherwise: We can always choose z( such that

1

— > 0.
axf Hn —1)

to =

Thus, x = 0 is unstable.
In summary, x = 0 is

e asymptotically stable if ¢ < 0 and n is odd,
e critically stable if a =0,

e unstable otherwise.

Fact
The stability of the system
i = az™ + O(|z|")

is the same as the stability of £ = az™. (This fact will be useful when you
learn center manifold theory.)

4 How to check stability in critical cases?

Consider a nonlinear system
Now suppose that the matrix

. of

o 8-73 x=0



has no eigenvalues in the open right half-plane but has some eigenvalues
on the imaginary axis. Such cases are called critical cases. To check the
stability in such cases, one can use the center manifold theory.

The procedure to check the stability is as follows.

Step 1. From & = f(x), obtain
i = Lo+ p(a), 1)

where p includes higher order terms than order one.

Step 2. If necessary, do a coordinate change to transform (1) into

HEM B

where A and B have eigenvalues only on the imaginary axis and only
in the open left half-plane, respectively.

Step 3. First, try to solve y =0, i.e.,
By +g(z,y) =0,

with respect to y. If it is difficult to solve, we solve instead By +
9(2,0) =0, ie.,
y=—B""g(z,0).

Set ¢(z) := y. Using the obtained ¢, define

Mo(z) = D24z 4 f(2,0(20) ~ Bo:) — (2 6(2))

Step 4. The center manifold is approximated as
h(z) = ¢(z) + O(M¢(z)).
Step 5. Check the stability of

w = Aw + f(w, h(w)).



Example 1
Check the stability of the system

T1 = l‘% + x129
jjg = —2$2 - .73% + $1x%
This system can be written as
. 4
1 = 0 x1+2]+ 212
1 1 1 122
A f(u’U2171‘2) )
Ty = —2x0+4 (—x7)+ 2125 .
(—21) 5
B g(z1,22)

Since it is difficult to solve —2x9 — x% + mlx% = 0 with respect to zo, we set

_ 1
z9 = —B tg(x1,0) = —51‘% =: ¢(z1).

Me(x1) = gi(z‘lwﬁf(wl,cb(xl)))B¢($1)9($1a¢(ﬂf1))

1 1
— o (st - at) - Jad
= O(z}).
So, the center manifold is approximated as
L 9 4
h(z1) = —5%1 + O(x7).
Let us check the stability of

1

— 4 L2 4

W= 2 W+ w +w< 5 + O(w )>
f(w,h(w))

1
= = —§w3 + O(w).

Since w = 0 is asymptotically stable for this system, (x1,z2) = (0,0) is also
asymptotically stable for the original system.



Example 2

Consider the control system

T1 = XT3
T2 = Uy
T3 = —I1T2+ us.

This is the model of spacecraft with some constants (see the note for Exercise
Session 5). If we use control

2 3
U] = —T2 + T, U= —T3— 7,

the closed-loop system becomes

fCl = X223
To = —x9+ ,I%
.f3 = —I1X92 — I3 — 1“;’

We will check the stability of this closed-loop system.
We can write the system as

jf‘l = A$1+f($1,[x2,$3])
z T
R R
where
-1 0 z?
A=0,B=| s f(@1, [x2, 23]) = 293, g(21, [T2,73]) = —rims— a3 |

First, solve
0= —z9 + x% = I9 = x% =: ¢1(x1)

0=—x129 — 23 — xi{’ = x3 = —2:10? =: ¢o(x1)

Define ¢(z1) := [ o1(21) . Then,

p2(21)




So, the center manifold is approximated as

7t

h(l‘l) = [ 72‘%? +

O(a?)
O(af) |
Let us check the stability of the system

W = (w? + O(w®))(—w? + O(w"))
=1 = —w® + O(w?).

w = 0 of this system is asymptotically stable, and so is x = 0 of the original
system.
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