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o O o

Stability was probably the first question in classical dynamical systems which was
dealt with in a satisfactory way. Stability questions motivated the introduction of
new mathematical concepts (tools) in engineeering, particularly in control engineering.
Stability theory has been of interest to mathematicians and astronomers for a long
time and has had a stimulating impact on these fields. The specific problem of
attempting to prove that the solar system is stable accounted for the introduction of
many new methods.

Our treatment of stability will apply to (control) systems described by sets of

linear or nonlinear equations. As is to be expected, however, our most explicit results

will be obtained for linear systems.
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4.1 Basic Concepts

Consider the nonlinear dynamical system ¥ described by

| #=F(tz), zcR" (4.1)

where z(-) is a curve in the state space R™ and F' is a vector-valued mapping
having components F;, ¢=1,2,...,m.
NOTE : We shall assume that the components F; are continuous and satisfy stan-

dard conditions, such as having continuous first order partial derivatives so that the

solution curve of (4.1) exists and is unique for any given initial condition (state).
From a geometric point of view, the right-hand side (rhs) F' can be interpreted as
a time-dependent vector field on R™. So a (nonlinear) dynamical system is essentially
the same as (and thus can be identified with) a vector field on the state space. This
point of view is very fruitfull and extremely useful in investigating the properties of

the dynamical system (especially when the state space is a manifold).

If the functions F; do not depend explicitly on ¢, then system ¥ is called

autonomous (or time-independent); otherwise, nonautonomous (or time-dependent).
Equilibrium states

4.1.1 DEFINITION.  If F(t,c) =0 for all ¢, then ¢ € R™ is said to be an

equilibrium (or critical) state.

It follows at once from (4.1) that (for an equilibrium state ¢) if x(ty) = ¢,

then z(t) = ¢ for all t > to. Thus solution curves starting at ¢ remain there.

Clearly, by introducing new variables ) = z; — ¢; we can arrange for the
equilibrium state to be transferred to the origin (of the state space R™ ); we
shall assume that this has been done for any equilibrium state under consid-
eration (there may well be several for a given system ), so that we then
have

F(t,0)=0
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for all ¢ > .

We shall also assume that there is no other constant solution curve in the

neighborhood of the origin, so this is an isolated equilibrium state.

4.1.2 EXAMPLE.  The intuitive idea of stability in a dynamical setting is
that for “small” perturbations from the equilibrium state at some time tg,
subsequent motions t — x(t), t > to should not be too “large”. Consider a
ball resting in equilibrium on a sheet of metal bent into various shapes with

cross-sections as shown.

(4) (i) )

If frictional forces can be neglected, then small perturbations lead to :

e oscillatory motion about equilibrium (case (i)) ;
e the ball moving away without returning to equilibrium (case (ii));

e oscillatory motion about equilibrium, unless the initial perturbation
is so large that the ball is forced to oscillate about a new equilibrium

position (case (iii)).

If friction is taken into account then the oscillatory motions steadily decrease

until the equilibrium state is returned to.
Stability

There is no single concept of stability, and many different definitions are

possible. We shall consider only the following fundamental statements.
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4.1.3 DEFINITION.  An equilibrium state x = 0 is said to be :

(a) stable if for any positive scalar e there exists a positive scalar §

such that [|z(tg)]| < 0 implies ||x(¢)| < e for all t > .

(b) asymptotically stable if it is stable and if in addition z(¢) — 0

as t — oo.

(c) unstable if it is not stable; that is, there exists an € > 0 such that
for every § > 0 there exists an z(tg) with ||z(to)| <6, ||x(t1)] > ¢

for some t1 > .

(d) completely unstable if there exists an € > 0 such that for every
d > 0 and for every x(tg) with ||z(to)|| < 0, ||z(t1)]| > ¢ for some
t1 > 1g.

NOTE : The definition (a) is often called “stability in the sense of Lyapunov”
(stability i.s.L.) after the Russian mathematician ALEKSANDR M. LYAPUNOV (1857-

1918), whose important work features prominently in current control theory.

In EXAMPLE 4.1.2, case (i) represents stability i.s.L. if friction is ig-
nored, and asymptotic stability if friction is taken into account, whereas case
(74) represents instability. If the metal sheet in (i) were thought to extend
indefinitely then, if friction is present, the ball would eventually return to
equilibrium no matter how large the disturbance. This is an illustration of
asymptotic stability in the large, which means that every motion converges to
a single equilibrium point (state) as t — oo, and clearly does not apply to case
(7i7). Asymptotic stability in the large implies that all motions are bounded.
Generally,

4.1.4 DEFINITION.  An equilibrium state = 0 is said to be bounded (or
Lagrange stable) if there exists a constant M, which may depend on ty and
x(to), such that ||z(t)|| < M for all ¢t > to.

Some remarks can be made at this stage.
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1. Regarded as a function of ¢ in the ( n-dimensional) state space, the solu-
tion x(+) of (4.1) is called a trajectory (or motion). In two dimensions

we can give the definitions a simple geometric interpretation.

e If the origin O is stable, then given the outer circle C, radius e,
there exists an inner circle Cp, radius 61, such that trajectories

starting within C; never leave C.

e If O is asymptotically stable, then there is some circle Cs, radius
d2, having the same property as C; but, in addition, trajectories

starting inside Co tend to O as t — oo.

2. We refer to the stability of an equilibrium state of 3, not the system
itself, as different equilibrium states may have different stability proper-

ties.

3. A weakness of the definition of stability i.s.L. for practical purposes is
that only the existence of some positive ¢ is required, so 6 may be very
small compared to ¢; in other words, only very small disturbances from

equilibrium may be allowable.

4. In engineering applications, asymptotic stability is more desirable than
stability since it ensures eventual return to equilibrium, whereas stability

allows continuing deviations “not to far” from the equilibrium state.
Examples

Some further aspects of stability are now illustrated through some exam-

ples.

4.1.5 ExAMPLE.  We return again to the environment problem involving

rabbits anf foxes, and let the equations have the following numerical form

j}l = 21’1 — 3.%'2

i?g = 21‘1 — X2.
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These equations have a single equilibrium point (state) at the origin. With
arbitrary initial numbers z1(0) and x2(0) of rabbits and foxes, respectively,

the solution is

V15 3 V15 622(0 V15
zi(t) = 331(0)6% cos t+ sin t|— 7 )e% sin t
2 V15 2 V15 2

with a similar expression for zo(t). Clearly, x;(t) tends to infinity as ¢ — oo,

irrespective of the initial state, so the origin is unstable.

4.1.6 ExaAMPLE.  Consider the (initialized) dynamical system on R de-
scribed by

i=a% x(0)=mz0 R

It is clear that the solution exists and is unique; in fact, by integrating, we

easily obtain

1 1
=t .
x i)
Hence
1
x(t) =71 ;
1

so that if zp > 0, z(t) — oo as t — 3710 The solution is said to “escape” to
infinity in a finite time, or to have a finite escape time. We shall henceforth
exclude this situation and assume that (4.1) has a finite solution for all finite
t > tg, for otherwise (4.1) cannot be a mathematical model of a real-life

situation.

4.1.7 ExaMPLE.  We demonstrate that the origin is a stable equilibrium

state for the (initialized) system described by
t=(1-2t)x, x(tg)=z0€R

by determining explicitly the scalar ¢ in the definition. Integrating the equa-

tion gives

z(t) = zoet~teto o,
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The condition |z(t)| < ¢ leads to

2_ _ 42
20| < g€l el
. tht . . _1 1 -
Since t e has a minimum value of e”4 when t = 3, it follows that we

can take

6= 667(7&07%)2.

In general, § will depend upon &, but in this example it is also a function of

the initial time. If § is independent of tg, the stability is called uniform.

4.1.8 EXAMPLE.  Consider the (initialized) dynamical system on R de-
scribed by

x(t) — 2 if z(t) > 2
.I‘(t) = s J?(t(]) =1z € R.
0 if z(t) <2.

The solution is easily found to be

2+ (zg — 2)el ™t if zp > 2
z(t) =

i) if i) < 2.

The condition |z(t)| < € is implied by |z¢| < 2 when € > 2, for then |z(t)| =
lzg] < 2 < e. When € < 2, |z(t)] < € is implied by |zo| < €, for then
again |z(t)| = |zo| < . Thus according to the definition, the origin is a stable
equilibrium point (state). However, if g > 2 then x(t) — oo, so for initial
perturbations xg > 2 from equilibrium motions are certainly unstable in a

practical sense.

4.1.9 ExaMPLE.  Consider the equation

t=f(t)r, x(0)=z9€R
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where
In10 if 0<¢t<10

-1 it ¢ > 10.

The solution is

10t z¢ if 0<t<10
x(t) =
101045101 if ¢t > 10.

Clearly, x(t) — 0 as t — oo, and the origin is asymptotically stable. However,
if z9 changes by a very small amount, say 107>, then the corresponding
change in z(t) is relatively large — for example, when ¢ = 20, the change in
z(t) is 1019107%10720 ~ 4.5,

NOTE : EXAMPLES 4.1.8 and 4.1.9 show that an equilibrium state may be stable
according to Lyapunov’s definitions and yet the system’s behaviour may be unsatis-
factory from a practical point of view. The converse situation is also possible, and
this has led to a definition of “practical stability” being coined for systems which
are unstable in Lyapunov’s sense but have an acceptable performance in practice,
namely that for pre-specified deviations from equilibrium the subsequent motions also

lie within specified limits.

4.2 Algebraic Criteria for Linear Systems

We return to the general linear (time-invariant) system given by

’ &= Az, x e R™ ‘ (4.2)

where A € R™*™ and (4.2) may represent the closed or open loop system.
Provided the matrix A is nonsingular, the only equilibrium state of (4.2) is
the origin, so it is meaningful to refer to the stability of the system (4.2). If
the system is stable (at the origin) but not asymptotically stable we shall call
it neutrally stable.
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One of the basic results on which the development of linear system stability

theory relies is now given. The proof will be omitted.

4.2.1 THEOREM.  (STABILITY PROPERTIES OF A LINEAR SYSTEM) Consider
the linear system (4.2), and for each eigenvalue A of A, suppose that m) de-
notes the algebraic multiplicity of X and d) the geometric multiplicity of X.
Then :

(a) The system is asymptotically stable if and only if A is a stability
matrix; that is, every eigenvalue of A has a negative real part.
(b) The system is neutrally stable if and only if

e cvery eigenvalue of A has a nonpositive real part, and

e at least one eigenvalue has a zero real part, and dy = my for

every eigenvalue X\ with a zero real part.
(¢) The system is unstable if and only if

e some eigenvalue of A has a positive real part, or

e there is an eigenvalue X with a zero real part and dy < my.

NOTE : (1) Suppose all the eigenvalues of A have nonpositive real parts. One
can prove that if all eigenvalues having zero real parts are distinct, then the origin is

neutrally stable.

(2) Also, if every eigenvalue of A has a positive real part, then the system is com-

pletely unstable.

4.2.2 EXAMPLE. In EXAMPLE 4.1.5 the system matrix is of the form

ayp —az
az —a4

where a1, as,as,aq4 > 0. It is easy to show that

A=

det (A\[z — A) = A\ — d)
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using the condition
al _ a9
as N a4y
Hence A has a single zero eigenvalues, so the system is neutrally stable provided

d(= a1 — ayq) is negative. (If a3 = a4 then the system is unstable.)

NOTE : The preceding theorem applies if A is real or complex, so the stability
determination of (4.2) can be carried out by computing the eigenvalues using one of
the powerful standard computer programs now available. However, if m is small (say
less than six), or if some of the elements of A are in parametric form, or if access to

a digital computer is not possible, then the classical results given below are useful.

Because of its practical importance the linear system stability problem has
attracted attention for a considerable time, an early study being by JAMES C.
MAXWELL (1831-1879) in connection with the governing of steam engines.
The original formulation of the problem was not of course in matrix terms,

the system model being
2™ k2D ok = (). (4.3)

This is equivalent to working with the characteristic polynomial of A, which

we shall write in this section as
a(A) i=det (M, — A) = A"+ a A+ b apm A+ an. (4.4)

The first solutions giving necessary and sufficient conditions for all the roots of
a(\) in (4.4) to have negative real parts were given by AUGUSTIN L. CAUCHY
(1789-1857), JAcQUEs C.F. STURM (1803-1855), and CHARLES HERMITE
(1822-1901).

We give here a well-known result due to ADOLF HURwITZ (1859-1919)

for the case when all the coefficients a; are real. The proof will be omitted.

4.2.3 THEOREM. (HurwiTz) The m x m Hurwitz matriz associated
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with the characteristic polynomial a(X) of A in (4.4) is

ay a3 as ... a2m—1
as a4 ... QA2m—29
a; asz ... ao2m-—-3
H:= (4.5)
1 ay ... aA9m—4
L0 0 0 ... an |

where a, = 0, r > m. Let H; denote the i leading principal minor of
H. Then all the roots of a(\) have negative real parts (a(M) is a Hurwitz
polynomial ) if and only if H; >0, i=1,2,...,m.

NOTE : A disadvantage of THEOREM 4.2.3 is the need to evaluate determinants of
increasing order, and a convenient way of avoiding this is due to EDWARD J. RoUTH
(1831-1907). We will give only the test as it applies to polynomials of degree no

more than four, although the test can be extended to any polynomial.

4.2.4 PROPOSITION.  (THE RouTH TEST) All the roots of the polynomial
a(X) (with real coefficients) have negative real parts precisely when the given

conditions are met.
o M2+ a1 N+ ay : all the coefficients are positive ;
o A2+ a1 N2+ ag)\+as : all the coefficients are positive and ajas > as ;

o M4 a3 +a 2+ as\+aq : all the coefficients are positive, ajas > as

and aiasasg > a%a4 + ag.

NOTE : The HURWITZ and ROUTH tests can be useful for determining stability
of (4.3) and (4.2) in certain cases. However, it should be noted that a practical
disadvantage of application to (4.2) is that it is very difficult to calculate accurately
the a; in (4.4). This is important because small errors in the a; can lead to large

errors in the roots of a(\).
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4.2.5 EXAMPLE. Investigate the stability of the linear system whose char-

acteristic equation is
M 2N 49X 4N +1=0.

SOLUTION : The polynomial a(\) = A* + 2A3 + 9\ 4+ 4\ + 1 has positive
coefficients, and since a1 = 2, a3 = 9, a3 = 4 and a4 = 1, the polynomial

meets the Routh conditions :
18 = ajas >a3 =4 and 72 =ajasas > a%a4 + a% =20.

So all the roots have negative real parts, and hence the linear system is asymp-

totically stable.

Since we have assumed that the coefficients a; are real it is easy to derive

a simple necessary condition for asymptotic stability :

4.2.6 PROPOSITION.  If the coefficients a; in (4.4) are real and a(\) cor-

responds to an asymptotically stable system, then
a; >0, 1=1,2,...,m.

PROOF :  Any complex root of a(\) will occur in conjugate pairs a+if, the

corresponding factor of a(\) being
A—a—if)A—a+if) = A2 — 20\ +o® + 2.

By THEOREM 4.2.1, a < 0, and similarly any real factor of a(A) can be
written (A4 ) with v > 0. Thus

a()) = H()\ +7) l_I()\2 — 20\ + o + ()
and since all the coefficients above are positive, a; must also all be positive.O

NOTE : Of course the condition above is not a sufficient condition, but it provides a
useful initial check : if any a; are negative or zero, then a(\) cannot be asymptotically

stable.
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When we turn to linear time-varying systems

| a=At)z, alt) = | (4.6)

the situation is much more complicated. In view of THEOREM 4.2.1 it might
be thought that if the eigenvalues of A(t) all have negative real parts for all
t > to, then the origin of (4.6) would be asymptotically stable. Unfortunately,

this conjecture is not true (see Exercise 73).

4.3 Lyapunov Theory

We shall develop the so-called “direct” method of Lyapunov in relation to the

(initialized) nonlinear autonomous dynamical system ¥ given by

| @i=F(@), 20)=s€eR"; F(0)=0. | (4.7)

NOTE : Modifications needed to deal with the (nonautonomous) case
z=F(t,x), z(to) = xo
are straightforward.

The aim is to determine the stability nature of the equilibrium state (at
the origin) of system % without obtaining the solution x(-). This of course
has been done algebraically for linear time invariant systems in section 4.2.
The essential idea is to generalize the concept of energy V for a conservative
system in mechanics, where a well-known result states that an equilibrium
point is stable if the energy is minimum. Thus V is a positive function which
has V negative in the neighborhood of a stable equilibrium point. More

generally,

4.3.1 DEFINITION.  We define a Lyapunov function V : R™ — R as

follows :

are continuous ;

|4
8:131'

e V' and all its partial derivatives
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o V is positive definite; that is, V(0) = 0 and V(z) > 0 for = # 0 in
some neighborhood {z|||z|| < k} of the origin.

Consider now the (directional) derivative of V' with respect to (the vector
field) F, namely

Fy
. ov
S _[ov oV
Vo= mr=li o £
Fn
ov ov ov
S A D STIIA Y
ox1 1+81:2 2+ +8azm

A Lyapunov function V' for the system (4.7) is said to be

e strong if the derivative V is negative definite; that is, V(0) = 0 and

V(z) <0 for x # 0 such that ||z| < k.

e weak if the derivative V is negative semi-definite; that is, V(0) = 0

and V(z) <0 for all z such that |z| < k.

NOTE : The definitions for positive or negative definiteness or semi-definiteness are
generalizations of those for quadratic forms. Here is the definiteness test for planar

quadratic forms : Suppose that Q = Q(x,y) is the quadratic form ax?®+ 2bxy + cy?,
where a,b,c € R. Then @ is :

e positive definite <= a,c >0 and b> < ac ;
e positive semi-definite <= a,c>0 and b? < ac ;
e negative definite <= a,c <0 and b® < ac ;
e negative semi-definite <= a,c <0 and b < ac.

Otherwise, Q is indefinite.

The Lyapunov stability theorems

The statements of the two basic theorems of Lyapunov are remarkably

simple. The proofs will be omitted.
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4.3.2 THEOREM.  (LyAPUNOV’S FIRST THEOREM) Suppose that there is a
strong Lyapunov function V  for system Y. Then system X is asymptotically
stable.

The conclusion of this theorem is plausible, since the values of the strong
Lyapunov function V(z(t)) must continually diminish along each orbit z =
x(t) as t increases (since V is negative definite). This means that the orbit
x = x(t) must cut across level sets V(xr) = C with ever smaller values of C.
In fact, lim; oo V(2(t)) = 0, which implies that xz(¢) — 0 as ¢ — oo since
z(t) and V(z) are continuous and V' has value zero only at the origin (that’s

where the positive definiteness of V' comes into play).

4.3.3 THEOREM. (LYAPUNOV’S SECOND THEOREM) Suppose that there is

a weak Lyapunov function V for system X. Then system ¥ is stable.

The result seems reasonable since the negative semi-definiteness of V' keeps
an orbit that starts near the origin close to the origin as ¢ increases. But orbits
don’t have to cut across level sets of V.

NOTE : If the conditions on V' in THEOREM 4.3.2 hold everywhere in state space
it does not necessarily follow that the origin is asymptotically stable in the large.

For this to be the case V must have the additional property that it is radially
unbounded, which means that
V(z) = oo for all x such that ||z| — oco.
For instance,
V =a? + 22
is radially unbounded, but
2
x

V: 1 2
1+x%+x2

is not since, for example,
V—>1 as 1 — 00, 29 — 0.
A similar line of reasoning shows that if Q is the set of points “outside” a bounded

region containing the origin, and if throughout Q, V > 0, V<0 and V is radially

unbounded, then the origin is Lagrange stable.
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4.3.4 EXAMPLE. Consider a unit mass suspended from a fixed support by
a spring, z being the displacement from the equilibrium. If first the spring is

assumed to obey Hooke’s law, then the equation of motion is
Z4+kz=0 (4.8)
where k is the spring constant. Taking x1 : =z, x9:= 2, (4.8) becomes

.5'61:.%2

iz = —kl’l.

Since the system is conservative, the total energy

1 1

is a Lyapunov function and it is easy to see that
E = kxlxg — /€$2.7}1 =0

so by LYAPUNOV’S SECOND THEOREM the origin is stable. (Of course, this is
trivial since (4.8) represents simple harmonic motion.)
Suppose now that the force exerted by the spring, instead of being linear

is some function x1k(x1) satisfying
k(0) =0, Fk(x1) >0 forz; #0.

The total energy is now

1 m
E = 12 +/ Tk(T)dr
2 0

and
E= —kx129 + k121 = 0.

So again by LYAPUNOV’S SECOND THEOREM the origin is stable for any non-

linear spring satisfying the above conditions.
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4.3.5 EXAMPLE. Consider now the system of the previous example but

with a damping force dz added, so that the equation of motion is
Z4+dz+kz=0. (4.9)

(Equation (4.9) can also be used to describe an LCR series circuit, motion of
a gyroscope, and many other problems.)
Assume first that both d and k are constant, and for simplicity let d =

1, k = 2. The system equations in state space form are

T1 = T9
i‘z = —2.%1 — T2
and the total energy is
1
E =2+ -a3
2
so that
E = 2x129 + To(—211 — x9) = —23

which is negative semi-definite, so by LYAPUNOV’S SECOND THEOREM the

origin is stable. However, now consider the function
V= 71‘% + 2z129 + Bx%.

Then

V = —4x? — 423,

Clearly, V is negative definite and it is easy to verify that the quadratic
form V is positive definite, so by LYAPUNOV’S FIRST THEOREM the origin is

asymptotically stable (in fact, in the large).

This example illustrates that a suitably-chosen Lyapunov function can pro-
vide more information than the energy function. However, when V is only

negative semi-definite, the following result is often useful.



C.C. Remsing 131

4.3.6 PROPOSITION.  Suppose that there is a (weak) Lyapunov function V
such that V does not vanish identically on any nontrivial trajectories of Y.

Then (the origin of ) system X is asymptotically stable.

4.3.7 ExaMPLE.  Consider again the damped mass-spring system described
by (4.9), but now suppose that both d and k are not constant. Let k(z1)
be as defined in EXAMPLE 4.3.4 and let d(x2) have the property

d(x2) >0 forazg #0; d(0)=0.

The state equations are

.’i‘l = T2
x.Q = —xlk(l’l) — l‘gd(l‘g).
So, if E is
1 m
E = 13 +/ Tk(T)dr
2 0
then
E = xg(—xlk — dxg) + x1ki1 = —l‘%d <0.
Now E is positive definite and E vanishes only when z(t) = 0, which

implies k(z;) = 0, which in turn implies z;(t) = 0. Thus E vanishes only
on the trivial solution of (4.9), and so by PROPOSITION 4.3.6 the origin is

asymptotically stable.
4.3.8 ExaAMPLE.  The van der Pol equation
i4e(z2-1)242=0 (4.10)

where € is a constant, arises in a number of engineering problems. (In a

control context it can be thought of as application of nonlinear feedback

u=—z+e(l—2%)z
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to the (linear) system described by

Z=u.)
We shall assume that € < 0. As usual take z1 := z, 29 : = 2 to transform
(4.10) into
Zi‘l = X9
iy = —x1 — € (22 — 1)w2.

(The only equilibrium state of this system is the origin.) Try as a potential

Lyapunov function V = 22 4+ 23 which is obviously positive definite. Then

V = 2x121 + 22229

= 2ez3(1—2?).
Thus V < 0 if 2?2 < 1, and then by PROPOSITION 4.3.6 the origin is
asymptotically stable. It follows that all trajectories starting inside the re-

gion T : 22 + 23 < 1 converge to the origin as t — oo, and T' is therefore

called a region of asymptotic stability.

NOTE : You may be tempted to think that the infinite strip S : 2 < 1 is a region
of asymptotic stability. This is not in fact true, since a trajectory starting outside I'
can move inside the strip whilst continuing in the direction of decreasing V circles,

and hence lead to divergence.

In general, if a closed region
R : V(z) < constant

is bounded and has V negative throughout, then region R is a region of asymp-

totic stability.

Suppose that we now take as state variables

t
x] = 2, $3:=/Z(T)d7’.
0



C.C. Remsing 133

The corresponding state equations are

3 1
r1 = —I3 — € (gac“;’ — xl)
iig = I.
Indeed,
T, = z

t t
= —/sz—e/(zQ—l)é’dT
0 0
1
= —ZL‘3—€<323—Z>
1
= —$3—6<3$?—CE1).

Hence, using V = 2% + 3, we have

. 1
V = 2 (fvg — gex:{’ + e:cl) + 2x321

1
= 2ea:%<1—3x§>go if z2 <3

so the region of asymptotic stability obtained by this different set of state

variables is R : 2% + 23 < 3, larger than before.

NOTE : In general, if the origin is an asymptotically stable equilibrium point (state),
then the total set of initial points (states) from which trajectories converge to the
origin as t — oo is called the domain of attraction. Knowledge of this domain
is of great value in practical problems since it enables permissible deviations from
equilibrium to be determined. However, EXAMPLE 4.3.8 illustrates the fact that since
a particular Lyapunov function gives only sufficient conditions for stability, the region
of asymptotic stability obtained can be expected to be only part of the domain of
attraction. Different Lyapunov functions or different sets of state variables may well

yield different stability regions.
The general problem of finding “optimum” Lyapunov functions, which give best

possible estimates for the domain of attraction, is a difficult one.
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It may be a waste of effort trying to determine the stability properties of
an equilibrium point, since the point may be unstable. The following result is

then useful :

4.3.9 THEOREM. (LyApUNOV’S THIRD THEOREM) Let a function V : R™ —
R with V(0) = 0 have continuous first order partial derivatives. If there is
some neighborhood containing the origin in which V takes negative values,
and if in addition V is negative semi-definite, then the origin of (4.7) is not
asymptotically stable. If V is negative definite, the origin is unstable, and if

both V. and V are negative definite, the origin is completely unstable.

NOTE : In all three Lyapunov’s theorems the terms “positive” and “negative” can
be interchanged simply by using —V instead of V. It is only the relative signs of the

Lyapunov function and its derivative which matter.
Application to linear systems

We now return to the linear time-invariant system

i=Ar, xeR™ (4.11)

In section 4.2 we gave algebraic criteria for determining asymptotic stability
via the characteristic equation of A. We now show how Lyapunov theory can
be used to deal directly with (4.11) by taking as a potential Lyapunov function

the quadratic form

| v=u2TPz | (4.12)

where the matrix P € R™*™ is symmetric. The (directional) derivative of V'

with respect to (4.11) (in fact, with respect to the vector field = — Ax) is
V = i"Px+2TPi
= 2TATPz+2TPAx

= —zTQu
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where

ATP+ PA=-Q (4.13)

and it is easy to see that @ is also symmetric. If P and ) are both positive
definite, then by LyAPUNOV’S FIRST THEOREM the (origin of) system (4.11)
is asymptotically stable. If @) is positive definite and P is negative definite or
indefinite, then in both cases V' can take negative values in the neighborhood
of the origin so by LyApuNov’s THIRD THEOREM, (4.11) is unstable. We

have therefore proved :

4.3.10 PROPOSITION. The matriz A € R™*™ s a stability matriz if and
only if for any given positive definite symmetric matriz @, there exists a posi-

tive definite symmetric matric P that satisfies the Lyapunov matrixz equation

(4.13).

Moreover, if the matrix A is a stability matrix, then P is the unique

solution of the Lyapunov matriz equation (see Exercise 77).

It would be no use choosing P to be positive definite and calculating Q
from (4.13). For unless ) turned out to be definite or semi-definite (which
is unlikely) nothing could be inferred about asymptotic stability from the

Lyapunov theorems.

NOTE : Equations similar in form to (4.13) also arise in other areas of control
theory. However, it must be admitted that since a digital computer will be required
to solve (4.13) except for small values of n, so far as stability determination of (4.11)
is concerned it will be preferable instead to find the eigenvalues of A. The true value

and importance of PROPOSITION 4.3.10 lies in its use as a theoretical tool.
Linearization

The usefulness of linear theory can be extended by use of the idea of

linearization. Suppose the components of (the vector field) F' in

t = F(z), z(0) =xz¢9; F(0)=0



136 AM3.2 - Linear Control

are such that we can apply Taylor’s theorem to obtain
F(z) = Az + g(x). (4.14)

Here A = DF(0) : = %—5 oo € R™X™ g(0) = 0 € R™, and the components

of g have power series expansions in x1, xo,...,Z; beginning with terms of

at least second degree. The linear system
= Ax (4.15)

is called the linearization (or first approximation) of the given (nonlinear)

system (at the origin). We then have:

4.3.11 THEOREM. (LYAPUNOV’S LINEARIZATION THEOREM) If (4.15) is
asymptotically stable or unstable, then the origin for & = F(x), where F

is given by (4.14), has the same stability property.
ProoOF :  Consider the function

V =27 Pz

where P satisfies
ATP+PA=—-Q

@ being an arbitrary positive definite symmetric matrix. If (4.15) is asymp-
totically stable, then by PROPOSITION 4.3.10 P is positive definite. The
derivative of V' with respect to (4.14) is

V=—2"Qzx +2¢"Px.

Because of the nature of g, the term 2g” Px has degree three at least, and so

for x sufficiently close to the origin, V < 0.
Exercise 66 Let a,b > 0 and consider the function
f R—=R, t— —at®+0bt.

Show that, for ¢ sufficiently close to the origin (i.e. for |¢| < €), we have f(t) < 0.
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Hence, by LyApuNoOv’S FIRST THEOREM, the origin of (4.14) is asymp-
totically stable.

If (4.15) is unstable, V remains negative definite but P is indefinite, so V
can take negative values and therefore satisfies the conditions of LYAPUNOV’S

THIRD THEOREM for instability. a

NOTE : If (4.15) is stable but not asymptotically stable, LYAPUNOV’S LINEARIZA-
TION THEOREM provides no information about the stability of the origin of (4.14),

and other methods must be used.

Furthermore, it is clear that linearization cannot provide any information
about regions of asymptotic stability for nonlinear systems, since if the first
approximation is asymptotically stable, then it is so in the large. Thus the

extent of asymptotic stability for

is determined by the nonlinear terms in (4.14).
4.3.12 ExAMPLE.  Consider the differential equation
Z4+az+bz+g(2,2)=0

or

T = —bx1 — axe — g(x1,x2).
The linear part of this system is asymptotically stable if and only if a > 0
and b > 0, so if g is any function of x; and xo satisfying the conditions of

THEOREM 4.3.11, the origin of the system is also asymptotically stable.

4.4 Stability and Control

We now consider some stability problems associated explicitly with the control

variables.
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Input-output stability

Our definitions in section 4.1 referred to stability with respect to pertur-
bations from an equilibrium state. When a system is subject to inputs it is

useful to define a new type of stability.

4.4.1 DEFINITION.  The control system (with outputs) ¥ described by

&= F(t,x,u), F(t0,0)=0

y = h(t,z,u)

is said to be bounded input-bounded output stable (b.i.b.o. stable) if

any bounded input produces a bounded output; that is, given
lu@)| < L1, t=>to

where L; is any positive constant, then there exists a number Ls > 0 such
that
Iyl < Lz, t>to

regardless of initial state x(fp). The problem of studying b.i.b.o. stability for
nonlinear systems is a difficult one, but we can give some results for the usual

linear time-invariant system

& = Az + Bu(t)
(4.16)
y = Cx.

Exercise 67 Let A € R™*™ be a matrix having m distinct eigenvalues with

negative real parts. Show that (for all ¢ > 0)
lexp (tA)|| < Ke

for some constants K,a > 0. (The result remains valid for any stability matrix, but

the proof is more difficult.)
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4.4.2 PROPOSITION.  If the linear system
= Ax

is asymptotically stable, then the system described by (4.16) is b.i.b.o. stable.

Proor : Using

t
x(t) = exp(tA) [330 +/ exp(—7A)Bu(r) dT:|
0
and properties of norms, we have

Iyl < NClHlz@)]]
t
< [ ||e><p(tz4)$o\|+HC||/0 [lexp(t — 7)All[| Bu| dr.

If A is a stability matrix, then
lexp(tA)| < Ke ™ <K, t>0

for some positive constants K and a. Thus

ly@]

IN

1— e—at
1 [Klol + LB

IN

. t>0

L K| B|
1 | Kol + 2212

showing that the output is bounded, since ||C|| and || B|| are positive numbers.O

The converse of this result holds if (A, B,C') is a minimal realization. In

other words,

4.4.3 PROPOSITION.  If the control system described by (4.16) is c.c. and

c.o. and b.i.b.o. stable, then the linear (dynamical) system
T = Az

s asymptotically stable.
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We shall not give a proof.

NOTE : For linear time-varying systems PROPOSITION 4.4.2 is not true, unless for
all ¢ the norms of B(t) and C(t) are bounded and the norm of the state transition

matrix ®(t,to) is bounded and tends to zero as ¢ — oo independently of .

In the definition of complete controllability no restrictions were applied to
u(+), but in practical situations there will clearly always be finite bounds on the
magnitudes of the control variables and on the duration of their application. It
is then intuitively obvious that this will imply that not all states are attainable.
As a trivial example, if a finite thrust is applied to a rocket for a finite time,
then there will be a limit to the final velocity which can be achieved. We give

here one formal result for linear systems.

4.4.4 PROPOSITION.  If A € R™™ s a stability matrixz, then the linear

control system X given by
& = Az + Bu(t)

with u(-) bounded is not completely controllable.

PROOF : Let V be a quadratic form Lyapunov function (i.e. V = 27 Pz,
where P is a symmetric matrix) for the (unforced) system & = Az. Then

(with respect to ) we have
V=vT = (4z+ Bu)" (VV)
= 2P AT(VV) + 4" BT (VV)
= —2TQx+uT'BT(VV)
where P and @ satisfy (the Lyapunov matrix equation)

ATP+ PA=—-Q

and
[ev  av v 1"
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is the gradient of V. The term u? BT(VV) is linear in = and since u(:) is
bounded, it follows that for ||z| sufficiently large, V = T (VV) is negative.
This shows that #(-) points into the interior of the region R : V(z) = M for
some M sufficiently large. Hence points outside this region cannot be reached,

so by definition the system is not c.c. a
Linear feedback

Consider again the linear system (4.16). If the open loop system is unstable
(for instance, by THEOREM 4.2.1, if one or more of the eigenvalues of A has
a positive real part), then an essential practical objective would be to apply
control so as to stabilize the system; that is, to make the closed loop system
asymptotically stable.

If (4.16) is c.c., then we saw (THEOREM 3.1.3) that stabilization can always
be achieved by linear feedback u = Kx, since there are an infinity of matrices
K which will make A+ BK a stability matrix.

If the pair (A, B) is not c.c., then we can define the weaker property that
(A, B) is stabilizable if (and only if) there exists a constant matriz K such

that A+ BK is asymptotically stable.

4.4.5 EXAMPLE.  Return to the linear system > described by

4 3 5 2
t=1|1 -2 =3 |xz+ 1 | u(t)
2 1 8 —1

in EXAMPLE 3.4.4. The eigenvalues of the uncontrollable part are the roots
of the polynomial
p(A\) =A% — 7\ —23

which is not asymptotically stable since it has negative coefficients (PROPO-

SITION 4.2.6). The system X is not stabilizable.

By duality (see THEOREM 3.2.4) we define the pair (A4,C) to be de-
tectable if (and only if) the pair (AT,CT) is stabilizable.
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4.4.6 EXAMPLE.  Consider the linear control system (with outputs)

& = Az + bu(t)
y=cx

)

This system is both stabilizable and detectable : using the feedback matriz K

where

A=

and the observer matriz L given by

K=|2 0, L= [_01]

the matrix A+ bK then has eigenvalues —3, —2 and the matrix A+ Lc has

eigenvalues —2, —1. (Other choices for K and L are also possible.)

Stabilizability and detectability are not guaranteed.

4.4.7 EXAMPLE.  Consider the linear control system (with outputs)

& = Az + bu(t)
y=cx

4[] e

In this case, any 1 x 2 feedback matrix K produces a closed loop matrix

where

A=

A+ bK with zero as an eigenvalue; therefore, the system is not stabilizable.
Also, any 2x1 matrix L yields a matrix A+ Lc with zero as an eigenvalue;

therefore, the system is not detectable.

The following simple test for stabilizability holds :
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4.4.8 PROPOSITION.  Suppose A € R™™ and B € R™*‘. The pair (A, B)
1s stabilizable if and only if

rank [s[m —A B] =m

for all s € Cey :={s|Re(s) > 0}.

The proof is not difficult and will be omitted.

4.4.9 COROLLARY.  The pair (A, B) is stabilizable if and only if
rank [A,, — A B|=m

for all eigenvalues A € C.y of A.

NOTE : It can be proved that the pair (A, B) is c.c. if and only if
rank [/\Im —A B} =m

for all eigenvalues A of A. (The eigenvalues at which the rank drops below m
are the so-called uncontrollable modes.) Clearly, if the pair (A, B) is c.c., then it is

stabilizable.
By duality, the following (test for detectability) is now immediate.

4.4.10 PROPOSITION.  Suppose A € R™™ and C € R>™. The pair
(A, C) is detectable if and only if

rank =m

[s[m — A

for all s € Coq :={s|Re(s) > 0}.
4.4.11 COROLLARY.  The pair (A,C) is detectable if and only if

My, — A
C

rank =m

for all eigenvalues A € Cey of A.



144 AM3.2 - Linear Control

NOTE : By duality again, the pair (A,C) is c.o. if and only if

rank =m

lMﬁ—A

for all eigenvalues N of A. (The eigenvalues at which the rank drops below m
are the so-called unobservable modes.) Clearly, if the pair (A4,C) is c.o., then it is

detectable.

Let A€ R™™ B e R™ and C € R"*™. Recall that if A is a stability
(or Hurwitz) matrix, then the usual (time-invariant) linear control system with

outputs
& = Ax+ Bu
y = Cx

is b.i.b.o. stable (see PROPOSITION 4.4.2). As we know, the converse is not

true, in general. (For example, the usual linear control system with A =

2 0 1
[() 1] , b= L] , and ¢ = [0 1] is b.i.b.o. stable but not asymptotically

stable.)

The following interesting result is given without a proof.

4.4.12 PROPOSITION. Suppose a usual linear control system X 1is stabi-
lizable and detectable. ¥ is asymptotically stable if and only if it is b.i.b.o.
stable.

Application

It is interesting to consider here a simple application of the Lyapunov meth-

ods. First notice that if the linear system
= Ax
is asymptotically stable with Lyapunov function V = z” Pz, where P satisfies

ATP+PA=—-Q



C.C. Remsing 145

then ) .
V_ =z Qx <

Vv~ TPy~

—0

T
where o is the minimum value of the ratio ;T?D; (in fact, this is equal to the

smallest eigenvalue of QP~!). Integrating with respect to t gives
V(z(t) < e 7'V (z(0)).

Since V(x(t)) — 0 as t — oo, this can be regarded as a measure of the way
in which trajectories approach the origin, so the larger o the “faster” does
x(t) — 0.

Suppose now we apply the control
u=(S— Q)BT Px (4.17)
to (4.16), where P is the solution of
ATP+PA=—-Q

and S and ) are arbitrary skew-symmetric and positive definite symmetric

matrices, respectively. The closed loop system is thus
i=(A+B(S—-Q)B"P)x (4.18)

and it is easy to verify that if V' = 27 Px, then the (directional) derivative
with respect to (4.18) is

V =—2TQz — 2" PBQ1B" Pz < —2"Qx

since PBQ1BTP = (PB)Q1(PB)" is positive definite. Hence, by the argu-
ment just developed, it follows that (4.18) is “more stable” than the open loop
system

T = Az

in the sense that trajectories will approach the origin more quickly.
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NOTE : (4.17) is of rather limited practical value because it requires asymptotic
stability of the open loop system, but nevertheless the power of Lyapunov theory is
apparent by the ease with which the asymptotic stability of (4.18) can be established.
This would be impossible using the classical methods requiring the calculation of the
characteristic equation of (4.18). Furthermore, the Lyapunov approach often enables

extensions to nonlinear problems to be made.

4.5 Exercises

Exercise 68 Determine the equilibrium point (other than the origin) of the system

described by
i’l =1 — 2£U1$2

To = —2x5 + T1T9.
Apply a transformation of coordinates which moves this point to the origin, and
find the new system equations. (The equations are an example of a predator-pray
population model due to VITO VOLTERRA (1860-1940) and used in biology, and are

more general than the simple linear rabbit-fox model.)

Exercise 69 Determine whether the following polynomials are asymptotically sta-
ble :

(a) A3+ 1702 42\ + 1.
(D) A+ A3 +4X2 + 4\ + 3.
(€) AP +6X%+2X%2 + A +3.

Exercise 70 Determine for what range of values of k the polynomial
(B3—KE)A* +2X2 + (5 — 2k)A + 2

is asymptotically stable.

Exercise 71 Determine for what range of values of k € R the linear (dynamical)

system

T = 0 0 1 |z
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is asymptotically stable. If kK = —1, and a control term
0
1 | u(t)
0

is added, find a linear feedback control which makes all the eigenvalues of the closed

loop system equal to —1.

Exercise 72 Verify that the eigenvalues of

B o8t
s o]

—e
are both constant and negative, but the solution of the linear time-varying system
= A(t)x

diverges as t — 0.
Exercise 73 Write the system

i+i42°=0
in state space form. Let

V = ax] + bx? + cxi0 + do

and choose the constants a,b, c,d such that

V=gt a2
Hence investigate the stability nature of the equilibrium point at the origin.
Exercise 74 Using the function

V = 5x? + 2129 + 223

show that the origin of

Li?lzl‘g

Bo = —x1 — m2 + (z1 + 232) (23 — 1)

is asymptotically stable by considering the region |z3| < 1. State the region of

asymptotic stability thus determined.



148 AM3.2 - Linear Control

Exercise 75 Investigate the stability nature of the origin of the system

iy = a3 — a3

.’tg = 721’1.%2

using the function

V = 3x22 — 23,
Exercise 76 Given the matrix

A=

-1 -1
2 —4

P11 D2
P2 P3

ATP+ PA=—1,.

and taking

P=

solve the equation

Hence determine the stability nature of A.

Exercise 77 Integrate both sides of the matrix ODE

W(t) = AW () + W(H)B, W(0)=C

with respect to ¢ from ¢t =0 to t = co. Hence deduce that if A is a stability matrix,
the solution of the equation
ATP+PA=-Q

can be written as

P = /00 exp(tAT)Q exp(tA) dt.
0

Exercise 78 Convert the second order ODE
Z4+a1z+az=0

into the state space form. Using V = 2T Pz with V = —x3, obtain the necessary

and sufficient conditions a; > 0, a2 > 0 for asymptotic stability.
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Exercise 79 By using the quadratic Lyapunov function V = V(z1,23) which has

derivative —2(x? + 22), determine the stability of the system

i‘l = —]{1.131 — 3.232

i’:z = k;xl — 2%‘2

when k = 1. Using the same function V', obtain sufficient conditions on k for the

system to be asymptotically stable.

Exercise 80 Investigate the stability nature of the equilibrium state at the origin

for the system

i = Twy + 2sinxg — 23

To = €"1 — 3wy — 1+5x%.

Exercise 81 Investigate the stability nature of the origin.

(a)

T1 = —x1 + To

Zo = (1 + x2) sinz; — 3.

T = —33:13 + X2

Ty = —axy — bxe; a,b>0.

Exercise 82 Show that the system described by

0 -1 0 0
t=|1 0 0 |z+]| 0 |u®)
0 0 -1

is stable i.s.L. and b.i.b.o. stable, but not asymptotically stable. [It is easy to verify

that this system is not completely controllable.]
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Exercise 83 Consider the system described by the ODE
t=———=x+ut), z(0)=zicR.

Show that if u(t) =0, ¢t > 0 then the origin is asymptotically stable, but that if w(-)

is the unit step function, then lim z(t) = co.
t—o0

Exercise 84 A system is described by the equations

T1 = T2 — 1

l"g = —X 71‘27:6%.

Determine the equilibrium state which is not at the origin. Transform the system
equations so that this point is transferred to the origin, and hence verify that this

equilibrium state is unstable.

Exercise 85 Determine for what range of values of the real parameter & the linear

system
0 1 0
T = 0 0 1 z
-5 —k k-6

is asymptotically stable.

Exercise 86 A particle moves in the xy-plane so that its position in any time ¢ is
given by
T+y+3x=0, §+Ix+3y=0.

Determine the stability nature of the system if (a) A = —4 and (b) A = 16.

Exercise 87 Use the Lyapunov function
V =227 + 13
to find a region of asymptotic stability for the origin of the system

Slﬂliﬂf:{)*?)l’l*l»xg

iJQ = 72.%1.
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Exercise 88 Use LYAPUNOV’S LINEARIZATION THEOREM to show that the origin

for the system

"1.71 = —3.’E2

To = I —a(?w% —1'2)

is asymptotically stable provided the real parameter « is negative. Use the Lyapunov

function

Vz%(w%—i—&r%)

to determine a region of asymptotic stability about the origin.

Exercise 89 A system has state equations

(a)

(b)

j?1:—$1+$2—$3+a$?

Tg = —T1 — T3

I3 =x1 —x2 — B s + u(t).
If o = 0 show that the system is b.i.b.o. stable for any output which is
linear in the state variables, provided g > —1.

If a =6 =1 and u(-) = 0, investigate the stability nature of the equi-

librium state at the origin by using the Lyapunov function

2., .2, .2
V =2 + 25 + z5.

Exercise 90 Investigate for stabilizability and detectability the following control

systems.

(a)

2 0 1

z = x+ u(t)
0 -1 1

y = [0 1}x
0 0 0

r = x+ u(t)
0 -1 1




