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Abstract

In this paper, we present necessary and sufficient conditions for observability of the class of
output-saturated systems. These are linear systems whose output passes through a saturation
function before it can be measured.

1 Introduction

The question of observability for time-invariant linear systems is certainly a well understood prob-
lem. But what happens when the output is not fully available? That is, instead of measuring
Cz, we can only measure o(Cx), where o is some nonlinear function. If the nonlinearity o is
not injective, it is no longer obvious from the observability matrix [C" A’C" --- (A"~1)C"]" (prime
indicates transpose), whether or not the state can be “observed” from the output.

In [3], we answered this question in the case in which o provided the sign of the output of the
linear system. That model was motivated by quantization and pattern recognition. In this paper,
we will look at continuous-time sytems in which the function o is the identity near the origin,
but saturates the output values away from 0. (A preliminary version of this was presented at the
American Automatic Control Conference, June 1992 [5].)

By an output-saturated system, we mean a continuous-time system

Y a(t) = Az(t)+ Bul(t)
y(t) = o(Cx(t))
with A € R™", B € R™™, C € RP*" and o defined by applying the function

-1 r<—1
o(x) = r —1<z<1
1 1<z
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to each component of the output vector. We denote the above output-saturated system by > =
(A, B,C)os. This is an effective model for sensor saturation or overflow in the measurement device.
A system is observable if given any two initial states, there is a control which provides distinguishing
outputs for those two initial states. For linear systems, this definition of observability coincides
with saying that for any two initial states the outputs are different, using no controls. However,
for output-saturated systems, if the outputs remain large for two distinct states, they may look
the same. So it may be necessary to use the control to move the output into the “linear window”.
It is easy to see that the boundaries of this window are not really relevant for the question of
observability. We merely choose [—1, 1] for convenience. In fact, o could be a completely different
function in each coordinate, as long as it is one-to-one in a neighborhood of 0 and saturated away
from zero.

After introducing some technical definitions and lemmas in Section 2, we proceed in Section 3 to
prove a characterization for observability of continuous-time output-saturated systems. Since the
conditions are not necessarily easy to check, Section 4 presents some necessary and some sufficient
conditions for observability depending only on certain eigenvalues of A. The two sections 5 and
6 focus separately on the cases of one, two, and more than two outputs. Finally, in Section 7
we study output-saturated systems with the added restriction of bounded inputs. We provide a
characterization of observability for the class of bounded-input output-saturated systems for which

the pair (A, B) is stabilizable.
2 Preliminaries
First we give Bohr’s definition of almost periodicity (see e.g. [1]) then prove some technical lemmas.

Definition 2.1 A function f : R — IR is almost periodic if for any € > 0, there exists a number
¢ > 0 such that for every open interval of length ¢ there exists a number 7 contained in that interval
such that

ft+7)—f(t)] <e, Vt€R.

This number 7, which depends on ¢, is called an e-almost period.
Lemma 2.2 If f: R — R is almost periodic, and ¢, € IR is arbitrary,

limsup f(t) = sup f(¢),

t—o0 t>to
hg(l)gff(t) = tliltf(‘) f).

Proof. Pick an arbitrary Ty > ty and € > 0. The function f is almost periodic, so there exists an
¢ such that in every interval of length ¢, there is an e-almost period, 7. Suppose we are given a
T > 0. Then there exists a 7 in the interval (7" — Ty, T — Ty + ¢) so that |f(To + 7) — f(To)| < e.
Let t1 . =Ty +7>1T. As

f(To) — f(t) <,



we have proved that for all T > 0 there exists a number ¢; > T such that f(t;) > f(Tp) — ¢
and ¢ was arbitrary. This implies that limsup f(¢) > f(7p). This is true for all Ty > tg, so
limsup ;. f(t) > sup;sy, f(t). Also sup,.,, f(t) > limsup , . f(t), so we conclude that

limsup f(t) = sup f(t).

t—o00 t>to

The second statement follows analogously. |

In particular, limsup,_, . f(t) = sup;er f(f) and liminf; . f(t) = infier f(f) for almost peri-
odic functions, so:

Lemma 2.3 If f: R — IR is almost periodic, and lim ¢, f(t) = 0, then f(¢) = 0. |

A function f(t) is called a Bohl function if it is a finite linear combination of functions of the
form t‘e*, with ¢ € IN and A € @, or equivalently, if the Laplace transform f (s) of f(t) is rational.
The poles of this rational function f(s) are called the ezponents of the Bohl function f(t) and the
order of a pole is called the index of the corresponding exponent.

A pair (i) € S C € x N is mazimal for the set S if Re(\) > Re(u) for all (u,7) € S, and
i > j for all other (u,j) with Re(\) = Re(u). We say that (A, ) is an (ezponent, index) pair for f
if A is an exponent of f of index i. We define £(f) as the set of exponents, A, of f for which (A, )
is maximal among all (exponent, index) pairs. We will call £(f) the set of dominating exponents
of f.

Recall that an eigenvalue A of a constant matrix A has indezx k if k is the size of the largest
Jordan block of A corresponding to A, i.e., k is the multiplicity of A as a root of the minimal
polynomial of A. We define the dominating eigenvalues of A, £(A), to be the set of eigenvalues A
of A for which the (eigenvalue, index) pair (), iy) is maximal among all (eigenvalue, index) pairs
associated to A. Notice that if p =1 and (A, C) is an observable pair, then A must be cyclic, so in
this case, the index of A is equal to the multiplicity of A.

For a matrix of Bohl functions, W (), we find a minimal realization (Apin, Bmin, Cmin) associated
to W(t), and then we define the dominating exponents for W (t) to be

EW(t)) := E(Amin)-
This definition does not depend on the particular realization used.

Remark 2.4 Let W(t) = (wi(t),...,wn(t)) be a row of Bohl functions. We say that the pair (), 1)
is an (exponent, index) pair for W(t) if there is a j so that (), ) is an (exponent, index) pair for
w;(t). Then it follows that £(W(t)) is the set of A so that (A, 4) is maximal among all (exponent,
index) pairs of W (t).

Lemma 2.5 Let f(t) be a Bohl function. Denote €4 := {s € € : Re(s) > 0}. If £(f) C €1 \ R4,
then there exists a sequence {t;} with ¢, — oo so that f(t;) = 0.



Proof. Let a be the common real part of the dominating exponents, £(f). We can write

f@) = > athe® {p;sin(w;t) + gj cos(w;t)}
J
= t'e™ > aith el p; sin(w;t) + g; cos(wyt)},
J

where {; — ¢ < 0 and a; — o < 0 for all j. Now let g(¢) be the sum of all the terms in which
l; — ¢ =0and a; —a = 0. Let h(t) be the sum of the rest of the terms. That is, we may write
f(t) =te? (g(t) + h(t)) where

g9(t) = > a;{p;sin(w;t) + g cos(w;t) } (1)
h(t) = Z ait™e " p; sin(w;t) + g; cos(w;t) }. (2)

We are assuming that f has a complex exponent with nonnegative real part equal to . Thus, g
is not identically zero and the w;’s are all nonzero. Any real exponents equal to o do not have
maximal index so they will correspond to terms in h of the form a;q;t7™7. Note also that m;,n; > 0
and for each j, at least one of m;, n; is nonzero, so lim, .., h(t) = 0. Since g is a continuous function
of t, if we prove that limsup,_, g(t) > 0 and liminf, .., ¢g(¢) < 0, then together with h(t) — 0, it
follows that there must exist a sequence 5, with ¢, — oo as k — oo, such that g(tx) = —h(ts).
Thus g + h has infinitely many zeros, and so f does too.

Since ¢ is a linear combination of periodic functions, it is itself an almost periodic function.
(See [1], Paragraph 48.) Thus we may apply Lemma 2.2 to the function g. Now suppose that
liminf g(t) = inf g(t) > 0. Then the function G defined by G(t) := [j g(7)d7 is nondecreasing.
By term by term integration it is easily seen that G is almost periodic and bounded (w; # 0 for
all j, so G(t) looks again like the formula (1), but with different constants). This would imply
tha G is convergent. In that case, G must be constant (Lemma 2.3), from which it follows that
g is identically zero, a contradiction. So liminf ; .. g(f) < 0. Similarly, we may obtain that
limsup ,_, . g(t) > 0. |

Let (121, C‘) be the observable pair of submatrices in the Kalman observability decomposition for
the pair (A, C) (see [7], Section 5.2):

(fl jz>(é 0). (3)

Let T € Gl(n) be the matrix providing the coordinate transformation.
Proposition 2.6 Let A € R™", C € R""™. The following statements are equivalent:
1. For all z € R", inf;~q |Cetz| = 0.

2. The function € — €" : s — C(sI — A)~! has no poles on R,



3. The matrix A, in the Kalman observability decomposition of (A4, C'), has no eigenvalues on
R..

Proof. Note that since

Cer = (C’em 0 )T_lx, and
C(sI —A)'r = ( C(sI — A~ 0 )T’lcc

for each z € IR", it suffices to prove the result for observable pairs (A, C'). Thus, for the remainder
of this proof, we will assume (A, (') is an observable pair.

We first prove that C(sI — A)~! has no poles on R, if and only if A has no eigenvalues on
R, . Consider C(sI — A)™' = C(sI — A)7'T as a 1 x n transfer matrix. As the triple (A, I,C) is
canonical (controllable and observable), the eigenvalues of A are precisely the poles of this transfer
matrix (see Corollary 5.7.2 in [7]). Thus C(sI — A)~! has no poles on R, if and only if A has no
eigenvalues on R, , and conditions 2 and 3 are equivalent.

To prove that condition 1 implies condition 3, suppose A has an eigenvalue A € R,. Let v be
a corresponding eigenvector. Then

inf |Ce'v| = inf eM|Cv| = |Cv| > 0,
t>0 t>0

because (A, C) is observable, contradicting statement 1.

Next we prove that the third condition implies the first. If A has no eigenvalues on IR, then
f(t) = Cez is a Bohl function with no exponents on IR, so, in particular, £(f) R, = 0. If
E(f) C €\ €y, we have f(t) — 0 as ¢t — oo and so infy~o |f(¢)| = 0. If E(f) C €4 \ Ry, apply
Lemma 2.5. Then there is a t > 0 so that f(¢) = 0, so clearly infi~q|f(¢)| = 0. |

3 Property Q

In this section we introduce a property which, together with observability of the pair (A, C), will
serve to characterize output-saturated observability. This property will be used repeatedly in later
sections.

Let K be any subset of {1,...,p} and define Nk by

igK
where O(A, C;) = Mi—o....n1 ker(C;A%). If K = {1,...,p}, then Nx = R", the whole state space.
If K =0, then Ny = O(A, C), thus Ny = {0} if the pair (A, C) is observable. The states in Ng
are those that cannot be distinguished from 0 for the linear system (A, B, C') using outputs not in
K. Note that Nk is an A-invariant subspace since each O(A, C;) is. So we may define Ay, to be
the operator A restricted to the subspace Ng.



For an output-saturated system X = (A, B, ('), the sequence of p x m matrices
A:={CB,CAB,CA’B,...}

is called the Markov parameter sequence. Let I := I(A) C {1,...,p} be the indices of the nonzero
rows of A, J:= J(A) C {1,...,p} be the indices of the zero rows of A and define N := N.
For any index set K C {1,...,p}, we let Q(K) be the following property:

For all £, and for all nonzero v € N, there exists a j = j(£,v) € K so that (Q(K))
O'(CjetAf) §é J(Cj@tA§ + C'jetAv).

(If N = {0}, Q(K) automatically holds since there are no nonzero v € N.) Using this notation,
we let Q = Q(J) for K = J as defined above, and provide a necessary and sufficient characterization
for observability of continuous-time output-saturated systems.

Lemma 3.1 If ¥ = (A, B, () is a continuous-time output-saturated system, then ¥ is observable
if and only if

1. (A, C) is an observable pair, and

2. Property @ holds.

Proof. Necessity: Clearly (A, C') is an observable pair. For the second condition, assuming ¥ is
observable, we must show that property @ holds. If N; = {0}, then there is nothing to prove. So
assume N; # {0}. Pick any £ and any nonzero v € N;. Let n := £ +wv. Then n— ¢ € N;. By
definition of Ny,

Cie'(n =€) =0 Vig J. (4)

Since ¥ is observable, there must exist some j € {1,...,p} and a control u so that, for some ¢ > 0,
t t

o <C]~et’4§ —l—/ C’je(s_t)ABu(s)ds> # 0 <C'jetA77 —|—/ Cje(s_t)ABu(s)ds> . (5)
0 0

By (4), it cannot happen that such a j € J. Thus, there is a j € J which satisfies (5). Since A’
(the jth row of A) =0 for j € J, this implies that

a(Cie€) # o(Chetn),
ie. o(Ciete) # o(Cie e + Ciettu).

Sufficiency: Given £ # 7, we must show that they can be distinguished. Let

J = {j: et # Cietn)
= {j:{=n¢O(AC)}

Note that the set J is nonempty, by condition 1. If there is any j € J so that A7 # 0, then £, n can
be distinguished with an argument as that used for sign-linear systems (see [4]). Otherwise, for all
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jeJ, A=0,s0JCJ Foreachi g J,v=n—£€cO(AC),sove N;j C Ny v#0and Q(J)
can be applied. So there is a j € J and a ¢ so that

o(Cje€) # o (Cre'n),
and indeed ¢ and 7 can be distinguished. (Note that when J = {1,...,p} then N; = IR" in the

above argument.) |

Of course property @ is not always an easy property to check, but we can use this property to
simplify the proofs of the observability theorems of the next section. First we state some results
about property Q .

Remark 3.2 For any K C {1,...,p}, if (A,C) is an observable pair and v € Ny is nonzero,
then Cje'v # 0 for some j € K. This is because, otherwise, v € Njcx O(A, C;). Together with
v € Ng = Nigrx O(A, C;), this implies that v € O(A, C) = {0}, a contradiction.

Lemma 3.3 If (A,C) is an observable pair and for every j € J, the row vector of functions
C;(sI — A)~" has no poles on R, then Q holds.

Proof. By Proposition 2.6, if Cj(sI — A)~! has no poles on R, then

%gg |Cje x| =0, for all x € R™ (6)

The assumptions of this Lemma then imply that for every j € J, (6) holds. By Remark 3.2, for
each nonzero v € Ny, there is a j € J so that Cje'dv # 0. Then for all ¢ € R" and all nonzero
v € Ny, choose a j € J so that Cje!dv # 0. For that j, pick a ¢ so that |C;e!A¢| < 1/2. Without
loss of generality, we may assume Cje'dv # 0 for this ¢. Then

a(Cyee) # a(Cie e + Cyeto),

and @ holds. |

Lemma 3.4 If Q holds, then for all nonzero v in Ny, there is a j in J so that Cje'tv # 0 and
inft>0 ‘CjetA’U‘ =0.

Proof. Suppose not. Then there would exist a v € Ny, v # 0 so that for all j € J either Cjev =0
or inf;~o |Cjetv] # 0. Multiplying v by a scalar, we may assume that either Cje'v = 0 or
Cietdv > 1 for all t > 0. Let £ = v. Then for all j € J,

o(Cje¢) = o(Cjete + Cietv),

contradicting Q. |

The next example shows that these necessary conditions are not sufficient.



Example 3.5 Let X be the output-saturated system defined by the following observable triple.

2 00 0
a-fo o) efo]e-(119)
0 01 1

Then J = {1}, Ny = {(z1, 22, 23) : 1 = 23 = 0}, and

e2t et 0
CetA:<€2t 0 €t>'

For any v = (0,a,0) € N, a # 0,
Crettv =ae P £ 0

inf |ae™"| = 0.
>0

So this system satisfies the conditions of Lemma 3.4. But ¥ is not observable. For example, the
states € = (1,0,0)" and n = (1,1,0)" are indistinguishable. Since K (t) = 0, the first component of
the output saturates at 1 for both initial states £ and 1. The second component of the output is
exactly the same for both initial states.

4 Observability: Necessity and Sufficiency

Property @ is not an easy property to check. In this section we will give some conditions which can
be checked by looking at the eigenvalues of the matrix A. For the general multiple output case, we
have the following necessary conditions for observability. Recall that R, denotes the nonnegative
real axis {s € R : s > 0}.

Theorem 1 If X = (A, B,C)ys is a continuous-time observable system, then
1. (A,C) is an observable pair, and
2. An has no eigenvalues on IR, .

Proof. Let x be an eigenvector of Ay corresponding to an eigenvalue A € IR,. Then x € N, so
Cietdz =0 for alli & J. Let
Jo:={j € J:Csetx £0}.

Then for all j € Jy, £ =z, n = 2z, satisfy
CjetAg = eMCjx, and (7)
Cie'n = 2eM0;w. (8)

Clearly the signs of (7) and (8) are always the same, and = can be scaled so that both functions
are outside the linear window [—1, 1] for all ¢, contradicting observability. |

In the particular case in which J ={1,...,p}, N=R", so A= Ay. Thus:
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Corollary 4.1 If ¥ = (A, B, (') is a continuous-time observable system and A = 0, then A has
no eigenvalues on IR,.

The above conditions are not in general sufficient for observability in the multiple output case.

Example 4.2 Let ¥ = (A, B, () where

2 1 1 1
A=101 2|,B=]|0],
00 —1 0

y1(t) = o(z1), and ya(t) = o(z2). We next check that ¥ satisfies the necessary conditions of
Theorem 1. The pair (A, C) is an observable pair. The second row of A is 0 so J = {2} and
N = {(z1,79,23) € R® : 21 = 0,25 = —x3}. The restriction of A to N is Ay = —1I, which has
no eigenvalues on IR;. But this system is not observable. Indeed, the states £ = (1,2,1)" and
n = (1,1,2) are indistinguishable. To see this, note that Ky(t) = 0. The first component of the
output is

y(t)y=o0 <4€2t —3e! 4+ /Ot Ky (t— s)u(s)ds) ,

for both & and 1. The second component is yz(t) = o(3e' + e7*) for the initial state £ and
y2(t) = o(3e" + 2e7") for n. In both cases, y,(t) = 1.

Remark 4.3 Let M = N;c; O(A,C;) and let AM be the operator induced by A on the quotient
space IR" /M. Then Lemma 3.3 is equivalent to saying that if (A, C) is an observable pair, and AM
has no eigenvalues on IR, , then property @ holds.

To see this let ~
A; 0 ~
(Al AQ) (¢ 0)

be the Kalman decomposition for the pair (A, C;) where C; consists of just the rows of C' indexed
by J. Let r be the dimension of the observable component Aj. In this new basis, M is the subspace
of states whose first r components are zero. Then Ay = Ay (the restriction of A to M) and A
is a matrix representation for AM. Note that statements 2 and 3 in Proposition 2.6 are equivalent
even in the case of arbitrary p. That is, A has no eigenvalues on IR, if and only if C;(s] — A)~*
has no poles on IR;. O

The next Theorem, giving sufficient conditions for observability, follows directly from the pre-
ceeding Remark and Lemma 3.3.

Theorem 2 The system X = (A, B, () is observable if
1. (A, C) is an observable pair, and

2. AM has no eigenvalues on R



Notice the subtle, but real difference between the conditions of Theorem 2 and those of The-
orem 1. Recall N = N;c; O(A,C;), so if we assume (A, C) is an observable pair, then N N M =
{0}. Also, N and M are both A-invariant subspaces. Thus N can be naturally identified with
(N + M)/M, so the eigenvalues of Ay are included among those of AM. Equivalently, in matrix
theoretic terms, there is a basis for IR" in which A has the form

AM 0 *
O AN *
0 0 =

Then
AN *
0 =
is a matrix representation for AM, from which it is obvious that
o(AM) 2 o(Ay). (9)

Observe that for the special case p = 1, the inclusion (9) is trivial. In fact, for p = 1, AM = Ay.
Indeed, if I = {1} (A # 0), then M = R" and N = {0} so AM = Ay = 0. If instead J = {1}
(A=0), then M = {0} and N = R" so AM = Ay = A.

Thus, this sufficient condition is stronger than the necessary conditions in Theorem 1 which
stated that if ¥ is observable, then (A, C) is an observable pair and o(Ay)NIR, = ). The conditions
are the same when p = 1. The following is an example of an observable output-saturated system
which does not satisfy the stated sufficient conditions.

Example 4.4 Let X be an output-saturated system with associated triple

20 00 0
03 -1 0 0
A= 4o 30" 0|
00 01 1
1100
C‘<1001>'

(This triple is observable.) Then J = {1}, and the poles of Cy(sI — A)~" are: 2, 3+, 3—1. Thus,
C1(sI — A)~! has a pole on R, so the sufficient conditions of Lemma 3.3 (and hence of Theorem 2)
are not satisfied. However, property @ still holds. Note that N; = {(x1, 29, x3,24) : 1 = 24 = 0}

and 2t 3t 3t
et e’*cost —e’tsint 0
et = ( e?t 0 0 et ) ’
Now take any & = (a,b,c,d)’ € R*, v = (0,v1,v2,0) € N, v #0. If b# 0 or ¢ # 0, then

Chetd¢ = ae® +be* cost — ce®sint

= e¥(ae™" +bcost — csint).
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In this case, applying Lemma 2.5, inf,~q |Cie!4¢] = 0. Otherwise, if b = ¢ = 0,

CreM (€ +v) = ae® +vie¥ cost — ve® sint

= *(ae™" + vy cost — vysint).

Since v # 0, at least one of vy, vy is not zero, so again applying Lemma 2.5, inf,~q |C1e! (£ +v)| = 0.

5 Corollaries: One and Two Outputs

5.1 The single output case

In the case of a single output system, AM = Ay. In fact, if A # 0, then AM = Ay = 0, and if
A =0, then AM = Ay = A. Thus, Theorems 1 and 2 may be combined into the following result.
Note that under the assumption that (A, C') is an observable pair, A #Z 0 and B # 0 are equivalent,
so condition 1 is equivalent to A # 0.

Theorem 3 Let ¥ = (A, B,C)os be a single output continuous-time output-saturated system. Then
Y is observable if and only if (A, C) is an observable pair, and either

1. B#0, or
2. A has no eigenvalues on Ry := {\ € R, A > 0}.

An easy corollary is the following.

Corollary 5.1 The single output system ¥ = (A, B, () is observable if (A, C) is an observable
pair and rank [s] — A, B] = n for all s € R,.

Since stabilizability of the pair (A, B) is a particular case of the rank condition in the corollary, we
see that observability plus stabilizability of the triple (A, B, C') is sufficient for observability of the
output-saturated system (A, B, C')s.

5.2 The case of two outputs

If J consists of only one element (that is, only one row of the Markov sequence is zero), we have
necessary and sufficient conditions for Q(J) to hold which depend only on certain eigenvalues
of A. This theorem suffices to characterize observability for output-saturated systems with two
outputs. Assuming (A, C) is an observable pair, which is a necessary condition for observability,
there are three cases. Either both rows of the Markov sequence are nonzero, so that the system is
automatically observable, both rows are zero, so that @ is equivalent to A having no eigenvalues
on R, or exactly one row of the Markov sequence is zero, in which case the following proposition
applies.

We first give some definitions, as the results are more general than what we actually need. Let
N C R" be any A-invariant subspace, N # {0}, and NNO(A,C) = {0}. That is, N is some
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subspace of states which are distinguishable from 0 for the linear system (A, B,C). Let A be
defined as in the Kalman observability decomposition for the pair (4, C) (see equation (3)). We
denote the set of eigenvalues of the matrix A by U(A) For the purposes of the next proposition,
we will understand @ to be the property that, with respect to such a space IV,

For all £, and for all nonzero v € N,

o(Cet¢) £ o(Ceté + Celtv).
Proposition 5.2 Assume p = 1. Let Ay be the restriction of A to IV, and let

A :=max{\ € R, )\ € 0(A)}

(A := —oo if this set is empty). Property @ holds if and only if
1. o(Ay)NR; =0, and
2. (M — Ay) is Hurwitz.

Proof. Assume @ holds. The necessity of condition 1 follows from Theorem 1. Next we prove that
condition 2 holds. Suppose otherwise that A has an eigenvalue A € Ry and Ay has an eigenvalue
1 with Re(i) = a < . Since A € R is an eigenvalue of A, there is an z = (#',0)’ so that Z is an
elgenvector of A. Since (A C’) is an observable pair, Cz 7é 0. Without loss of generality, assume
Cz > 0. (If not, choose —i.)
Let v € N be an eigenvector of A corresponding to y. The function |Ce*~My| is bounded. Let
M be an upper bound, which we may take to be greater than 1. Choose £ as follows. Let

> (2M)/(C),

and £ = rx. Then .
Cete = M(Ori) > 2M > 2

for all ¢, and

Ceté + Cetty = (TCI + Celn=Nt )
> MM — M) = MeM > M > 1

for all ¢, contradicting Q .

Now we assume that the two conditions hold and prove that @ must hold. Given any x €
R", and v # 0, v € N, it suffices to show that Ce!tv # 0 and either inf;~q|Ce!z| = 0 or
infi~o |Ce(z + v)| = 0. By assumption, N NO(A,C) = {0}, so Cetdv # 0 for all such nonzero
v € N. If inf,oo|Ce!z| = 0 then we are done. Now suppose inf;.q|Cet4z| # 0. Then by
Proposition 2.6, A must have an eigenvalue \ € IR;. Since N # {0}, Ay has at least one eigenvalue.
By assumption, Re(u) > A\ for all such pu € o(Ay). Condition 1 states o(Ax)NR; = 0, so any
such p has nonzero imaginary part.

Any exponent, p, of Ce!v for v € N satisfies Re(u) > \. Suppose first that x is not an
exponent of Ce'4(x + v). This can happen only if the terms of Ce!4v having u as an exponent
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are exactly cancelled by similar terms in Ce'*z. In that case, Ce'x has p as an exponent. But
then f(t) = Ce'z is a Bohl function with £(f)NIR,. = (). As in the proof of Proposition 2.6,
either £(f) C €\ €, in which case Cetz — 0 as t — oo, or £(f) C €, \ R, and we may apply
Lemma 2.5. In either case, infyq |Ce!z| = 0, a contradiction. Thus g must be an exponent of
Ce!(x + v) which implies, exactly as we argued above, that infy~q |Ce!(z 4+ v)| = 0, and Q holds.
|
The following Theorem is simply a corollary of 5.2. For each 5 € J, let flj be defined by the
observability decomposition for (A, C;):

A; 0 -~
(Ajl- A%>(Cjo). (10)
Theorem 4 If Y = (A, B,C)ys is a continuous-time output-saturated system and J = {j}, then ¥
1s observable if and only if

1. (A, C) is an observable pair,
2. o(AN)NIR; =0, and

3. (M — Ay) is Hurwitz, where A := max{\ € Ry, \ € o(A;)}.
Proof. Use N = Ny and C' = C; in 5.2. |
In the single output case this Theorem reduces to the following. A single output system ¥ =
(A, B,(C)os with A = 0 is observable if and only if (A, C') is an observable pair and o(A) "R, =
(). Lemmas 3.3 and 3.1 together add the fact that if A # 0 then observability is equivalent to
observability of the pair (A, C). This yields another proof of Theorem 3.

We now use Theorem 4 to present a complete characterization of observability for the case
p=2.
Proposition 5.3 Suppose ¥ = (A, B, (), is a continuous-time output-saturated system with
p = 2. Assume (A, (') is an observable pair.

1. If |[I(A)| = 0, X is observable if and only if A has no eigenvalues on R,.

2. If [I(A)| = 1, X is observable if and only if Ay has no eigenvalues on R, and (Al — Ay) is
Hurwitz.

3. If |[I(A)| = 2, then ¥ is observable.

Proof. 1. In this case, J = {1,...,p}, so M = {0}, N = R" and so AM = Ay = A. Thus, Theo-
rems 1 and 2 imply that A having no eigenvalues on IR, is necessary and sufficient for observability.

2. This is exactly Theorem 4.

3. If both rows of the Markov sequence are nonzero, then M = R", N = {0} and so AM =
Apn = 0. Once again the necessary conditions of Theorem 1 are identical to the sufficient conditions
of Theorem 2 and in this case the conditions are trivially satisfied. So certainly ¥ = (A, B, (') is
observable. |

As an illustration, applying this result to the system in Example 4.2, we obtain that (S\I — Ap)
is not Hurwitz, and so (using statement 2) the system is not observable.
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6 Observability for the general multiple output case

In this section, we will generalize Theorem 4. We will look at a rational matrix W (s), defined
below, which is closely related to the matrix A\J — Ay which was used in the previous case. Recall
J is the set of the k indices of the zero rows of A and for each j € J, A and C’ are defined
by the observability decomposition for (A4,C;). Note that if we let v;(s) = C; (s] — A)~! and
;(s) = C;(sI — A;)~", then for some constant matrix T},

Thus, v;(s) and 9;(s) have the same poles (seen as functions: € — €" and € — C" respectively,
where r is the size of flj). But the poles of 7,(s) are exactly the eigenvalues of 121]-, because the
triple (flj, 1, C~']) is canonical, for all 5. Thus the exponents of éjetAf , coincide with the eigenvalues
of flj, which are exactly the poles of v;(s). For each j € J, define

A, = max{\ € R, \ € o(4;)} =max{\ € Ry, \ pole of v;(s)}
Aj = ()\J] — A)|N
CJN = Cj’N-

If v;(s) has no poles on IR, we define S\j to be —oo. Then, reordering the rows of C' if necessary
so that J = {1,...,k}, let

CN (sl — Ap)™!

W(s) := :
CN(sI — Ap)!

Theorem 5 Let X be the output-saturated system & = Az + Bu, y = o(Cx), with (A,C) an
observable pair. Then Y is observable if

o(An)NRy =0, and
2. for each nonzero v € N,

some component of W (s)v has a pole with negative real part. (11)

Note that if there is a j so that A; = —oo and W (s);v # 0 for some v, then the poles of W (s),v
all have negative real part, and (11) is satisfied for that v.
Proof. The output-saturated system is observable if and only if @ holds (Lemma 3.1). Thus, it is
enough to show that the given conditions are sufficient for property @Q .

We basically follow the same argument as in the proof of Proposition 5.2. Recall that if N = {0},
then @ holds automatically, so we may assume there exists some nonzero v € N. For any such
nonzero v € N and any &, we must find a j € J so that

o(Cje' ) # o(Cjete 4 Cjetu).
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Choose a row of W (s)v which has a nice pole. For that row j, some nonreal pole of CJN(SI—AN)_lv
has real part greater than all possible real poles of C;(sI — A)~'. First note that this implies
Cjetv # 0, since C¥(sI — Ay)~'v has some nonzero pole. So Cjed¢ # Cjet*(€ 4+ v). Thus, it
suffices to show that either

irtlf|CjetA£| = 0, or
inf |Cje (€ +v)] = 0.

If inf, |C;etA¢] = 0, then @ clearly holds. Otherwise, suppose inf; |C;etA¢| # 0. Then :\j > 0, but
CjetAv has a nonreal exponent with real part strictly greater than S\j. Thus, just as we argued in
the proof of Proposition 5.2, the dominating exponents in CjetA(£ +wv) are not on R, so Lemma 2.5
implies that inf, |C;e' (¢ 4 v)| = 0, and @ holds. |

This Theorem is an improvement over the sufficient conditions of Theorem 2. Example 4.4
is an observable system which was not included in the sufficient conditions of Theorem 2, but is
included in the conditions of this Theorem. If R* = {(x, z, x3,4)'}, then in that example, N is
just the x9 — w3 plane, so 0(Ay) = {3+ i}, and o(Ay) NIRy = 0. The pair (A4, C) is already in
the decomposition form, so it is easy to see that o(A;) = {2,3 4 i} and A\; = 2. Then

n= (o)
“- (i)

B 1 s+ 1
Wis) = 32+25—|—2< —1 )

The poles of W (s) are —1=£i, which both have negative real part. In this case there isno v = (vq, v9)’
(nonzero) for which
(s 4+ 1)vy — vg

cancels out either of the poles of W (s). That is, for every nonzero v € N, W(s)v has a pole with
negative real part. In the case of 2 outputs, the conditions of this Theorem are also necessary, as
they are equivalent to the conditions in Theorem 4.

7 Small input observability

In this section, we investigate the observability of a class of output-saturated systems for which the
inputs are restricted to be bounded. Unlike the case for linear systems, observability of an output-
saturated system is intimately related to controllability. Thus, it is natural to ask what additional
conditions are required for observability if controllability is restricted. We first give some general
characterizations of observability for this class of bounded-input output-saturated systems. In the
case in which the pair (A, B) is already known to be stabilizable we will be able to provide an
explicit criterion for observability.
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We will use the following notations for a (single output) bounded-input output-saturated system
defined by the triple (A, B, C):

Yis: & = Ax+ Bu
= Cx
z = o(y)

and ||u]|eo := sup;sq |u(t)| < 1. (This restriction could be replaced by u(t) € U, where U C R™ is
any bounded, convex set which contains the origin of IR™ in its interior. One could even dispose of
the convexity condition using the bang-bang principle.) If u(-) is a measurable function satisfying
|u]|lso < 1, we will simply say that u is a small input (or “small control”).

The following lemma gives a characterization of observability for single output, continuous-
time output-saturated systems with bounded inputs. The term small-input “less-than-1" output
controllable means that for any initial state, the output of the linear system can be controlled to
inside the interval (—1,1) using small inputs. This is the same as saying that the state of the
system can be controlled to a band around ker C' using small inputs.

Lemma 7.1 The bounded-input output-saturated system Y5 := (A, B, (');os is observable if and
only if (A, C) is an observable pair and (A, B, C) is small-input “less-than-1" output controllable.

Proof. For the necessity, suppose the conclusion does not hold. Then there is some x( so that the
output, if starting from the initial state xg, can not be controlled to (—1,1). That is, for any small
control u of any length ¢,

¢
|y (t, 0)| = ‘C’eAtxo +/ Ce=%) Bu(s)ds| > 1.
0

Then the same is true of axy for any @ > 1. Otherwise there would exist an admissible control
such that

¢
’C’eAtozxo—f—/ Cet=*) Bu(s)ds| < 1.
0

But then,

1
< - <1,
(6%

¢
‘C’eAtxo+/ CeA(t_s)Bﬁds
0

«

and the input is still admissible, contradicting our assumption. Thus, the entire line segment from
xo to 2xy has the property that for any initial state in that line segment, there is no control which
can force the output inside the “linear window” |C'z| < 1. It follows by continuity of y(¢, axg) on ¢
and « that sign (y(t, az)) is independent of a. That is, for all initial states in that line segment,
the outputs are on the same side of the hyperplane ker C. (We may assume C' # 0; otherwise the
system is not observable.) Thus any two points z}, 2 on the segment are indistinguishable since

o (C’qﬁ(O, t, x, u)) =0 (C’qﬁ(O, t, a3, u))

for any w, t, where ¢(0,t, zo,u) denotes the state of the system after time ¢ starting at initial state
xo and applying the control u.
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For the sufficiency, we simply note that given any two states x,z, we can control the output
corresponding to one of them (say x) to a point inside (—1, 1) at some time ¢. By observability of
the pair (A, C), at some time ¢ £ §, for 0 small enough, the outputs for the two initial states will
be different and by continuity, the output for the initial state x will still be inside the interval. =

The next lemma uses Lemma 7.1 to prove a characterization of observability which is indepen-
dent of the control u.

Lemma 7.2 The system Y. is observable if and only if (A, C') is an observable pair and
T
Vo € R™, 3T >0, [CeTao| < 1 +/ (Ce Blydt, (12)
0

where the norm |- |; is the sum of the absolute values of the components of the vector.

Proof. Using Lemma 7.1, it is enough to show that (12) is equivalent to saying that for every
xo € R", there exists 7 > 0 and an input function u such that, |y, (7, zo)| < 1.
First assume that C'ry > 0. In this case, observability implies that there exists a v and a 7 such
that .
Yu(T, 10) = Ce™ g —f-/o Cel™ D4 Bu(t)dt < 1.

Let 4(t) = —sign (Ce™4B), where the sign function is applied componentwise. After a change
of variables in the integral, we get

yﬁ(Ta IO) - CeTAxO - / |C€tAB|1dt.
0
Since ||u(t)]|o < 1, it follows that
—|Ce B, < Ce Bu(r —t)

for all ¢, so
yﬁ(tv 'TO) < yu(t7 SC(]),

for all t > 0. Thus, ya(7,x¢) < 1. Also, y3(0,x¢) > 0, so by continuity, there exists a T' € [0, 7] so
that
0 <ya(T,zo) < 1.

In particular, CeT4zy > 0 so CeT4zy = |CeTA2y|. Thus,
T
|CeT o] < 1 +/ |Ce! Bl dt.
0
In the case Czy < 0 a similar argument (starting with y,(7,z0) and applying now u(t) =
sign (Ce(™"94B)) proves the result.
Condition (12) is also sufficient. If C'zy > 0, it amounts to saying that there exists a 7" and a

control, namely 4(t) = —sign (CeT™H4B), so that

T
(T, 20) < |Ce ] —/ |Ce™ B|ydt < 1.
0
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Since y4(0,x¢) > 0, there must be a 7 € [0, 7] so that
0 < ya(r,20) < 1.

If instead Czy < 0, we use (t) = sign (CeT Y4 B) and the argument is similar. n

An explicit criterion for the observability of ¥j,s can be given if we assume that (A, B) is
stabilizable. Let R, := {\ € R|A > 0}. Recall that £(A) is the set of dominating eigenvalues of
A as defined in Section 2.

Theorem 6 Let (A, B) be stabilizable. Then Yo is observable if and only if (A, C') is an observable
pair and E(A) NRy, = 0.

For the proof we will need the following auxiliary results.
Lemma 7.3 If p =1, (A, (C) is an observable pair, and (12) holds, then

Proof. Assume that there exists A € E(A)NIR, . Let the index of A be k. Since (A, C) is observable,
A’ is cyclic which implies that A is also cyclic. Thus there is a vector b so that (A, b) is a controllable
pair. Then £(A) = £(Ce!b) and there is a term in the function C'e!h which has exponent A with
index k. If we let xg := b, then Ce'*x( contains nontrivially the term t*~te. So

Ce™zy =T M (a +0(1)) T — oo

for some o # 0. Without loss of generality we assume that o > 0. Otherwise we replace zy by
—zo. Note that we can make « arbitrarily large by choosing |zg| large. On the other hand, the
dominating term of Ce*® B has exponent at most equal to A with index &, so

T
/ |CetAB|1dt < BTF LM
0

for some (3. Hence, by a suitable choice of 25 we can achieve that condition (12) is not satisfied for
any 1" > 0.
|

Lemma 7.4 Suppose p = 1, (A, B) is stabilizable, and (A, C) is observable. If Re(\) > 0 for all
eigenvalues in £(A), then
E(A) C E(Ce™B).

Proof. Let A be an eigenvalue € £(A) with multiplicity k. If we perform a Kalman controllability
decomposition on the triple (A, B, C'), we can easily see by stabilizability that A is an eigenvalue of
A; (with the same multiplicity), where (A;, By, Ch) is a canonical triple. The poles of the transfer
function for (A;, By, C) (which are the same as the exponents of Ce*4B) are exactly equal to the
eigenvalues of A;, with the same multiplicities, by Remark 2.4. Hence A € £(Ce4B) with the same
multiplicity k. |
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Lemma 7.5 Let f be an almost periodic function which is not identically zero. Then there exist
v > 0 and ¢ > 0 such that for all ¢, € R,

to+¢
| 1fwldt =,

to

Proof. Let o := sup,c | f(t)|. We will first prove that for every to, there exists a ¢; in the interval
[to, to + ¢] so that
[f(t)] > /2.
There is a T so that 5
a
@) > 22 (13)

Since f is almost periodic, there is an ¢ such that every interval of length ¢ contains an a//4-almost
period. In particular, for every ¢y, the interval

[Ty —to — £, Ty — to]

contains an «/4-almost period. Call it 7 := 7(¢(). By the definition of almost periodic,

|f(To) — f(To — 7)] < /4. (14)
From (13) and (14) it follows that
[f(t)] > a/2,
where t; =Ty — 7, so
t1 € [to,to + f]

Since f is almost periodic, it is uniformly continuous. So, in fact, there exists a positive number
d such that for each ty € R, there is a ¢; in [to,to + ¢] so that for all ¢ in a neighborhood of t;
(t1 —0 <t<ty+9)
f(t)] = af3.

Without loss of generality, ¢ > ¢ (otherwise we increase /), so

to+¢
/ |f(®)|dt > Lo/3 > 6a/3 =: v
to

for all tg. |

Lemma 7.6 Assume that E(A)NR,, = 0. If £(A) C E(CeAB), then (12) holds.

Proof. Let the common index of the eigenvalues in £(A) be k. Since A € £(Ce*“B) with index F,
we can write

Ce B = t" e (f(t) + o(1)) t — oo, (15)

where « is the real part of the eigenvalues in £(A) and f is an almost periodic function, not
identically equal to 0.
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Let ¢ and v be as in Lemma 7.5, pick any T" > ¢, and denote Ty :=T — {. Then
T T
/ Ce Blydt > / (CetAB|,dt (16)
0 To

Next we replace Ce'1B with its expression given in (15) and factor out a lower bound for the
polynomial and exponential terms. Notice that the integral of the convergent term is still o(1)
because the length of the integration interval remains constant as 7' — oo. That is, (16) is

> [ et (o] + o)t

> Té“_leaTO(/T F(O)|dt + o(1)) as T — oo, (17)

> I
The interval (Tp,T') is of length ¢, so we may apply Lemma 7.5 and
T
| 1s@lde =+, (18)
To
Now we show that there is a constant 3 > 0 so that
Téc—l Z ﬁTk_l

for T large enough. If ' > 2/, then ¢ < T'/2 so

To - T—g
>r-Lt_ L
- 2 2
Thus, if 8 := 27% (remember, k is fixed),
TEt > Tt (19)
Also for the term e®7o,
6cyT() — ea(Tfl)
— eaTe—ozf
= eIC (20)

for some constant C' > 0.
Using (18), (19) and (20), we see that (17) is

> BT 'e*™ (v + o(1))
T e (p+o(1))

for some p > 0 and T sufficiently large.
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On the other hand,
CeTxy = TF e (g(T) + o(1))

where, depending on xg, either g(t) = 0, or g(¢) is almost periodic. If g(t) is almost periodic, then
Ce'zq is a Bohl function with dominating exponents all in @, \ R,,. Then Lemma 2.5 implies
that CeT4x has an infinite sequence of zeros {t;} with t, — oo. In either case, there is a T' as
large as necessary so that

9(T) = 0.

In particular, we may choose a T" > 2/ so that

|C’eTAx0| = Tk_leo‘T|0(1)|
< T eT(p+o(1))

T
< 1+ [ [Ce Byt
0

In other words, we may choose T" so that (12) holds. |

We may now prove Theorem 6.

Proof. (Theorem 6) First assume that there exists A € £(A) NIR; ;. Then Lemma 7.3 proves that
(12) is not satisfied and so Y. is not observable.

Next we prove the converse. If Re(A) < 0 for all A € o(A), then there exists an admissible
control function u such that z(t) — 0 as t — oco. (See [6].) In this case, it is obvious that for any
xg there is a control u and a time 7" such that |y,(7, zo)| < 1 so Lemma 7.1 implies observability.

Assume now that £(A) NIR,y = 0 and Re(\) > 0 for A € £(A). Then Lemma 7.4 implies
that the conditions of 7.6 are satisfied, and then Lemma 7.6 implies that (12) holds. Hence i is
observable. |
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