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Abstract

We prove a new robust stabilization theorem for time-varying systems that have sampled measurements and time-varying distur-
bances, and we provide new observer designs, using novel bounds for fundamental matrices for systems with disturbances. Our

main tools use properties of Metzler matrices and positive systems.
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1 Introduction

This paper is devoted to the problem of constructing ma-
trix valued interval observers for fundamental matrices of
time-varying linear systems with unknown coefficient ma-
trices, and to demonstrating the usefulness of these con-
structions for feedback stabilization under sampling and
for observer design. Time-varying systems can be difficult
to study because in general, no explicit formulas for funda-
mental solutions (i.e., state transition matrices) can be ob-
tained and because they can be difficult to estimate when
the vector fields defining the systems are uncertain. An
added difficulty arises when one must find globally asymp-
totically stabilizing feedback controls when only sampled
state measurements are available. While sampling prob-
lems can be expressed as delay compensation problems
(such as those of [4] and [6]) with time-varying sawtooth
shaped delay functions, delay compensation methods gen-
erally require exact knowledge, or close approximations,
of vector fields defining the given system, or can lead to
bounds on the allowable delays (and so also bounds on the
allowable sampling rates) that may be too small for appli-
cations. See [11], [12], and [20] for motivation for analyzing
the effects of sampling in control systems.

To help us address these challenges, this paper presents a
new construction of functions that are expressed in terms
of fundamental solutions and which upper and lower bound
the entries of the state transition matrix of a linear sys-
tem whose bounded vector field is uncertain, where the in-
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equalities are componentwise. Since the fundamental solu-
tions in the bounds are those of time-varying systems with
known vector fields (which can in turn be computed using
a dynamical extension), this helps overcome the challenge
of estimating the effects of uncertain vector fields. We ap-
ply this result to construct robust stabilizing controls for
linear systems that have discrete measurements. Our con-
trol formula is the one in [9, Chapter 2, Section 2.9], which
is based on the controllability Gramian and which is ap-
plied in [9] to systems whose state is available for continu-
ous measurement. By contrast, here we apply the approach
from [9] to systems whose state variables are only available
for measurement at discrete instants. This makes it pos-
sible for us to cover situations in which the sup norm of
an uncertainty in the dynamics or the sample rates are ar-
bitrarily large, which we believe is a novel and significant
contribution. Our proofs are based on comparison systems
which share common features with interval observers (as
defined, e.g., in [5], [7], and [17]), but our approach is out-
side the scope of earlier interval observer methods that did
not take sampling and unknown vector fields into account.

Our main strategy entails novel applications of proper-
ties of positive systems and Metzler matrices. Although
positive systems have been used in aerospace engineering,
mathematical biology, and other fields, we believe that our
work is the first one to use them for sample data feedback
stabilization when there are uncertain vector fields, and
where the inter-sample intervals or sup norms of the un-
certainty can be arbitrarily large. This paper improves on
our preliminary conference version [15] by allowing time-
varying coefficients and additional uncertainties in the vec-
tor fields defining the system that were not considered in
[15] (in the B coefficient that multiplies the controls) and
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by applying our fundamental solution estimation approach
to discrete time systems and to design new observers [3],
using novel applications of the Gramian matrix. This con-
trasts with [15], which was confined to time-invariant coef-
ficients and which did not include observer designs or dis-
crete time systems or the uncertainty g below.

After providing the required definitions and notation, we
provide our main feedback stabilization theorem in Sec-
tion 3. In Section 4, we state our new estimation theo-
rems, which are of independent interest because they help
address challenges of estimating fundamental matrices for
uncertain dynamics, and which we use to prove our main
stabilization theorem in Section 5. In Section 6, we provide
a discrete time analog of our stabilization theorem, whose
proof uses discrete time versions of our theorems on esti-
mating fundamental solutions for uncertain dynamics. In
Section 7, we use our approach to provide new observer de-
signs. We illustrate potential advantages of our approach
in Section 8, and we close in Section 9 with a summary of
our contributions and our suggestions for future research.

2 Definitions and Notation

We use the following definitions and notation thoughout
this paper, where the dimensions of our systems are arbi-
trary unless we indicate otherwise. The notation will be
simplified when no confusion could arise given the context,
and all matrices in this paper are assumed to have only
real entries. A square matrix is called Metzler provided
all of its off-diagonal entries are nonnegative. A matrix is
called nonnegative provided all of its entries are nonnega-
tive. A square matrix is called Schur stable provided all of
its eigenvalues have norm strictly less than one. For vectors
Vi = (vis ....v17n)T and Vo = (v21 ....vgm)T, we write
Vi < Vs provided for all ¢ € {1,...,n}, v1; < va;; and
V1 < V; provided for all i € {1,...,n}, v1; < ve,;. We use
analogous notation for matrices. Let || - || denote the stan-
dard Euclidean 2-norm of vectors and matrices. We also
use the notation |M|s = [||Mmijl||co] When M = [my;] is a
bounded matrix valued function, where || f||~ for a func-
tion f is the usual sup norm, and which we denote by | M|
when M is a constant matrix, so |M| = [|my;]].

We set G = [max{g;;,0}] and G~ = G — G. Notice for
later use that if M7 and M, are matrices of the same size
and M; < M>, then the ordering properties M;t < M;*
and M, < M, and satisfied; the preceding two proper-
ties follow by separately considering the possible signs of
the (i, ) entries of M;", M, M, and M; for all pairs
(,4). Let I be the identity matrix of any dimension, and
0 denote the matrix of any dimensions whose entries are
all zero. Two square matrices My and M; of the same size
are called similar provided there is an invertible matrix
P so that M; = P~'M,P. For any continuous function
F 1 [0,400) — R™*™, the fundamental (or state transi-
tion) matrix solution ® x is defined to be the unique matrix
valued function satisfying

9E (t,tg) = F(t)Pr(t to), Prltoto)=1 (1)
for all real to and t. We use basic properties of input-to-

state stability (or ISS, which we also use to mean input-to-
state stable), e.g., from [19], and we set Z>o = {0,1,2,...}.
3 Stabilization Theorem

We study systems of the form

X(t)=(M(t)=6:(t)) X () +(B(t) +65(1) U(t)+(1), (2)
with X valued in R", the control U valued in RP, M :
[0,4+00) — R™™ and B : [0, +00) — R™*P being contin-
uous matrix valued functions, and 47 : [0, +00) — R™*™
0p : [0,400) — R™*P and d2 : [0,4+00) — R" being
piecewise continuous locally bounded functions. The out-
put measurement Y is defined by Y (¢t) = X(¢;) for all
t € [tiytit1), where tg = 0 and the ¢;’s are times when
new state measurements become available, and we define
o :[0,400) = [0,+00) by o(t) = t; for all t € [t;,t;41). We
assume the following conditions (but see Remark 2 for non-

Metzler cases and a discussion of the class of time-varying
systems that can be transformed into the form (2)):

Assumption 1 There are known constant matrices § > 0
and dg > 0 such that for allt > 0, we have
0<d:1(t) <5 and |6p(t)| < 05. (3)

Also, the matrixz M (t) is Metzler for eacht > 0, M and B
both have some period py > 0, and there are known positive
constants n and v such thatn < t;.1 —t; < v foralli >0
and such that with the choice

S={(r,s) eR?*:rc[0,po],n<s—7r<v} (4

the system (t) = M(t)z(t) + B(t)u(t) is controllable on
[, 7] for all (o,7) € S. O

We then use the functions and matrices

- . =(rs)+®,, =(r,s)
5(7"7 5) = ML 2 M=o - (I)M(ra S)a
P =(r,s)—®  <(r,s
£lrys) = 2um0 Nass ) g0y RGBT (), (5)
and x(r,s) = [ ®a(r,0)S()® ,(r, £)dl.

Then our controllability assumption from Assumption 1 is
equivalent to the existence of the inverse x~'(r, s) for all
(r,s) € S, e.g., by [18, Theorem 5]. Then, for all (r,s) € S,
and with

Js(r,s) =
(s—r)e(IMlHoN (=G L | BT| elM Mo (=) |y =1(r, 5)],
the following matrices are well defined:
Felr,s) = [ [&s.0) (SOD]; (.01 (r,9))~
5.0 (SO, Ox (ry9)) 7| e
+&(s,7) + Js(r, s)
Fo(r,s) = [T 1&(s,0) (S(O)@ 3, (r, 0)x (r,8))
—&(s.0) (SO, Ox (r,9)) 7| e
+&(s,7) — Js(r,5)

Using the preceding definitions, and the entrywise supre-
mum notation sup,cs G(v) = [sup,es Gij(v)] for matrix

(6)

(7)



valued functions G(v) = [G;;(v)], our stabilization theorem
is:
Theorem 1 Let (2) satisfy Assumption 1, and choose p,

v, n, and S to satisfy the requirements from Assumption 1.
Then (2), in closed-loop with the control defined by

U(t) = =BT (), (i, t)x " (ti tir1) X (t;) (8)

for all € [ti,tiy1) and i > 0, is ISS with respect to §2(t) if
the matrix

I' = max

(r)eS | Fo (r,5) Fo(rys)

=

l Fo(rs) Fo(n s>]

18 Schur stable. O

Before presenting our fundamental matrix estimation the-
orems (and then our proof of Theorem 1, in Section 5), we
provide comments on the novelty and value of Theorem 1.

Remark 1 A key aspect of Theorem 1 is that one can check
whether T' is Schur stable because the matrices (7) are ex-
pressed in terms of known functions, while the state tran-
sition matriz of M — 61(t) cannot be found because 07 is
an unknown uncertainty. The periodicity in Assumption 1
makes it possible to express the mazximum in the ' formula
over the compact set S (where the mazimum exists by the
continuity of the entries of the matriz in (9) as functions of
(r,s) € 8), and then the eigenvalues of T' can be computed
numerically to check the Schur stability condition, e.g., us-
ing the command Eigenvalues in Mathematica. Moreover,
in the important special case where M is constant, ®nr is a
matriz exponential, so in that case we can express F. (r, s)
and F_ (r,s) as functions of s — r. Then the mazimum of
the matriz in (9) can be computed over the interval [n, v].
This includes the special case where the sample times are
t; = iv for all i € Zg, in which case we can take n = v
and 8 = {(r,r +v) € R? : r € [0,po]}. Although funda-
mental solutions for the known matrices M and M + 0 are
used in the formula for the control and in (9), they can be
computed from solving matriz valued differential equations,
e.g., using the method from [10]. In fact, as noted in [10],
we can compute P 4(t, s) for any piecewise continuous lo-
cally bounded square matriz valued function A by writing
Da(t,s) = aa(t)Ba(s) where aa and Ba are the unique
solutions of the matrix differential equations

Ga(t) = A(t)aa(t) and fa(s) = —Ba(s)A(s)  (10)

that satisfy aa(0) = Ba(0) = I. When d3(t) is the zero
function, our proof of Theorem 1 will imply that the origin
of the closed-loop system from Theorem 1 is a globally expo-
nentially stable equilibrium on R™. For methods to compute
Fe and F, when M and B are constant, see [1, p.34]. O

Remark 2 For any system of the form
x(t) = Mo(t)z(t) + B(t)U(t) (11)

that is controllable on [o, 7] for all (o,7) € S with state
space R™ with bounded continuous matriz valued coefficients
My(t) and B(t), we can find a matric Apy € R™™™ such
that for any continuous time-varying matriz valued function

A (t) that satisfies |Apr(t)| < Apg forallt > 0, the system
X(t) = (Mo(t) + An(£) X (t) + B(H)U(t) (12)

18 also controllable on these intervals. This follows from the
continuity of fundamental solutions for systems as func-
tions of the entries of the matrixz defining the system and
standard characterizations of controllability, e.g., from [18,
Chapter 3]. In the preceding situation, we can write Mo(t)+
Ap(t) = M(t) — 61(t), where M(t) = Mo(t) + (A (t)T
and 01(t) = (A (t)) ™. If, in addition, My(t) is Metzler for
allt > 0, then this defines a class of time-varying systems
(2) that satisfy the requirements of Assumption 1 with 6 =
A, because 0 < (Ap()” < (Apm ()T + (Ap(t)” =
[Ap(t)] < Apg for allt > 0. See, e.g., [18, Theorem 5]
for easily checked sufficient conditions for controllability of
(11), based on using the invertibility of the Gramian.

Moreover, we can often use a preliminary change of coor-
dinates to ensure that the vector field in the drift term has
the required Metzler property. For instance, for any con-
trollable pair (Ao, Bo) of constant matrices for which all
etgenvalues of Ag are real, we can transform a linear sys-
tem of the form &(t) = Aox(t) + BoUp(t) into a new system
2(t) = Moz(t) + BU(t) that is controllable and for which
My is Metzler. This is done by choosing My = PaAoPa_l,
B = P,By, and z = P,x, where P, is chosen so that My is
the Jordan canonical form of Ay, which makes My Metzler.
See also Section 7.2 where systems satisfying the require-
ments of Assumption 1 are useful for observer design.

By using Theorem 3 from Section 4.2 below, we can gener-
alize Theorem 1 to cases where the matrices M(t) are not
Metzler, but where they are similar to Metzler matrices, by
first using a change of coordinates to transform (2). The
control (8) is the control from [9, Chapter 2, Section 2.9].
One can find matrices 6, such that T is Schur stable when

0<6 <6, and|dp| < 6., (13)

because § and & are continuous and equal zero when 0 = 0.
This facilitates verifying the assumptions of Theorem 1. [

4 Estimation of Fundamental Matrices

This section provides our theorems on estimating funda-
mental matrices. In Section 5, we show how these estima-
tion theorems can be used to prove our Theorem 1, and we
use them for observer designs in Section 7.

4.1 Metzler Case

First, we address the problem of estimating fundamental
solutions, when there is a known Metzler valued term in
the vector field defining the dynamics; see Section 4.2 for
a method for relaxing this Metzler requirement to cases
where the corresponding matrix only needs to be similar
to a Metzler matrix at each time t. Throughout this sub-
section, we assume that the given function A satisfies:

Assumption 2 The function A : [0,4+00) — R™*"™ s
piecewise continuous, and there is a known constant non-
negative matric A € R ™ such that 0 < A(t) < A holds
forallt > 0. O



In Appendix A2 below, we prove:

Theorem 2 Let M : [0, +00) — R"*™ be a matriz valued
function such that M(t) is Metzler for allt > 0, and A be
a function satisfying Assumption 2. Choose the functions

6/\4 =x(r,s) = Q)M‘K(T’S)ZCDMJ“K(T’S) and
' P —(r,8)—®,  —~(r,s) (14)
QMZ(T’S):¢M(T73)+ M-—A - MAA )
Then the inequalities
@, x(tto) < Pa—altito) < @ x(tto) (15)
hold for allt >ty and tqg > 0. O

Remark 3 We believe that the preceding result is new, even
in the special case where M is constant, in which case the
fundamental solutions in the formulas (14) have the form

D, x(r,s) = eMER=s), (16)
For cases where M is time-varying, the Metzler require-
ments from Theorem 2 are satisfied if M has the form
M(t) = Mo+ (t), when the constant Metzler matriz M
has positive off-diagonal entries, and when the sup norm
of dp is small enough. Another significant special case is
when A and M are both constant, i.e., A(t) = A, for all
t >0, in which case ®pq_a(t,tg) = eM—B)(E—to), O

Remark 4 A different approach to estimating fundmanen-
tal solutions of uncertain matrices is as follows. For any
square matrices A and B having the same dimension, the
inequality

||6A+B _ eAH < ||B]|esPeeio.n [ A+¢8B]| (17)

is satisfied; this follows by applying the Mean Value Theo-
rem to the function f(£) = eAtB on [0,1]. Taking A = A,
it follows from (17) that in the special case where M is con-
stant and A is a constant matriz A., we have

HCD./\/IfA(t,tO) - (I)M(t7t0)|| (18)
< (t— t0)|‘Acue(t_to)supke[—l‘l] [[MA-LA]|
forallt >ty > 0. By contrast, in the special case where M
and A are constant matrices, (15) gives

o(t —to) < Paq—alt to) — Paq(t,to) < o(t—to) (19)

where
 eMAE_ (MEL (MFAL)_ ML

E(g) B (M—Ac)l_ Mei ME_ _(M+AC)E and (20)
Q(é) — € € 26 €

which gives (18), because of (17). The main advantage of
using Theorem 2 in this time invariant case (instead of
using the estimates that can be obtained directly from (17))
is that it produces estimates for each entry of ® p—a(t,t0);
see Section 8 for an example that illustrates this advantage
of using our approach from Theorem 2. g

4.2 More General Case

Although Theorem 2 only applies when M (t) is Metzler
for each ¢, we can relax this Metzler requirement to cover
a broader family of matrices that are similar to Metzler

matrices at each time ¢. The price to pay for this gener-
alization is that the upper and lower bounding functions
have more complicated forms. In the special case where
M is constant, this generalization is motivated in part by
the fact that Jordan canonical forms of matrices with real
eigenvalues are Metzler. Using the theorem from this sub-
section, we can also relax the Metzler condition from As-
sumption 1 so that we only require M to be similar to a
Metzler matrix at each time ¢ > 0. In Appendix A3 below,
we prove the following:

Theorem 3 Let A : [0,+00) — R™ "™ be a matriz valued
function that admits an invertible matriz P € R™*™ and a
matriz valued function F : [0, +00) — R™*™ such that F'(t)
is Metzler for each t > 0 and such that PA(t)P~1 = F(t)
for each t > 0. Let the piecewise continuous function p :
[0, +00) — R™ "™ and the matricesp € R"*™ and p € R™*"
be such that B

p<pt)<p (21)
for allt > 0. Choose the functions

®e(rs) = L (@0 o(r,s) + Oarpe(r, s)) P
—(P~H= (®ps(r,8) + F(r,s)) PT
—(P=HY* (®pr(r,8) + F(r,s)) P~

+% (‘b]\/[_g(’l", 8) + ‘I)M-‘rf(rv 8)) P~ (22)
D, (r,s) = (P71 (Pu(r,5) + F(r,5)) P*
- (P_z L (@pr—c(r,s) + Parsc(r,s)) PT
.

(@, 5) + Pasye(r,5) P

+(P~H) = (®ar(r, 8)+F(r,8)) P~
where Bne—alris)—Bagacrs)

F(r,s) = —M==202 e 1S (23)
and

3
([P*p = P=o] (P — [P*p = P=3] (P)7) " (21)
—[PTp— P75 (P~ + [PT5— P~p] (P~)"
and

M(t) = F(t)+ ([P*p— P=p] (P~1)*

—— + —1y—\T (25>
+ [Pp—Ptp|(P71)7)
for allt > 0. Then the inequalities
D, (t,t0) < Pagp(t,to) < Pe(t,to) (26)
hold for allt >ty and ty > 0. O

5 Proof of Theorem 1

This section uses Theorem 2 to prove Theorem 1. The proof
consists of three main parts. In the first part, we derive the
dynamics for the discrete time variables z, = X (¢)), which
is a sample data system that corresponds to the closed loop
system from Theorem 1. In the second part, we prove an
ISS estimate for this discrete time system that is based on
our Schur stability assumption on (9) from the theorem. In
the last part, we use the ISS property for the discrete time
system to obtain the required ISS property for the system
from the conclusion of Theorem 1.



First Step: Deriving the Discrete Time System. Let i >
0 be an integer. By applying the method of variation of
parameters to the system (2) on the interval [¢;,¢] (e.g.,
[18, Formula (C.26)]), with ¢ € [t;,t;+1], we get

X(t) = Dp_s, (t, ti)X(ti)
+ [ @prs, (1O BHOU (£)de (27)
+ f: Dar—s, (£,£)02(£)de,
where B*(¢) = B(¢) 4 65 (¢).

Then the semigroup property of fundamental solutions
gives ®pr(t,t;)Ppr(ti, £) = Pps(t, £) and therefore also

= [} ®ur_s, (£, 0)52(0)dl
+ {@nlt,t) [X(8) + [ ou(ti OB OU (D] }

(28)
[ @ars, (t 1) — s (t, )] X (&)
+ [ [@nrs, (£,0) — @ag (8, 0] BHOU (L)AL
Also, the feedback (8) gives
X(t) = [} ®ar—s, (t,002(0)dl + D(t,t;) + H(t, t;)
+[Par-e (¢, ) D (t, 1)) X (8)
+ [ [ @ar(t,0) — Dasos, (8, 0)SFALX (t;)
_ [_ J} @n(t, e)s A+ ®p(tt; )} X(t) (29)
+ [ ®ars, (£, 0)52(0)dl + D(t, ;)
+H(t, t;),
where D(t, t;) is the quantity in curly braces in (28),
SE=S(0) (@ni(a(0),0) " x; (30)
H(t,t;) = (31)
— Ji @p(t,05p(0) BT (O, (t:, O)dex; X (1),
wnd ®p(a,b) = ®pr_s,(a,b) — pr(a,b), (32)

and where x; = x(t;, ti+1). Moreover, our control (8) gives
D(tiv1,ti) =
arltien, ) [X(8) + [ @ar(ti, O BOU (A
I @, 005 (OU (0)|
= — [ B (tigr, OO (OB (£, O)dlx; X (t:)
where 6% (£) = 65(0) BT (¢).

Specializing (29) to the case where t = ¢, therefore gives

(33)

X(tiv1) = W)X () (34)
+ f::“ Par—s, (Lit1,£)02(0)d,
where
W (i) = ®p(tisr,ti) — [i ™+ @p(tipr, £)Shdl

= I @, (i1, 00O, (0(0), O)dex; !

where the last term in (35) was obtained by adding (31) and
(33). Equation (34) defines the desired closed loop discrete
time system.

Second Step: Stability Analysis for Discrete Time System
(34). Theorem 2 ensures that for all @ > b, we have

&(a,b) < @p(a,b) < E(a,b), (36)
where £ and ¢ are defined in (5). We deduce that, for any
integer ¢ > 0, we have

E(tirn, 0) (SO@u(a(0,0)Tx )"
< ®p(ti, ) (SO@u(0(0,0) X)) (67)
< Etinn, 0) (SO@u(o(0,0)Tx )"

and

E(tis1, 0) (SWO)(@ar(a(0),0)Tx; 1)~
< @p(tis,0) (SO (@ar(a(0),0)Tx; )~ (38)
< E(tir1, ) (SO(@ar(0(0),0)Txi )~

for all ¢ € (t;,t;11). By multiplying (38) through by —1
and then adding the result to (37), we get

E(ti1, O(SHT = E(tirn, O(S7) 39)
< Dp(tip1, 0)S; < E(tipr, O(SHT—E(tir1, (P~
for all £ € (t;,t;1+1), where we used the fact that Sg =
(ST = (SH.
Also, by noting that
1B(t, 5)| < Q1= and [@q (¢, 5)] < el@l=lt=5 (40)

hold for any bounded piecewise continuous matrix valued
function @ : [0,400) = R™*™ and all s > 0and ¢ > 0 (e.g.,
because of the Peano-Baker formula from [18, Appendix
C]), we obtain the bound

| as—s, (tis1, )0 (OD T (o (0), 0)x; ]
< eIMocHdnloo) (tiv1— t)§B‘BT|006|MT|oo(ti+1—ti)|X;1|

(41)

for all £ € [t;,t;+1]. We deduce from (36) that
FEo(titiyr) S W(i) < Felti,tira), (42)

where (41) was used to bound the last term in (35) and to
obtain the expression for the function J5 that we used in
(6) and our formulas (7) for F, and F..

In order to prove our ISS property for (34), we first use our
bounds (42) to study the system

Z(tiv1) = W(i)Z(t:) (43)
that corresponds to the d2 = 0 case in (34). By rewriting
(43) as Z(tir1) = W(@E)T — W(i)")Z(t;), we conclude
that for any solution Z(t;) of (43), the function Z(¢;) =
[(Zt)) T, (=Z(t;))T]T is a solution of

{ C(tiv1) = W(QE)TC(t) + W)~y
(]

44
W(tin) = W()C(t) + W(i)* (44)

(t:)
(ti)-



Moreover, (44) is a positive system (which can be checked
by induction, using the fact that W (i)™ and W (i)~ are
nonnegative matrices for each index 7).

Next, let [(p(t:)) T, (¥p(t:)) '] T and [(Gn (£)) T, (¥ () T]T

denote the solutions of (44) with initial conditions

<<p<to>> _ <Z<to>+> (45)
p(to) Z(to)~
and
(cn@o)) _ <Z<t0>-> (46)
Yn(to) Z(to)"

respectively. By the positivity of the system (44), these two
solutions are nonnegative valued. Then, noticing that

2o - (20 -20)
Z(to)” = Z(to)™
_ (Cp(tO) ) _ Cn(to) )
Vp(to) Unlto) )

we deduce from the uniqueness of solutions property for
the discrete time system (44) that

Cp(ts) Ca(ts)
i) = — 48
) (%(E)) <¢n(ti)) )
for all 4 > 0.

Next consider the system

(47)

[1]

{c(mg = Tt ten)Clt) + Z (bt D)y
Gltipr) = Fo (titi)C(t) + Fo (bt i (t),
and let [(C,(t:)) ", (4, (t:) ] and [(C,(t:) T, (¥, (8)) 1T
denote the solutions of (49) satisfying
<C (t0)> _ (Z(t0)+> and
1{’ (to) Z(to)” (50)
Cn(to) )

(Fim) = (7
¥, (to) Z(to)*

respectively. By (42) and the order preserving properties
from Section 2, we have

W (i)™ < Ff(ti tiyr) and W (i)~ < F_ (ti,ti1), (51)

so by the comparison principle, we have
7
< <<p (t:) ) and
Up(ts)
(

0< <Cn(tz‘ > < (Cn ti))
Pn(t:) ¥, (ti)

for all ¢ > 0; this follows by noting that the initial condi-
tions in the right sides of (45)-(46) agree with those of the
right sides of (52), and that (51) implies that the states

S~
A

(52)

with the bars are growing faster. As an immediate conse-
quence,

e ( Gulto) )
wn(tO) A (53)
. <cp<ti> ) < (c p(to) )
wp(t’b) ,l/]p(to)

for all ¢ > 0, where T" is the Schur stable matrix from (9),
and where we used (48), (52), and the periodicity assump-
tion in Assumption 1 (which gives F.(r + kpo, s + kpo) =
Fe(rys) and F (r+ kpo, s+ kpo) = F.(r, s) for all integers
k>0 and all » > 0 and s > r). Consequently,

_F,'<Z(t0)_> . ( Z(t;) > SFZ»(Z(tO)Jr)’ (54)
Z(to)* —Z(t:) Z(to)~

by our choice of =. Thus,

~[1,0)T (Z“‘”_) < Z(t:)

Z(to)* . (55)
< [1,0]T" (Z(to) ) :
Z(to)”

IN

|
/N
<]
s 3
~_—

IN

[1]

=

By our assumption that I' is Schur stable, this implies ex-
ponential stability of (43), hence the desired ISS property
of (34), by the boundedness of §; (which can be shown,
e.g., by showing that the strict Lyapunov function for (43)
that can be constructed from [2, Theorem 5.13] is an ISS
Lyapunov function for (34)).

Third Step: ISS Conclusion of Theorem 1. We can find a
constant ¢ > 0 such that all solutions of the closed loop
system from the statement of Theorem 1 satisfy

IX @I < e(IX (e (@) + supfl[62(0)]] - 0 < £ < t}) (56)

for all ¢ > 0. We can express ¢ in terms of the bounds 9,
0p, and v from Assumption 1, as follows. Using the fact
that ||®],(o(t),t)|] < ellMll=¥ for all t > 0 (e.g., using
properties of transition matrices from [18, Appendix CJ),
we can use the structure of the system (2) to get

X < 1M = 8l [oo X @] + [182(8)]]

HIB+05|loo]| Bl o el Ml S I, s)H X (o ()]
T,8)€E

for allt > 0. Then we can apply the Fundamental Theorem
of Calculus to the solution X on the interval [o(t), ¢] to get

X))l <
N S N LI (1+
€10,

V|| B+05]|oc|| Bl [sce! Ml sup ||x‘1(T,8)||>||X(0(t)|I-

(r,s)€S

Then applying Gronwall’s inequality to the preceding in-
equality on the interval [o(t), t] and recalling our bounds &



and 05 on §; and §p from (3) allows us to choose

& — oIMIlaoHI8ll)¥ oy {V, <1+

Bl el Bl 1= sup [ o)) .
T,8)€E

We can combine (56) with the ISS conclusion from the
second step to obtain the ISS property of the closed loop
system from the theorem. This proves Theorem 1.

Remark 5 The last part of the preceding proof shows how
bigger values of 6 and 6p can lead to bigger ¢ values, and
therefore to larger bounds on the right side of the final ISS
estimate. Since the formula for ¢ also depends on the upper
bound v on the sample intervals, this can also provide guid-
ance on how to choose sample times that lead to a suitable
upper bound v on the sample periods, by choosing v so that
¢ lies in a suitable range to ensure satisfactory performance
in terms of a small enough upper bound on the right side of
the bound for the state.

6 Discrete Time Analogs
6.1 Stability Theorem

Using discrete time analogs of Theorems 1 and 2, it is pos-
sible to prove asymptotic stability conditions for systems
of the form
Xiy1= (M - A)X; (57)
with M > 0, and with the matrices A; admitting a matrix
A > 0 such that 0 < A; < A for all i. Although
M-A<M-A<M (58)
holds for all ¢, the inequalities (58) cannot be used to study
the stability of (57) when some entries of M — A are neg-
ative. On the other hand, we have the following theorem,
whose proof in Appendix A4 uses discrete time analogs of
our continuous time theorems from the preceding sections:

Theorem 4 Let
gj = —(MJ'_A)];(]\/[_A)] and

- — 59)
—agi L (M=AY —(M+A) (
S; = M 4 SIS REERr
for alli > 0. Assume that
lim S;=0 and lim S, =0. (60)
j—+oo Jj—+oo

Then the system (57) is globally asymptotically stable to the
origin on R™. |

6.2 Illustration

To illustrate the preceding theorem let
01 61 0

M= 2| and A; = b
% 0 0 92

and assume that there is a constant 5 > 0 such that 0 <
0k < dfor k=1,2andall i > 0. Then Lemma A.1 from
Appendix Al below with n = 1 gives

3+6 0
0 o-

] ; (61)

M+A=pP! P, (62)

1
2

where A = 41,
11
P= , and (63)
-11
_ 15 0
M-A=p1|?2 - P. (64)
0 —6—-1
Hence, with the choices
_ 1.5) _ 51y
5? = (2; " and ,ug. ¢ 22) ) (65)
the functions from (59) are
_ 6% (1) 0 ]
5, —pot | TV ﬁ P 66)
i 0 5+ (=1)767 |
and
, [ (—1)7pt -5 0 ]
5. =it | TV P
i 0 (=1)76%—pj | (67)
—pl Y+ 5 0 P,
0 (=2)+(-1y3 =

by Lemma A.1 from Appendix Al below with o = 0 and
B = 1/2. Hence, if 0 < 1/2, then (60) will hold, which will
ensure global asymptotic stability of the system.

7 Observer Designs

We next illustrate the usefulness of our continuous time
transition matrix estimation and Gramian approaches, in
the context of new observer designs. First we provide a fi-
nite time observer, based on our Gramian approach but not
using our estimation methods. This finite time observer has
the advantage of being a fixed time one, meaning, the con-
vergence of the observer to the true state value occurs at a
time that is independent of the initial state. Then we pro-
vide a new asymptotic observer for more general systems,
using a convergence proof that is based on both transition
matrix estimation and the Gramian. The proof of the con-
vergence property for this asymptotic observer makes es-
sential use of the arguments from the proof of Theorem 1
and the result from Theorem 2. Therefore, through its uses
of the Gramian in our first observer design (which is an
essential ingredient from Theorem 1) and the results from
Theorems 1-2, this section is strongly connected to, and
helps illustrate the value of, the earlier sections.

For simplicity, we assume in this section that the coeffi-
cient matrices are constant and that the sample intervals
ti+1 — t; are of a constant positive length v, but analo-
gous arguments produce results for unevenly spaced sam-
ple times ¢; as in the previous sections and for time-varying
coefficient matrices, by replacing matrix exponentials by
transition matrices in the relevant places. In both of our
observer designs, we will use the matrix valued functions

G(S) = ( IS eSchTceSfde)_l (68)



for suitable functions S, where the existence of the inverse
will follow from the observability of (S, C) for matrices S
that we specify later (again by [18, Theorem 5, p.109]).

7.1 Finite Time Observer

We consider the system

{a’:(t) = Ax(t) + fy(), u(t))
y(t) = Cx(t)

where z is valued in R”, f is locally Lipschitz, u is valued
in RP, and y is valued in R?. We assume that this system
is forward complete, and we introduce a sequence t; = iv
with v > 0 being a given constant. See, e.g., [8], [13], and
[16] (which did not use Gramian approaches and also did
not use estimators for transition matrices) for the impor-
tance of systems with nonlinearities of the form we have in
(69) for modeling the vibration of elastic membranes, pen-
dulums, and single-link robotic manipulators. Our objec-
tive is to construct a finite time observer for this system,
under this standard assumption:

Assumption 3 The pair (A, C) is observable. O

We also use the matrix valued function R : R — R"*¢
defined by

(69)

R(¢) = eMG(A)e? T (70)
for all £ € R, where G was defined in (68).
Let us propose the observer that is defined by

2(t) = AR(t) + f(y(t), u(t))
+R(t —t;) [y(t) — CeAt—t)i(t;) — Ca(t)] (T1)

E(t) = Az(t) + f(y(t),u(t)), 2(t:;) =0
for all ¢ € [t;,t;4+1) and ¢ > 0, where the solutions of the &
dynamics are defined by solving the first equation of (71) on
[to, t1) = [0, v) with the initial state Z(0) = 0, then solving
it on [t1,t2) with the initial state &(¢1) = Z(¢] ), and then
repeating this process on subsequent intervals [¢;,¢;11) for
i > 2. We prove:

Theorem 5 Let Assumption 3 hold. Then for each solu-
tion x(t) of (69), the corresponding solution &(t) of the ob-
server (71) is such that Z(t) = x(t) for allt > v. O

Proof. By applying variation of paramters to the dynamics
in (69), we deduce that

y(t) = CeAlt=t)p(t;) + C’fti A0 £(y(0), u(0))de. (72)

Since 2(t;) = 0, it follows that y(t) = CeAt—t)x(t;) +
C%(t), so
() = AR(t) + f(y(t), u(t))
+R(t — t;)Ce =t [x(t;) — 2(t,)].

Here and in the sequel, all equalities and inequalities are
for all t € [t;,t;41) and ¢ > 0, unless otherwise indicated.
Let &(t) = x(t) — Z(¢). Then

Z(t) = AZ(t) — R(t — t;)CeAt—t) i(t,). (74)

(73)

By integrating this system, we deduce that
E(t) =

{EA(tfti) _ ftt AOR(( — ti)ceA(éfti)dZ} (). (75)
Thus, in particular, the equality
T(tiy1) =
[G(AVH) [HHY eAlti=0 R(g — t,)CeA(uti)dg} (1) (76)
¢ i i
holds. Consequently,
F(tiy) = et [I — foy e‘AéR(E)CeMdé] Z(t;) (77)

= oM [T [ e MAMGA)ATICTCM AL (1),

where the last inequality is a consequence of the definition
(70) of R. We deduce that

B(tipr) = e [I - fO"G(A)eAwCTCeMdﬁ} F(t:)

(78)
=0
Thus, in particular, Z(rv) = 0. From (74), we deduce that
Z(t) = 0 for all ¢ > v. This concludes the proof. O
7.2 Observer for Time-Varying Systems
We next consider the more general class of systems
{ ) = (A= AW + S Ou) o
Y(t) = C&(t)

where ¢ is valued in R™, v is valued in RP, and Y is valued in
R?. We assume that f is locally Lipschitz, that this system
is forward complete, and that Assumption 3 is satisfied,
where A, A, and f are assumed to be known.

Before presenting our observer design, we introduce the
following dynamic extension whose purpose is to remove
the term f(Y'(¢),u(t)) in (79):
(1) = [A = AE() + F(Y (1), u(t))
FLIY(t) — C& (1))

The term LY (t) —C&,(t)] is here only to introduce a degree
of freedom. Then, with the choice, z(t) = & (t) — £(t), we

obtain
{9’0(75) = [M — A(t)]z(t)

y(t) = Cx(t)
with M = A — LC. In terms of our notation (68), we
assume the following, where the existence of the inverse in
(83) follows from the observability of (A4, C) as before:

Assumption 4 The pair (A, C) is observable, the origin
of (81) is globally uniformly asymptotically stable, and M
is Metzler. Also, there is a matriz A such that

0<A(t) <A (82)
for allt > 0. Finally, with the choices

e(M—X)s e(M+K)5726Ms
S): + 2 ,
S

(
(s)= eI () =eMEG(M)eM O,

(80)

(81)

’ (83)
B



and
Ger) = Br) = Jy |8 =0 (H(OCM)*
—B(v =) (H(0)CeM) ™| de s
g.(r) = Br) = Jy [Bw—0) (H(O)CeM)*
—B(v — ) (H(O)CM) | de,
the matrix )
H:[gxw+g4w- )
g.v)~ Ge()* |
is Schur stable. 0

Our condition on (81) in Assumption 4 holds if A is suffi-
ciently small and M is Hurwitz and Metzler. In this case,
bounds A on the allowable functions A(¢) can be found
using quadratic Lyapunov functions. For instance, we can
solve the Riccati equation P,M + M TP, = —I for a pos-
itive definite matrix P, and then the time derivative of
the quadratic Lyapunov function v(x) = 2" P.x along so-
lutions of () = [M — A(t)]z(t) satisfies © < —||z(¢)||* —
22 " (t)P,A(t)xz(t), and then can choose A so that all of its
entries are strictly less than 1/(2n||Px||), because that will
ensure that [|P.[|[|A(t)|| < 3 when A satisfies (82). Here
the n in the denominator of the upper bound on the entries
of A arises from the need to convert a condition on Eu-
clidean 2-norms of A(t) into a condition of the form (82)
on the entries of A(t). We define our observer by

i(t) = (M — AWa()
+H(t —t;)[y(t) — CeMEt)z(t,)]
for all t € [t;,t;4+1) and @ > 0, where H is from (83), and

the solutions of (86) are defined analogously to those of the
Z dynamics in (71). We then have the following theorem:

Theorem 6 Let Assumption 4 hold. Then for each solu-
tion x(t) of (81) and the corresponding solution Z(t) of the
observer (86), we have lims_, oo (2(t) — Z(t)) = 0. O

Proof. Since x(t) = ®pr—a(t,t;)x(t;) for all t > t;, we have

(86)

() = [M — A(1)]2(t) (87)
+H(t — ) [CPar_a(t ts)x(t;) — CeME—t g (1))

Here and in the sequel, all equalities and inequalities are
for all t € [t;,t;41) and ¢ > 0, unless otherwise indicated.
Thus

i) = (M — AWa()
+H(t—t;,)CeME=t [2(t;) — (t;)] (88)
+H(t—1;)C [®ar—alt,t;) —eME] z(t;).

As an immediate consequence of (81) and (88), the variable
Z(t) = x(t) — &(¢) satisfies the following:
() = [M — A@))E(t) — H(t — t;)CeME-tdz(t;)

—H(t —t;)C [Prp—a(t, t;) — M ] z(t;). (89)

Applying variation of parameters to (89) gives
F(t) = Ppr_a(t, t;)E(t)
+ [ @ar_alt,0) [~H (L — t;)CeM D3 (t;)
—H(l — t;)CE(L, t;)x(t;)] Al
= [®ar_alt,t;)
- J cpM_A(t,e)H(e—ti)ceMw—wde] #(t)
— [ @ar_a(t, OH(E — t:)CE(L 1) dla(t;)
and so also
B(t) = [®ar(t,t;)
— [ ®ar(t, O)H (L~ ti)CeM(é*“)dﬁ] #(t:)
+[E(t, ) (91)
— L e om(C- ti)ceW—ti)de] a(t:)
— J§ ®rr_alt, O/ H(E—t;)CE(L, t:)dlx(t:),

where E(r,s) = ®pr_a(r,s) — M%) for all » > 0 and
s > 0. Thus, in particular,

E(tiz1) = [Prr—a(tipr, ;) — eM”

— I E (i O H (-~ ti)ceM“—mdz}:z(ti) 0
— ‘]Z"’*'l q)M—A(ti—&-la K)H(f — tl)Cé’(é, ti)dﬁx(ti) ( )
MY [T [ MO (0 — 1) CeM Al ().

(90)

From the definition of H in (83), it follows that
T(tip1) =MV {I
[ GneM T T ceM - ae) ()
+ [Prr—a(tivr, i) — M (93)
— [ E (i O H (-~ ti)ceM“—ti)dz] #(t:)
— [ Baroa(tion, ) H(C — t:)CE(L 1) dla ().
From the definition of G in (68), we obtain
T(tiy1) = G(t:)T(t:) + H(t)z(t:) (94)
with the choices
G(ti) = E(tir1,ti)
— [ E (i, OH(E— t;)CeMEtdr (95)
H(ti) = — [ @rr_a(tivr, OH(C—t;)CE(L,1;)dL,
since the quantity in curly braces in (93) is zero.

We next study the discrete time system

S(tiy1) = G(ti)s(ts). (96)
In terms of our notation from Assumption 4, we then have
B(tivr — ) < E(tizr, ) < B(tiv1 — L), (97)

by Theorem 2. This gives
B(tiys —£) (H(E — t;)CeM=t) ™
(tip1,0) (H (L~ t)CeM 1) (98)

< E(t
< B(tiyr —0) (H(L — tz’)CeM(lfti))Jr

£
B



and

Bltiz1—0) (H(L - t')CeM(Z—ti))—
< E(tipr,0) (H(E —t;)CeME—t)) ™ (99)
< Bltis — ) (H(E —t)CeW 1)
Therefore
P H—l—g (H(E (e_ti))+
(tiz1—0) (H(C - M(et)
= (z+17 OH(l—t; )CeM(e t) (100)
< Bltigs — ) (H(C = t)CeM )T

Bt =€) (H(t ~ t)CeME0)”

Hence, with our choice of G from (95), and with our choices
of G, and Qc from Assumption 4, we have

g.v) <G(t:) < Ge(v). (101)
Therefore, the last part of our proof of Theorem 1 implies
that the discrete time system (96) is exponentially stable
if the matrix x we defined in (85) is Schur stable. Since the
origin of (81) is globally uniformly asymptotically stable,
we also deduce from the proof of Theorem 1 that the so-
lutions of (94) exponentially converge to the origin, which
gives the desired result, by the reasoning from the third
step of the proof of Theorem 1. O

8 Application

In the important special case where 5 and dp in (2) are 0,
the proof of Theorem 1 implies that its closed loop system
with the control (8) is uniformly globally exponentially sta-
ble to 0 on R™ when (9) is Schur stable. On the other hand,
we show in this section how to use (17) to get an alternative
sufficient condition that ensures this exponential stability.
We show that our Schur stability requirement from Theo-
rem 1 is less restrictive than the condition that would come
from only using (17), by proving that the Schur condition
is satisfied under larger bounds § on §; than the largest
bound that we could allow if we instead only used (17).
This will illustrate an advantage of using our Schur sta-
bility condition. Although we assume in this section that
0p = 0 and d, = 0 and that ¢t; = iv for all ¢ > 0 and that
01 is a constant matrix §, similar reasoning applies for time
varying d1’s, as well as for ISS cases with nonzero do’s.

Consider the dynamics (2) with

- Joeé.
M =B=1cR>? and 5:[ €R>2  (102)

*

for a constant ¢, € (0,2). This gives S = I, and the func-
tion y from (5) is

_ [5TT —2¢ _ 1 —2(s—r
x(r,s) = [y e del = 1(1— e 271 (103)
Also, since e(MENE = MLl e have
(480 (1=8:)8 (148,08 _ (1-52)¢
(M+8)¢ _ 2
e T | Q50 J1-808  L(F6a)e (1-5x) (104)
2 2

10

and
- (182084 (4800 J1=8:)0_ (1+6:)¢
(M—3)¢ _ 2 2
€ il O SV SR S N CER S TN CE S T I (105)
2 2

Consequently, £ and ¢ from (5) are
E(r,s) =e€"

and &(r,s) = —e" " sinh(d.(r — s)) [

“*(cosh(d.(r —s)) — DI

01 (106)
10

and the bounding functions from (7) are

Fe(r,s) = el (cosh(6,L.) — 1) T

01
= fy” L*%smh(a*(L*—e))dg[ ]

0 10
01
10

— e Jy " b cosh(8, (L. — £) — 1]l 1,

(107)

and F,(r,s) = —el~ sinh(d. L.)

where L, = s — r, because in this case, (Se_MTeX_ )" is
the zero matrix. Since cosh( ) > 1 and sinh(s) > 0 for all
s > 0, we conclude that in this example, we have F.f = F.

and F_ = —F, at all pairs (r, s) where L, > 0. Then with
the preceding F.} and F., the closed loop system from

c

Theorem 1 will be globally exponentially stable to 0 on R™
provided that the T' from (9) is Schur stable.

Next, observe that in this case, the functions (35) are
W(i) = — [/ @p(tis1, e
+®p(tit1,ti),

where ®p(t,0) = Ppr_s, (t,£) — Pps(t, £) as before. Then,
in this particular case where 6; = § and dg = 0, we obtain

W (i) = e(tiv1—t:)(1-8)

—L+ao(0)qp 17627% I

(108)

_ eltiva—ti)I

- ftt:+1 [e(ti+1—e)(1—5) _ e(tiH—é)I} eti—tdy (109)

and therefore also

W(z) — pI=0) _ vl 1)

. fo [ v—0)(I-58) _ e(wm] e—Ldll.

Therefore, we deduce from (17) that

W@ < v# [y (v = 0|8 le =00~

+v/||8] e +181D
= 4|4 fo”(,/ — 0)er(HIIBIN—L 181D gp

+v/||8] e HI8ID
= uH[|§]]er+1131) [V J emteidinge
— ge—f(2+\|5||)d4 + | |5]|ev 1181



and so also

WG| = v2]j3]JeOHID [y ime ot
+71T2e+—|v|;26!6”>} + 1|5 +I3ID
= V18] I (e
L) ol
where v# = ——2. This provides the condition
WO < w25 (v + <ot

+V5*6V(1+5*). (111)

Hence, by using (17), we conclude that the closed loop
system from Theorem 1 satisfies the desired exponential
stability property if the right side of (111) is in (0, 1),
by the second part of our proof of Theorem 1. This is
more restrictive than our Schur stability condition from
Theorem 1, because for instance, if J, = 0.36 and v =
0.72 in the preceding example, then simple Mathemat-
ica calculations imply that the eigenvalues of the matrix
T in (9) are {0.969621, —0.767802,0.246164, —0.170381}
(which means that the Schur stability requirement is sat-
isfied) but that the right side of (111) is 1.0879. If in-
stead we have 6, = 1 and v = 0.36, then I" has eigen-
values {0.95009, —0.688578,0.292117, —0.178081} but the
right side of (111) is 1.11283. It follows that Theorem 1
gives a better stability condition than the one that we
would have obtained by only applying (17).

In Figs. 1-2, we graphically illustrate the preceding result,
using plots that we generated using the Mathematica pro-
gram. In Fig. 1, we show the spectral radius (i.e., the largest
of the absolute values of the four eigenvalues) of the matrix
I' from Theorem 1, as a function of the disturbance parame-
ter 0, and sample rate v, for the choices from the preceding
example. It illustrates a range of d, and v values for which
the eigenvalues of I" remain in (—1, 1) to satisfy our Schur
stability requirement from Theorem 1. In Fig. 2, we plot
the norms of closed loop solutions obtained from applying
Theorem 1 to the previous example with §, = 0.36 and
v = 0.72. Fig. 2 shows rapid convergence of the solutions
to zero, and it illustrates the effects of the sampling in our
control (which produces cusps in the plots of the norms at
the sample times), and so also illustrates Theorem 1.

9 Conclusions

We provided new results on feedback stabilization for dy-
namics with sampling and uncertainty. We allowed addi-
tive uncertainty on the right side of the systems, in addi-
tion to uncertainty in both vector fields defining our time-
varying linear systems. Our methods combined positive
systems approaches with new matrix inequalities that es-
timate fundamental solutions for time-varying linear sys-
tems that contain uncertain coefficient matrices. Our ma-
trix inequality estimations are of independent interest, be-
cause of the difficulty in estimating fundamental matrix
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Fig. 1. Spectral Radius 3(I") of I" as Function of Disturbance
Parameter . and Sample Rate v, Illustrating Range of 6. and
v Values for which our Schur Condition on I is Satisfied
25
20

15

10

Y
v

0.5 1.0 1.5 2.0
Fig. 2. Norm of State of Closed Loop System from Theorem 1 for
Example from Section 8, . = 0.36, v = 0.72, Control (8), and
Initial States (1, 1) (Red), (1.5, 1) (Black), (2,1) (Blue), (2.5,1)
(Green), and (3,1) (Purple), Showing Rapid Convergence to 0

solutions for time-vayring linear systems that contain un-
certainties in their coefficients. Our example illustrated the
potential advantages of our new stabilization approach. In
our future work, we aim to extend our work to nonlinear
input delayed systems having right sides that include Met-
zler matrices.

Appendix Al: Key Lemmas

We first provide two lemmas that we used in our proofs of
our transition matrix estimation theorems. The first one
will use the fact that for the matrix

po| ! € RGMxCEn) (A1)
—I 1]
we have
(I _1I
-1_ |2 "2
P = I (A.2)
L2 2

The following then follows from simple calculations:

Lemma A.1 For all matrices « € R™™™ and f € R™"*",



we have
Q@ o+ 0
P b Pl = g (A.3)
b « 0 a-—p
Also,
0 ytp a—p
P! [7 ]P: [jﬂ Wip] (A4)
0p e
holds for all matrices v € R"*™ and p € R"*™. |

We also use the following consequence of the unique-
ness of solutions property for (1) with 7 = R, which is
shown by checking that H(t,tg) = LP,(t,t0)L ™! satisfies
H(to,to) = I and 2 H(t,to) = RH(t,to) for all t > 0 and
to Z 0:

Lemma A.2 Let A: [0,400) — R"*™. Let L € R"*"™ be
an invertible matriz and let R = LAL™!. Then

Dr(t,to) = LOa(t,t0)L7" (A.5)
forallty € [0,4+00) and t € [0, 400). O

Appendix A2: Proof of Theorem 2

We consider M(t) and A(t) such that M(t) is Metzler
for all £ > 0 and such that there is a A satisfying the
requirements of Theorem 2. Let

() = M(t) A(t) () = M(t) A(t) (A.6)
Alt) M) ] A M@ ]
and Q(t) = Mo(t) ./\/lo(t)l . (A7)

Then Q(t) < Q(t) < Q(t). Here and in the sequel, inequal-
ities and equalities should be understood to hold for all
t > 0 unless otherwise indicated. It follows from the com-
parison lemma that

Po(t,to) < Polt, to) < O5(t, to)- (A.8)
According to Lemma A.1,
M(t) + A(t 0
Q) =P )+ A0 P (A9)
0 M(t) — A(2)
and
= M(t) + At 0
Qt)y=P! ) +40) _ | P. (A0
0 M(t) — A(t)
Then, from (A.8) and Lemma A.2, we have
o t,t 0
Dy (t,tg) < P! M+2( +to) o P
B BUNUR
< p-1 (I)M-s-K(tatO) 0 P
0 D\ =x(t,to)
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Hence, Lemma A.1 also gives

(I)M (tvtO) 0
0 (DM (t,to)
l‘DM+A(tvto)+‘bM—A(t7to) D mta(tto)=Pa—a(t:to)
2 2

(I)Q(tﬂ tO) =

(A.12)

Prmta(tto) =Pm—a(tto)
2

S gM,Z(t’ t())v
where

gM7Z(t7 tO) =
L mxtto)+e, x(tto) . x(tto)=P,  x(tto)

Prmta(tto)+Pm—al(tito)
2

(A.13)

2 2
@ mtto) =P, R(tto) @, R(tto)+®,  F(tto)
2 2

We straightforwardly deduce from considering the upper
left and then the upper right submatrices in (A.12) that

(I>M (ta tO)

< Srmraltto)+Pm-a(tito)

¢M+K(t’t0)+q>/\/17x(t’t0)

IN

(A.14)

2
7®M+K(t’t0)+®M—Z(t’tO)
2
< Z0miatto)+Pm—altto) 0

2 i

and

are satisfied. Adding the corresponding left, middle, and
right sides of the inequalities in (A.14) gives the desired
conclusion of the theorem.

Appendix A3: Proof of Theorem 3

From (21), it follows that PTp < P*tp < P*p and
—P~p < —P7p < —P7p. We deduce from the formula
Pp = (Pp)* —(Pp)~ that P*'p—P p < Pp< P*p—Pp
is satisfied. Therefore, we get
(PTp—P7p)(P~1)* < Pp(P~)*

< (P Pg) (P1)* (A.15)

and — (PYp— P~ p) (P~1)~
< PpPV)" < — (P*p— P p) (P
By adding the inequalities in (A.15)-(A.16), we obtain

(A.16)

¢ < PpPTt <K, (A.17)
where < and ¢ are defined as follows:
S=(Pp—P p) (Pt —(PTp—Pp)(P )" and
s=(Ptp—Pp) (P ) = (P*p—P p)(P7')".

Then, since the formula (25) gives M = F + ¢, we get

PA+p)P ' =F+4+PpP ' =M - A (A.18)
where M is from (25) and A = ¢ — PpP~1. Then M(t)
is Metzler for all t > 0, and (A.17) gives 0 < A <3F —q.
Next, Theorem 2 ensures that

By oy (b)) =@y oh(tt0)
Par(t,to) + MoTas 00 5 MiTtos 00

Dy ot (tto)+ 0y, oy (Eto)
< Bproalt, tg) < Mot 00 5 Mo

(A.19)




for all t > tg > 0. According to Lemma A.2, these inequal-
ities in combination with (A.18) give

plt to) < POy ,(t,to) P~ = @pr_alt, to) < Tt to)
for all t > ty > 0, where

¢A4_?++<(7'7s)+¢'1\4+2+ _S(T’s)

lrs) = T2 and
Ppp oty (1) =Py o (1)5) (A.20)
wlr,s) = Par(r,s) + — s
Consequently,
(PH)*plt,to) < (P7H)TPOay,(t,t0) P (A.21)
< (PH)*7(t, to) :
and
(PRt to) < —(PTHTPPagy(t,to) P~} (A.22)
< —(P7) "t to). :

Adding (A.21)-(A.22) and recalling that R = P~!, we get

(P~ T p(t to) = (PRt to) < Patp(t,to) P!
< (Pt to) — (P71)7 plt, to).-
From these inequalities, we deduce that
(P~ ult to) — (P (t to)| PT

—_— —

<D ap,(t to)P1PT (A.23)
< (PRt to) — (P71~ plt, to)] PT
and
— [(P~Y) TRt to) — (P™1) " pu(t, to)] P~
<I>A+p(t to) PP~ (A.24)

<
< — (P71  ult. o) — (PRt t0)] P~

We conclude by adding (A.23)-(A.24), since { = (T — ¢

Appendix A4: Proof of Theorem 4

This appendix provides a proof of Theorem 4. The proof
is based on discrete time analogs of our continuous time
transition matrix estimation theorems that are of indepen-
dent interest, and which we prove first. Consider matrices
M; e R**" A, € R"™™™ and A; € R ™ such that

M; >0 and 0 < A; <A (A.25)

for all i € Z>. Let us find an upper and a lower bound for

I (A.26)
(Mj—14i = Aj1gi) e (Migr — Diga) (M; — Ay),
which is the state transition matrix for X;11 = (M; —

A;)X;, meaning X;y; = F, ;X; when j > ¢ with j > 1. We
use the matrices

Mi Al

: (A.27)

and Rji = Qj—1+i ..... Qi_HQi,and Ej,i = ﬁj—l-&-i ..... ﬁi+1Qi.
According to Lemma A.1 from Appendix Al,

P:‘ij,ip_l =

13

holds for all ¢ and j, where P is the (2n) x (2n) block
matrix with each block being I € R"*", D, ; = (M;_14;+
Aj—1+i) ..... (Mi+1 + Az—i—l)(Mz —+ Al) and Ei,j defined in
(A.26) and

D;; 0
PR P =" |, (A.29)
0 i
where D; ; =
(Mj_fri + A 1gi) e (Mi1 + A1) (M; + A)) (A.30)
and Ei,j =
(Mj—14i = Djorgi)ees(Miga — Dia) (M = Ay).
Notice that since A; > 0 for all 4, the inequalities
Ej,i S Rji S ﬁj71+i ..... ﬁi+1§i (A31>
are satisfied with
M;_14i.. My M; 0
K= [ i (A.32)
0 Mj 144 M1 M;
As an immediate consequence of (A.28), (A.29), and
(A.31), the inequalities
D;; 0 Di; 0
K, <P P<pPt| " _ | P (A33)
0 Eij 0 E;;

holds. We deduce from Lemma A.1 that

DijtFEi; Dij—Ei; Di;j+Ei; Di;—FEi;
o < 2 2 2 T 2
=3t = | Dij—Fi; Dij+FEij | = | Dij—FEi; Dij+Ei; |’
2 2 2 2

which we can combine with (A.25) to get

M; 1y M1 M; < o

E;;—D E; ;—D
2 2

DijtEij ~
2 - (A.34)

and Ll < Ll <
for all ¢ and j. By adding these inequalities, we obtain the
desired estimate

iitEij
Mj—l—i—i---Mz—i-lM + Jf?

BuDii <

i < (A.35)
We now use the preceding observations to prove Theorem
4. To this end, notice that the preceding analysis and the
choices (59) of S; and S; give

S; < (M =Aj q4i)e(M—A) < T, (A.36)

for all j > 1. Hence, the theorem follows by the order
preservation property of limits.
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