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Abstract: This paper is concerned with the Hankel operator of sampled-data systems. The
Hankel operator is usually defined as a mapping from the past input to the future output and
its norm plays an important role in evaluating the performance of systems. Since the continuous-
time mapping between the input and output is periodically time-varying (h-periodic, where h
denotes the sampling period) in sampled-data systems, it matters when to take the time instant
separating the past and the future when we define the Hankel operator for sampled-data systems.
This paper takes an arbitrary © € [0,h) as such an instant, and considers the quasi Lo /Ls
Hankel operator defined as the mapping from the past input in Ly (—00, ©) to the future output
in Lo[@,00). The norm of this operator, which we call the quasi L.,/Ls Hankel norm at ©,
is then characterized in such a way that its numerical computation becomes possible. Then,
regarding the computation of the L., /Lo Hankel norm defined as the supremum of the quasi
L /Ly Hankel norms over © € [0,h), some relationship is discussed between the arguments
through such characterization and an alternative method developed in an earlier paper that is
free from the computations of quasi L., /Lo Hankel norms. A numerical example is studied to
confirm the validity of the arguments in this paper.
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1. INTRODUCTION

Many systems in engineering and science belong to the
class of dynamical systems, which are characterized as such
systems whose output depends not only on the present
input but also on the past input. The mapping from the
past input to the future output is generally called the
Hankel operator, and its norm is called the Hankel norm.
The study on the Hankel operator/norm is important in
model reduction and related studies, and many significant
results have been obtained in continuous-time linear time-
invariant (LTT) systems, e.g., Lin and Kung (1982); Glover
(1982); Zhou (1995); Hung and Glover (1986).

The Hankel operator is usually defined as a mapping
from the past input in Ly(—00,0) to the future output in
L5[0,00), and the Hankel norm is defined accordingly. On
the other hand, there is also a study that is interested in
the Hankel operator defined as a mapping from Ly (—00,0)
to Loo[0,00) (Wilson, 1989), which we call the Lo /Lo
Hankel operator for simplicity. Unlike in the former case
dealing with the usual Hankel operator (which we call
the Lo/Lo Hankel operator), it has been clarified for
continuous-time LTI systems that the associated Hankel
norm (which we call the L., /Ls Hankel norm) equals the
corresponding induced norm from Ls[0,00) to Ls[0, 00).
In continuous-time LTI systems, this induced norm is

further known to have a very close relationship with the
H; norm (Wilson, 1989; Rotea, 1993; Chellabonia and
Haddad, 2000).

This paper is concerned with the L,/Lo Hankel opera-
tor/norm of sampled-data systems, in which the general-
ized plant has the continuous-time disturbance w and the
continuous-time controlled output z, and the effect of the
past w on the future z is studied. To make this state-
ment more rigorous, however, we first need to note a very
important and essential feature of sampled-data systems:
due to the periodic action of the ‘sampled-data controller’
consisting of the discrete-time controller together with the
hold and sampling devices, the continuous-time mapping
between w and z is h-periodic, where h denotes the sam-
pling period. Hence, it deeply matters when to take the
time instant that separates the ‘past’ about the input w
and the ‘future’ about the output z in defining the Hankel
operator. In Chongsrid and Hara (1995)!, this issue was
completely neglected and the past and the future were
simply separated at time O under the treatment in which
the time 0 is also an instant at which the sampler takes

1 Note that the study in Chongsrid and Hara (1995) corresponds to
the La/L> Hankel operator (more precisely, a quasi La/Lo Hankel
operator in the term of the present paper) while the present paper
deals with the Loo /L2 Hankel operator.

2405-8963 © 2017, IFAC (International Federation of Automatic Control) Hosting by Elsevier Ltd. All rights reserved.
Peer review under responsibility of International Federation of Automatic Control.

10.1016/j.ifacol.2017.08.707



3624

its action. This inappropriate treatment was amended in
our recent study (Hagiwara et al., 2016) by first taking
an arbitrary © € [0,h) as the instant separating the
past and the future and then considering the mapping
from w € Ly(—00,0) to 2 € Lo[O,0), which we call
the quasi Lo,/Ls Hankel operator at ©. The associated
norm (i.e., the quasi Lo /Ly Hankel norm at ©) was then
considered and, roughly speaking, the worst value of this
norm over @ € [0,h) was defined as the Lo,/Ly Hankel
norm while the quasi L, /L2 Hankel operator at such ©
that corresponds to the worst value was defined as the
Lo /L2 Hankel operator.

What has been shown in our recent study (Hagiwara et
al., 2016) on sampled-data systems is that

(i) as in the continuous-time LTI case, the induced norm
from L3[0,00) to Lso[0,00) (Zhu and Skelton, 1995;
Kim and Hagiwara, 2015)coincides with the Loo/Lo
Hankel norm;

(ii) the Loo/L2 Hankel operator/norm can actually be
characterized in such an alternative approach that
completely avoids the reference to the quasi Ly /Lo
Hankel operators/norms.

However, characterizing the quasi L.,/Ls Hankel norm
for a given © € [0,h) in such a way that the norm can
be computed readily is still an open problem. What the
present paper tackles is exactly this open problem.

The notation in this paper is as follows. N and R” denote
the set of positive integers and the set of v-dimensional
real vectors, respectively. We further use the notation Ny
to imply N U {0}. The oo-norm of vectors is denoted
by |z|ec (= max;=1, ., |®;|). Furthermore, we use the
notation dpax(-) to denote the maximum diagonal entry
of a real symmetric matrix.

2. LIFTING TREATMENT OF SAMPLED-DATA
SYSTEMS AND QUASI L.,/L; HANKEL NORM AT &

2.1 Lifting Treatment of Sampled-Data Systems

We consider the stable LTI sampled-data system Xsp
shown in Fig. 1, where P denotes the continuous-time LTI
generalized plant while ¥, H and S denote the discrete-
time LTI controller, the zero-order hold and the ideal
sampler, respectively, operating with sampling period h
in a synchronous fashion. Solid lines and dashed lines
are used to represent continuous-time and discrete-time
signals, respectively, in this figure. Let P and ¥ be
described by

d
@ = Az + Biw + Byu
p- dt (1)
: z = Cix+ Disu
y = Cox

v {%H = Ay + Boys @)
"l uw =Cu¥p+ Dyys
respectively, where z(t) € R", w(t) € R™, u(t) €
Rnu7 Z(t) € ana y(t) € Rnya d)k S Rnw’ Y = y(kh)
and u(t) = uy (kh <t < (k+1)h).
The sampled-data system Xgp viewed as a continuous-
time mapping between w and z is periodically time-
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Fig. 1. Sampled-data system Ygp.

varying. To deal with Ygp as if it were a time-invariant sys-
tem, we apply the lifting technique (Bamieh and Pearson,
1992a; Toivonen, 1992; Yamamoto, 1994), which converts

the continuous-time function f(-) to the sequence {fk(ﬂ)}
of functions on [0, k) given by
fu(6) = f(kh+6) (0<6<h) (3)
In accordance with the above equation for lifting, we
assume that the sampling instants are given by the integer
multiples of h (and thus time 0 is a sampling instant)?.
Hence, we have the lifted representation of sampled-data
systems Xsp given by
Epp1 = A& + By,
Zr = C& + Dy,
with & := [2f {7 (zy := x(kh)), the matrix
Ad + B2aDwCaq B2iCy

(4)

A= [ (R RV (5)

ByCaq Ay
and the operators
B=JsB; : Ly[0,h) — R (6)
C=M,Cx :R"™" — L_[0,h) (7)
D =Dy : L3]0,h) — L[0,h) (8)

where

h
Ad = exp(Ah), Bgd = / exp(AG)BgdG, Ogd = Cg (9)
0

Js = HER(”"W”» Cz::{ y 0]

0 DyCoq Cy (10)

h
Biw = / exp(A(h — 0))Byw(6)do (11)
0

(Ml [ﬂ ) (6) = My exp (A20) m (12)
Ay = {‘3 %2] , M :=[Cy Dia] (13)
(Dy1w)(6) = /00 Cy exp(A(6 — 7)) Byw(r)dr (14)

Note that the matrix A is stable by the stability assump-
tion of Xgp.

2.2 Quasi Lo /Lo Hankel Norm at ©

In this section, we review the definition of the quasi Lo, /Lo
Hankel norm of sampled-data systems (Hagiwara et al.,
2016) when we consider separating the past and the future
at © € [0,h). We also introduce some relevant notations.

Let © € [0,h) be the time instant separating the past
about the input w and the future about the output z.

2 We do not regard time 0 as the instant that separates the past
and the future; such an instant will be denoted by © € [0, h).
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For each © € [0,h), we consider the input w defined on
(=00, ©) such that its La(—o0, @) norm defined as

e 1/2
()15 = ( / w(t)Tw(t)dt>

is well-defined. The function space of such w is denoted by
Ls(—00, ©). On the other hand, the output z is handled
only on [O,00) (assuming that w(t) = 0 for ¢ > ©) and
regarded as an element of the function space Lo,[@,0)
defined as the set of z such that its Loo[©, 00) norm defined
as

(15)

12157 = esssup [2(t)]oo (16)

O<t<o
is well-defined. The mapping from Ls(—00, ©) to L [6, 00)
is called the quasi Lo, /Lo Hankel operator of the sampled-
data system Xsp at @, which we denote by H!9!. Tts norm
defined as

[EOISS

= s

g (17)
weLa(~00,0) [[w(-)]|5

is called the quasi Lo,/Ls Hankel norm at 6.

We further remark that the L.,/Ls Hankel norm of the
sampled-data systems YXsp, which we denote by || Zsp||n,
is defined in Hagiwara et al. (2016) as

| Zspllu = sup |[HI| (18)
©c[0,h)

When the right hand side of the above equation is attained
(at © = ©*), HI®"l is defined in Hagiwara et al. (2016)
as the Lo /Lo Hankel operator of Ysp. It is known that
0~ is well-defined when D13 = 0 (but not necessarily so
otherwise).

What has been clarified in our preceding study (Hagiwara
et al., 2016) is that (i) the Loo/Lo Hankel norm can
actually be computed without computing the quasi Lo, /Lo
Hankel norms at all, and (ii) the L. /L2 Hankel operator
can also be characterized (when it exists) without dealing
with the quasi Lo, /Lo Hankel operators at all. Because
of these facts, the preceding study did not even refer
to an interesting problem of characterizing the quasi
Lo /Ly Hankel norms in such a way that their numerical
computation becomes possible. What the present paper
is interested in, on the other hand, is precisely such
characterization.

Remark 1. The notation || - ||2 is also used for functions
defined on the interval [0, h), in which case (15) is modified
accordingly.

3. CHARACTERIZING QUASI L., /L, HANKEL
NORMS

3.1 Past-Input/Future-Output Relation of Xsp through
the Lifting Treatment

An important preliminary step for our characterizing
the quasi L. /Ls Hankel norms is to represent the in-
put/output relation of Xsp through the lifting treatment.
Under the assumption that z(—o0) = 0, ¥_o = 0 and
w(t) =0, t > O, the relationship between lifted represen-
tations {wy}9___ of the past input and {2}, of the
future output can be described by the formal relation
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Zo D (B CAB CA’B .- [ o
2 CB CAB CA’B W_y
Z2| = | CAB CA’B W—2
= |eAB w3
(19)

Let us take an arbitrary 7 € [©, © + h). Then, the output
z(kh + 1) for each input w € La(—o0, O) is equal to
the output z(7) for another input obtained by shifting
the original input w to the left by kh. Here, note that if
T € [, O + h) actually belongs to 7 € [0, h), then z(7) is
relevant to Zp, while if 7 € [h, 2h), then z(7) is relevant to
z1. Similarly, z(kh-+7) is relevant to zj or zi+1, depending
on whether 7 € [0, h) or 7 € [h, 2h). Keeping these facts in
mind, we see that the above observation about shifting w
implies that only the first two block rows in the operator
matrix on the right hand side of (19) matters when we
are to characterize the quasi Lo, /Lo Hankel norms. More
precisely, by introducing

Fi1=[D CB CAB CA’B -]
Fy = [CB CAB CA*B CA®B -]

(20)
(21)

and defining @ := [wg , @™, - -]7 together with ||{&H[29_] =
(22:700 ||@g|[3)/? under the assumption that @y (H) =
0 (0 > ©) (which implies [|w||}?! = [|@[|\®"), we readily
see the following relation about the quasi L, /Lo Hankel
norm at 6:

[HE = s sup

5 o
Hw”[zjgl O<71<O+h

[2(7)] oo

=maxq sup  sup [(F1@)(0)|,

~le
]l <1 O<O<h

sup  sup [(F2w)(0)]o0
[lw]1 <1 0<0<6

(22)

The following subsections are devoted to characterizing
the quasi Loo /Ly Hankel norms |[HL®!|| through the above
representation.

3.2 Characterization of |[H!®||

We first note that wy(7) = 0 for 7 € [@, h). Then, it follows
from (6)—(8) together with (11), (12) and (14) that, for
0 €[0,h),

(F1@)(0) = (Dio)(8) + (CBw-1)(8) + (CABw_2)(0) + - --
6 > rh

:/o Dam@omd”;/o Co A" By (7)) (7)
2] oo h

- /0 Dg(T)@O(T)dT+I;) /0 Co A" By, (T)W_ (41 (1)dT

(23)
and, for 0 € [0, 9),
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(Faw)(0) = (CABw_1)(0) + -

h X rh
— / Co By, (1) o (r)dr + > / Co A" By, (1)0—
0 k=170

_ /[ By, (7)o (7)d [ kB (1) d
_ /0 c, h(T)wO(T)Hk; /0 CoA¥ By (1) (7)dr

(CBwy)(8) +

k(T)dr

(24)

where
Bp(7) := Jgexp(A(h — 7)) By (25)
Dy(7) := Cyexp(A(0 —7))B11(6 — 1) (26)
Cg = M1 eXp(Age)CE (27)

(1(t) denotes the step function.) Then, we can show that
considering the ith entry and applying the continuous-time
and discrete-time Cauchy-Schwarz inequalities to (23) and
(24) as well as the triangle inequality leads to

sup  [(F1@):(0)] = (F1)(0))}/ (28)
ol <1

sup  |(Foi)i(0)] = (F37(6)))/° (29)
w5 <1

where (F1w);(0) and (Fow);(6) denote the ith row of
(F1w)(0) and (Fow)(0), respectively, and (FJ[@} 0)i (=
1,2) denote the ith diagonal entry of the following sym-
metric matrices:

Fl(9) = / * Do(r)DE ()i
+ Z
- / CoBu(r) B (1)CF dr

CgAth Bl () (AMTcldr (30)

FN0)

00 h
+z_: /0 CyA* B, (1) BL (1)(AM)TCTdr (31)

Hence, we are led from (22) to the following result, which
is the main result of this paper.

Theorem 1. ||H®|| is given by

) = ma {1 (A0).
0<6<h

a2 (A70)] e

4. RELATIONSHIP WITH PRECEDING STUDY ON
THE L.,/L; HANKEL NORM OF SAMPLED-DATA
SYSTEMS

sup
0<6<O

In this section, we discuss some relationship between
the arguments in the preceding section and those in
our preceding study on the L,/Lo Hankel norm of the
sampled-data system Xgp.

In our preceding study (Hagiwara et al., 2016), the Lo, /Lo
Hankel norm || Xsplln = supoep,n) |H!®!|| was character-
ized with alternative arguments that actually involve no

reference to the computation of |H!®!|| (€ € [0,h)). In
fact, it was shown that
| Xsp |1 =S di/3(F(0)) (33)
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with a readily computable matrix function F(#). This
F(6) (6 € [0,h)) turns out to have a very close relationship

to F1[@ () introduced in the preceding section. More

specifically, we see that F(#) equals Fl[@] (0) with © set to
6. Since the arguments in Hagiwara et al. (2016) are based

on the fact that drln/fx( F(0)) (6 € [0,h)) gives the worst

value of |2(0)|x for w € La(—00,8) such that ||w||[291 <1,
it readily follows (after replacing 6 with ©) that

d2(F(0)) < |H®|| (Yo € 0,h))

max

(34)

To obtain some further insight into the relationship be-
tween the results in the preceding study (Hagiwara et al.,
2016) and the arguments in the present study, we first
claim that (34) can actually be replaced by the following
stronger result:

a2 (F(©)) < |[HI®

max VQ 6 [0’ h)

(35)
Once we obtain this inequality, it is obvious that we are
led to the following result:

s [ = s 2 (1)

max

< sup di/2 (F(9)),
0<6<h

max (36)
Here, the right hand side implies the Lo, /Lo Hankel norm
| Xspllg computed with an alternative method (without
referring to the quasi Lo, /Lo Hankel norms) through the
established assertion (33) of the preceding study. On the
other hand, the left hand side of (36) is nothing but the
same L /Lo Hankel norm obtained through the quasi
Lo /Ly Hankel norm computations over the interval © €
[0, h), as suggested by the definition in (18).

Regarding the derivation of (the second inequality in) (35),
we only remark that the positive definiteness of Fl[e] ) —

Fl[@] (0) = F(0) — Fl[e] (0) for each 6 € [O,h) and that of
Fl%0) - F®(9) = F(6) — F1°'() for each 6 € [0, O] play
a key role.

5. COMPUTATION METHOD OF F1?)(¢) AND
F7(0)

To facilitate the numerical computation of |HI®||, we
consider how to compute F}@](G) (j = 1,2) in (30) and

(31). We first introduce
6
We[@] = / exp(A(0 — 7)) By BT exp(AT (0 — 7))dr (37)
0

whose numerical computation method is well known. It is
easy to see that

/ Dy(7)DY (r)dr = Cyw}elcT (38)

[h—©]
/ CoBu(r)BJ.(1)C dr = Cy {Whoe 8} 5
(]

/ ' CyA* By, (7)BF (1) (AMT CF dr

0

— CpA* {WO[ ] 0] (ADTCT (k€ Ny)

(39)
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Hence

> [A]
FIP0) = oow?'el + ¢ Y A [Wél 8} (AR TCF
k=0
(40)

> [h]
FFN0) = Cp Y A [Wéb 8] ATk
k=0

-]

[h
e [Whoe g} cr ()

where the infinite series on the right hand side can be com-
puted easily by solving a discrete-time Lyapunov equation.

6. NUMERICAL EXAMPLE

In this section, we confirm the validity of the arguments

about HH[Q] || developed in the preceding section through
a numerical example.

Let us consider the sampled-data systems Xgp associate
with

A=) m= 4 om0

C,=[10], Co=[10], Dia=0
A, — |—2-1856 2.3760] , _ [0.0176
¥ = |-1.1133 1.2103|’ “¥ ~ |0.0090
Cy = [-0.7610 0.8273], Dy = —0.2367 (42)

and h = 2. We compute the quasi Lo /Ls Hankel norms
=] at © € [0, h).

The computation results are shown in Fig. 2 with the solid
line together with d,ln/fx(F(Q)) (= (Fl[e] (6))'/2) shown with
the dashed line. Fig. 3 is relevant to the computation of
HH[@] || through (32); the solid line shows how 6* depends
on O € [0, h) (while the dashed lines correspond to 6* = @
and 0* = © + h), where 6* = 6*(O) is defined as such
an instant that satisfies |[H!®)|| = |2(6%)|s for the worst
w € La(—00, O) of unit magnitude:

arg max d/2 (Fi°(9))
G B = max dilic(F{7)(6))
o(0) = h+ arg max d./? (F[é](ﬁ)) (43)
gelo,0] mAx 2
G B = o i (F3)(6)

First, we can confirm the relations (35) and (36) from
Fig. 2, where the latter implies that the gap about the
second inequality in the former relation vanishes as © is
swept over [0, h) and the associated supremum is taken.

Furthermore, we can sce from Figs. 2 and 3 that [|H!®|| =

dIII{fX(F(Q)) when O satisfies 0*(0) = © while |[H!®|| >
drln/aZX(F(Q)) when © satisfies 0*(©) > @. This can be

seen as a very natural consequence (and thus supports the
validity of our computation results) if we recall (see the

arguments below (33)) that d,ln/fx(F(Q)) (@ €[0,h)) gives
the worst value of |2(0)|x for w € La(—o00, O) such that

€
w]|57 < 1.
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Fig. 3. ©-Dependence of 0* defined by |[H®!|| = [2(6%)]
for the worst w € La(—00, @) of unit magnitude.

7. CONCLUSION

In this paper, we tackled the problem of characterizing
the quasi Loo/Ls Hankel norm |[H®l|| at © € [0,h). We
remark that the development in this paper allows us to
compute the root mean square (RMS) of the quasi Lo, /Lo
Hankel norm ||H!®)|| over © in [0, k). This value, as well
as the Lo /L2 Hankel norm || Xspllg = SUPoc(o,h) HH[@]H
itself, could be used as new definitions of the (generalized)
Hj norm of the sampled-data system Xsp. This is because
|[H!®!]| is independent of © and coincides with the H,
norm for every © € [0,h) in the special case when
Xsp is actually a single-input single-output (SISO) linear
time-invariant (LTI) continuous-time system (and thus
both of the above two values also coincide with its Ho
norm). These definitions are believed to be different from
the standard definition (Bamieh and Pearson, 1992b),
and thus it would be important to study the mutual
relationship among these definitions of the Hy norm of
sampled-data systems.
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