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Abstract

We point out anumerical problem in the well-known modified Smith predictor and pro-
pose a unified Smith predictor (USP) which overcomes this problem. The proposed USP
combines the classical Smith predictor with the modified one, after a spectral decomposi-
tion of the plant. We then derive an equivalent representation of the original delay system,
together with the USP. Based on this representation, we give a controller parameterization
and we solve the standard H ? problem.

Index Terms. dead-time compensator, modified Smith predictor, finite-spectrum as-

signment, finite-impulse-response (FIR) block, Youla parameterization, H? problem

1 Introduction

Time delays appear in many physical systems, in particular, thoseinvolving material transporta-
tion and/or information transmission. Often, systemswith delays appear as asimple approxima-

tion of more complex infinite-dimensional systems. The classical Smith predictor (SP) (Smith,
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1957, 1958) is an effective tool to reduce control problems, such as pole assignment or track-
ing, for a finite-dimensional LTI stable system with an input or output delay, to corresponding
delay-free problems. A finite spectrum assignment scheme was developed in (Olbrot, 1978;
Manitius and Olbrot, 1979) to handle input delays in unstable plants by state feedback, using
the predicted state of the delay system. Watanabe and Ito (1981) overcame some shortcomings
in finite-spectrum assignment and other process-model-based control schemes available then,
by using a Smith-predictor-like block, which was afterwards called a modified (or generalized)
Smith predictor (MSP), see (Palmor, 1996) and the references therein. Recently, prediction has
been recognized as a fundamental concept for the stabilization of delay systems (Mirkin and
Raskin, 1999, 2003). Similar predictor blocks have played an important role in H > control of
time-delay systems (Meinsma and Zwart, 2000; Zhong, 2003b,c; Mirkin, 2003; Zhong, 2003e)
and in continuous-time deadbeat control (Zhong, 2003a; Nobuyama et al., 1996).

We show that the modified Smith predictor may run into numerical problemsfor delay sys-
tems with some fast stable eigenvalues. Indeed, the matrix exponential e =4" (where h is the
delay) appearing in the MSP may be practically non-computable for such systems. Such a
numerical problem was mentioned in (Meinsma and Zwart, 2000, p. 279) and a technique,
which is not systematic, was suggested in (Zwart et al., 1998) to overcome the problem. This
problem was attributed in these papers to large delays. Actually, this numerical problem might
occur even for very small delays (with respect to the time constant of the system) if there are
some stable eigenvalues A and they are very fast with respect to the delay & (i.e., the product
|ReA| h islarge). We propose an alternative predictor, called the unified Smith predictor (USP),
to overcome this problem. The USP combines the features of the SP and the MSP and it does
not require the computation of the matrix exponential for the stable eigenvalues. We achieve
this by decomposing the state space of the finite-dimensional part of the plant into unstable
and stable invariant subspaces. The controller design techniques based on the MSP have to be
re-considered for the USP, to make them applicable in practice. For thisreason, we propose an
equivalent representation for the augmented plant, which consists of the original plant together
with the USP. This equivalent representation is then used to give a stabilizing controller param-
eterization and to solve the standard H? problem. Further research is needed to solve the H°

control problem for adelay system with a USP.



This paper is organized as follows. The numerical problem with the MSP is explained
in Section 2 using a very simple example, and then the USP is introduced. An equivalent
representation of the augmented plant is derived in Section 3. We show in Section 4 how this
equivalent representation can be used to derive a stabilizing controller parameterization and to

solve the H? problem.

2 Theunified Smith predictor

This paper is written from a frequency domain perspective, which means that LTI systems
are represented by their transfer functions. Here, by a transfer function we mean an analytic
function defined on adomain which containsahalf-planeC, = {s € C | Res > «}. A transfer
functioniscalled exponentially stableif it isbounded on ahalf-plane C , with« < 0. Obvioudly,
exponentially stable transfer functions are contained in H>°. We will use notation (common in

the literature)

Al|B

P = , (1)

C|D
meaning that P(s) = C(sI — A)™'B + D, where A, B, C, D are matrices.

2.1 Thenumerical problem with the MSP

Consider a dead-time plant P,, with P,(s) = P(s)e ", where h > 0 and the rational part P
isrealized asin (1). By a predictor for P, we mean an exponentialy stable system Z such
that P, + Z isrational. A predictor-based controller for the dead-time plant P, consists of
a predictor Z and a stabilizing compensator C, as shown in Figure 1 (see also Figure 5 for a
more genera structure). The underlying idea is the well-known fact that there is a one-to-one
correspondence between the set of all the stabilizing controllersfor P, and for P, + Z, see for
example Remark 3.6 and Example 4.1 in (Curtain et al., 1996).

In order to simplify the exposition, only the stabilization problem will be studied in this
section. If the tracking problem is considered, then an additional constraint on C' is required,
e.g., if thereferencer isastep signal thenitisrequired that lim, .o C(s)(I+Z(s)C(s))™! = o0,
see (Watanabe and 1to, 1981; Palmor, 1996) for more details.



If P isstable, then the predictor Z can be chosen to be the classical Smith predictor (SP)
(Smith, 1957, 1958),

Zgp(s) = P(s) — P(s)e™*", 2

and the stabilizing compensator C' is designed as a stabilizing controller for the delay-free sys-

tem P. If P isunstable, then the predictor Z can be chosen to be the modified Smith predictor
(MSP) (Watanabe and Ito, 1981; Pamor, 1996),

Z\sp(s) = P*e(s) — P(s)e_Sh, 3

where P*'¢ = P, + Z),gp, the augmented plant, is given by

A |5
Ce‘Ah‘O

Note that Z), gp has its impulse response supported on [0, %], hence it is exponentially stable.

Ale 4B

paug —

(4)

o o

Now the stabilizing compensator C' is designed as a stabilizing controller for P*"¢. For further
background and applications of the MSP we refer to (Meinsma and Zwart, 2000; Mirkin and
Raskin, 2003). Implementing Z),gp is a delicate problem, because we have to avoid hidden
unstable modes. One approach is to use some form of numerical integration using the past
values of u (Palmor, 1996; Manitius and Olbrot, 1979; Zhong, 2003d). Alternatively, Z ) gp
can be approximately implemented by an FIR block with astablerational part, so that it does not
have hidden unstable modes (Watanabe and Ito, 1981). Recently, an interesting implementation
of Zpsp using resetting integrators has been proposed in (Mondié et al., 2001).

Now consider a simple example with

—1000 01
P = 0 1|1 |,
1 110

i.e, P(s) = —— + :11 According to (3), the predictor needed is

5+1000

elOOOh __ ,—sh —h sh

(& (& — e

7 —
MSP()) = 00 T s

Clearly, there is a numerical problem: ¢!°%" js a huge number even for a not so large delay

h! Indeed, according to IEEE Standard 754 (IEEE, 1985), which is today the most common
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Figure 1. A dead-time plant with a predictor-based controller. The controller consists of the
predictor Z (which is exponentially stable) and the stabilizing compensator C'. Z is chosen
such that the augmented plant P2&(s) = Z(s) + P(s)e*" isrational. Then C' can be designed

asastabilizing controller for P"¢,

representation for real numbers on computers, including Intel-based PC’'s, Macintoshes and
most Unix platforms, this number is regarded to be +o0o (INF) for 4 > 0.71sec. Certainly, such
acomponent in a controller is not allowed in a practical application.

We observe that this problem arises due to a fast stable pole (here, p = —1000) of P.
A stable pole makes the real part of the exponent positive, and if this is large, the numerical
problem occurs. If the plant is completely unstable (there are no stable poles), then there will
be no such problem. Thus, if the plant has fast stable poles, then the predictor Z), gp from (3)
should not be used. An alternative predictor will be introduced below.

2.2 Theunified Smith predictor

A natural solution to the numerical problem encountered in the previous subsection isto decom-
pose P into the sum of a stable part P, and an unstable part P, and then to construct predictors
for them, using the classical Smith predictor (2) for P,(s)e~*" and the modified Smith predictor
(3) for P,(s)e*". We propose a new term, unified Smith predictor (USP), for such a predictor.

Asiswell known, therational part of the plant, P givenin (1), can be split (decomposed) into
the sum of a stable part P, and an unstable part P, with ease, e.g., by applying a suitable linear
coordinate transformation in its state space. There exist alot of such similarity transformations.
One of them, denoted here by 1/, can be obtained by bringing the system matrix A to the Jordan

canonical formJ = V1AV, (InMATLAB™  thisisdoneby [ 1V 7 | = jordan(A).) Assume



that V' isanonsingular matrix such that

A, 0 |B,
V—lAV‘V—lB
P = =| 0 A, |B, |, (5)
ov | b
c, C,| D

where A, is stable and A, is completely unstable. As a matter of fact, the decomposition can
be done by splitting the complex plane along any vertical line Res = « with o < 0. Then the
eigenvalues of A, are al the eigenvalues \ of A with Re\ > «, while A, has the remaining
eigenvalues of A. Inthe sequel, in order to simplify the exposition, we use the imaginary axis

(a = 0) to split the complex plane. Now P can be splitas P = P, + P,, where

A, | B,
c,| D |

The predictor for the stable part P, can betaken asaclassical SP,

As | Bs
Cs1 0

Ps: and Pu:

Zs(s) = Py(s) — Ps(s)e_Sha (6)

and the predictor for the unstable part P, can be taken as the following M SP:

" |
C,e | 0

Then the USP for the plant P, (s) = P(s)e " isdefined by Z = Z, + Z,, as shown in Figure

Zu(s) = P;"8(s) — Pu(s)e™™", Py =

2. It isnow clear that

Z(s) = P™¥(s) — P(s)e™™", (7)

where P*'¢ = P; 4+ P*"¢ and arealization of P*"¢ is

A | E,B
) Eh =V
cC| O

A |'B
paus —

vl (8)

CE,| 0 0 I

Here, the identity I, has the same dimension as A, and we have used that £, A = AE). The
impulse response of the USP is not finite, unlike for the MSP. The above P*"¢ isthe augmented
plant, obtained by connecting the original plant and the USP in parallel. The stabilizing com-
pensator C' in Figure 1 should be designed as a stabilizing controller for P2,



Figure 2: The unified Smith predictor Z = Z, + Z,,. Here, Z, isaclassical SPfor P;, the stable
part of P, and Z, isan MSP for P,, the unstable part of P.

The use of the different predictors (SP, MSP and USP) is summarized in Table 1. when
the plant is stable, the USP reduces to the SP; when the plant is completely unstable, the USP
reduces to the M SP; when the plant is unstable but has some stable poles (mixed), then the USP
should be used, especially if some stable poles are fast (as explained earlier).

Typeof plant || stable | completely unstable | mixed

Typeof USP || SP MSP USP

Table 1. The type of USP needed for different types of plants

Returning to the example at the beginning of this section, the USP for it is given by

1— efsh —h sh

(& — e
7 —
)= T000 T 51

Remark 1. A possiblerealization of Z consists of the finite-dimensional system

2(t) = Az(t) + EpBu(t) — Bu(t — h)
v(t) = Cz(t) — Du(t — h)

together with a realization of a delay line (which is needed to generate the signa u(t — h)).
However, such a realization of Z would have hidden unstable modes. An aternative is to
realize Z, and Z, separately. Thefirst is not a problem (it can be implemented dynamically),

whilefor Z, see the comments after (4) and Remark 4.



Remark 2. Z, defined in (6) could be replaced by

asininternal model control (Morari and Zafiriou, 1989). Inthiscase, P*"¢ in (8) would change,
sincein the definition of £}, we would have to replace the identity 7, by zero. Now P2"¢ would
be ssimpler (it would have alower order). This may be advantageous in the context of Figure 1.
However, in the more general framework of Figure 5 (in the next section) thismay cause arank

problem (as we shall see).

Remark 3. The USP (in particular, the SP and the M SP) can be generalized to multiple delays,
i.e., to the situation where the components u, u-, . . . u,, of the vector v are delayed by h4, ho,

... hyn, > 0. Denote H = diag(h4, ha, ... h,,) and

E@B= [ Enb Enbs .. En.bn ]
where b, isthe k-th column of B, i.e.,, B = [ by by ... b }.Then
AlE®B
pe = , Z(s) = P*8(s) — P(s)e H* 9
C 0

and Z is exponentialy stable.

Remark 4. We outline an implementation of Z from Remark 3 (the USP for multiple de-
lays) which avoids the problem of unstable modes. We use the notation from (5). We real-
ize the components 7, and Z, separately, but use the same delay lines for both, see Figure
3. The component 7, is a hybrid system, containing two copies of an LTI block with the
possibility of resetting, and the switches S,, S, and S,. In this diagram, we have denoted
By= |8 Bs ... Bm ] and E® B, = | Ay e-Auh2g,  o~Auhmg ] The
output of the USPisv = v*® +v*, wherev® = Z,u and v* = Z, u. v* isproduced by one of the
two LTI blocks which can be reset by the signals R, and R, respectively. When we reset one
of them, say the top one, at atime 7, we also switch its second input «¢ from ¢ to 0 using the
switch S,,. Afterwards, we reconnect u§ to u§ at thetime + hy (k = 1, 2, ... m). During this
time, v* = v°. After all the components of u? have been reconnected to the upper LTI block,

so that u® = u?, itsoutput v will be the desired value of v*, and so the switch S, can be set so
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that v* = v®. The switches could, theoretically, remain in this position forever, but since A, is
unstable, tiny computational or rounding errors or the effect of noise will grow and will corrupt
the output v* and hence v*. To prevent this, we reset the other LTI block (while switching the
components of «°, similarly as above, using the switch .S;) and, when the output v* becomes
correct, we switch S, so that v* = v°. This cycle repeats itself indefinitely and it can be shown
that the USP is stable and produces the correct output. This implementation is related to the
resetting Smith predictor of (Mondié et al., 2001).

A, | E® B, —B,
'Ua a d
J Cu 0 —D e S, |u
$
e S Ha 0
A B, E®B we s,
u | — Pu u b
Wb ‘—\7 U
v ) Cu -D 0
C bp,
e—Hs
’Us As Bs _Bs ;
c,| 0 0 U
Zs

Figure 3: An implementation of the USP (9) for multiple delays, using two resetting LTI sys-
tems to implement the component Z,,. The logical controller which controls the switches and

generates the resetting signals R, and R, (in an open loop manner) is not shown.

3 Control systemswith a USP — equivalent diagrams

In this section we consider a more genera type of plant, with two inputs and two outputs (each
of these signalsmay be vector-valued). Theinput signal w contains references and disturbances,
u isthe control input, z isthetracking error and y isthe measurement available to the controller.
Such aplant is commonly considered in robust control, see for example (Green and Limebeer,

1995; Zhou et al., 1996). We assume that the plant P;, consists of arational part P and adelay



by h > 0 acting on u, as shown in Figure 4. We denote

A ‘ By By
Py Pro
P = = | Ci|Du Do |- (10)
Py Py
Co | Da1 Doy

K iscaled astabilizing controller for P, if the transfer functions from the three external inputs
shown in Figure 4 to any other signal in the diagram arein H*°. K is called an exponentially
stabilizing controller for P, if the sametransfer functionsare exponentially stable. Inthe sequel,

the two external signals appearing in the lower part of Figure 4 will be taken to be zero.

Figure 4: The control system comprising a dead-time plant P, (with arational part P) and a
stabilizing controller K. While P may be unstable, we would like the control system to be

(exponentially) stable and the transfer function from w to z to be small.

Asin the previous section, let V' be a nonsingular matrix such that

A, 0
0 A |

where A, is completely unstable and A, is stable. Asin (7), we introduce the following USP

VLAY =

designed for the component P, of the plant:

Z(s) = Pp®(s) — Poa(s)e™™, (11)
where, asin (8),
A B, e*A“h 0
Py® = , E,=V vt
CyFEL | O 0 I
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By connecting thisUSP in parallel with the u to y component of Py, as shown in Figure 5, thus

creating a new measurement output y,,, we obtain a new augmented plant

PHs(s) = (12)

Pyi(s)  Pyy®(s)

Pyi(s) Pp(s)e™s ] |

It is well known (and easy to see from Figure 5) that C' is a stabilizing controller for P2"¢ if
andonly if K = C(I — ZC)~! isastabilizing controller for the origina dead-time plant. The
same statement remains true with “exponentially stabilizing” in place of “stabilizing” (and, of

course, the corresponding set of controllersis smaller).

Figure 5: The control system from Figure 4, in which the controller K has been decomposed
into a USP denoted Z and a stabilizing compensator C', so that K = C(I — ZC)~'. The

augmented plant P>"¢ consists of the plant P, together with the USP.

We derive now an equivalent representation of P*"¢, which isuseful for the problemstreated
in the next section. Proposition 1 and Remark 5 below are related to Lemma 1 in (Mirkin and

Raskin, 2003) (the corresponding notationis A, = Z; and A, = 7).

Proposition 1. We have

Zi(s) 0O el 0| -
o [
0 0 0 I
where
' A | B Ch
Z1(s) = Pii(s) — (s)e*",
Cy 0




. P, 0 5
P:P0+ > POZ 01 0 Do ) (14)
0 0
CyE,, Doy 0
A o ern—r v
ciVv 0
I

Figure 6: An equivalent representation of the control system in Figure 5, using the decomposi-

tion of P*'¢ given in Proposition 1. Here, Z; and P, are exponentially stable.

Proof. Using the partition (12) of P2"¢, the formula (13) (which we haveto prove) is equivalent

to the following four formulas:

(16)
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The last three formulas are clearly true, so only the first formula (16) requires alittle work. If

we rewrite
A, O eAuh
V1B
= 0 A, 0 I
v | o
and if werewrite
A, O 0 0
5 V1B,
Ps = 0 As 0 €Ash — [3 )
C\V 0
then (16) follows easily. O

Note that if we would choose the USP described in Remark 2, then £, would become sin-
gular and hence the decomposition (14) of P would have to be replaced by a more complicated

one. Thisistherank problem mentioned in Remark 2.

Remark 5. It follows from Proposition 1 that the closed-loop transfer function 7°,,, from w to

z can be written as the sum of three terms:
Tow(s) = Z1(s) + Pul(s)e™™" + Fi(Po(s), C(s))e ™", (17)

Where]-"l(ﬁo, (') isthe transfer function from w to 2, in Figure 6. Z; isan FIR system with im-
pul se response supported on [0, 4], while the second and the third term have impul se responses
supported on [k, o). Hence, if these terms are in H?(C,), then the first term is orthogonal to

the second and third term.

Remark 6. A realization of P isgiven by

A 0 E,'B By
0 A o et v 0
P= (18)
Cl C’1V 0 D12
I
CyE, 0 Dy, 0

If P is completely unstable, then the dimensions of A, and I, are zero and the block P, in

13



Figure 6 disappears. In this case, Z reduces to an MSP and P becomes

A eAh31 BQ

p = 01 0 Do = 10-
CQ@fAh D21 0

If Pisstable, then P isreduced to

A 0 B Bs
. 0 Al|(e™—DB; 0
P=

Cl Cl 0 D12

Cy 0 Dy 0

4 Applications

4.1 Theparameterization of all stabilizing controllers

We consider the control system in Figure 4 and we derive necessary and sufficient conditions
on P, for the existence of an exponentially stabilizing controller K. Itisknown that in general,
exponentia stabilization for an infinite-dimensional plant is more difficult to achieve than sta-
bilization (in the H> sense) (Weiss et al., 2001). It turns out that in our particular setting, the

two problems are equivalent, and can be reduced to the stabilization of P, from (14).

Theorem 2. The dead-time plant P, shown in Figure 4 with a minimal realization of itsrational
part asin (10) admitsan (exponentially) stabilizing controller K (asdefined in Section 3) if and
onlyif (A, B,) isstabilizableand (C5, A) is detectable. With the USP Z given in (11), every

such controller can be expressed as
K=0(-20)", (19)

where C' is an (exponentially) stabilizing controller for P, defined in (14). Let F and L be such
that A + LC, and A + B, F are stable, then every stabilizing C for P, can be expressed as

A+ ByF + E;'LCyEy, | —E; 'L By
C=xRMQ), M= F 0 I (20)

—CyE), I 0

14



where Q € H*°. Such a C' is exponentially stabilizing if and only if () is exponentially stable.
The closed-loop transfer function 7., achieved by K from (19) is given by (17), where

ﬂ(p(hC) = E(N7 Q)u

A+ ByF —ByF E'B By

v 0 A+ E'LOYE, | EY(By+ LDy) 0
Oy + Do F —~DF 0 Dy

0 CsEy, Dy 0

Proof. As explained in the previous section, the control system in Figure 4 has an equivalent
representation shown in Figure 6. The blocks Z; and P, in Figure 6 are exponentialy stable,
so that they have no influence on the (exponential) stability of the whole system (since they are
not a part of any feedback loop). Thus, the (exponential) stability of the original closed-loop
system is equivalent to that of the system formed from P, and C' only.

First we discuss stabilization in the H> sense. Since P, is rational, the parameterization of
the stabilizing controllers using M follows from (Zhou et al., 1996, p. 312) where we replace
Cy by CoF), and L by E, ' L. Thisis possible because A + LC issimilarto A + E, 'LCyE),
(hence, A + LC; isstableif and only if A + E, ' LC, E}, is stable). For arigorous derivation of
the parameterization for irrational plants, see (Curtain et al., 2001). The formulainvolving N
follows from (Zhou et al., 1996, p. 323).

Now we consider the exponential stabilization. Let o < 0 be such that al the eigenvalues
of A+ By F and A+ LC5 areinthe half-plane where Re s < o. Now all the arguments used to
derive the parameterization (20) of stabilizing controllers can be redone with H>° replaced by
H*>(C,), the space of bounded analytic functionson C,,. Thiswill result in the same formulae

(20), but now @ must bein H>°(C,). O

4.2 The H? problem

Consider again the feedback system from Figure 4. The H? problem is to find a stabilizing
controller K which minimizes the H2-norm of the transfer function 7,,. The solution of this

problem, using the modified Smith predictor, is well known, see (Mirkin and Raskin, 1999,
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2003) and the references therein. In this section, we will re-consider this problem using the
USP. We shall work with a minimal realization of P, of the form (10). Assume the following:
(A1) (A, By) isstabilizable and (Cs, A) is detectable;

(A2) has full columnrank Vw € R;
i Ol D12 1
(A3) has full row rank Vw € R;
02 D21

(Ad) Di,Dyo = I and Doy Dy =1 .

Assumption (A4) is made just to simplify the exposition. In fact, only the non-singularity of

Di,D15 and Dy, D3, isrequired (Green and Limebeer, 1995; Zhou and Doyle, 1998).

As mentioned in Remark 5, the impulse response of Z; is supported on [0, ] and the last
two terms of T.,, in (17) (which together are (P, C') delayed by h) are supported on [k, co).
Assume for a moment that D;; = 0. Then it follows that Z, is orthogonal (in H?) to the last

two terms of 73, so that

2

ITelly = 1205 + || (P, e

2

= |zl + | (P, C)

2
) .

The H? control problem of minimizing || 7., ||, over all stabilizing K is then converted to
7 = min Hﬂ(ﬁ, 0)H2 (C stabilizing).

This is a finite-dimensional H? problem which can be solved using known results, see e.g.
(Zhou et al., 1996, Theorem 14.7 on p. 385). Thislast problem is meaningful evenif D, # 0:
we are then minimizing the L? norm of the impulse response of 7., restricted to [, oc). Note

that the restriction to [0, 4] isindependent of C'. Rewrite P from (18) as

Al B, B,

P=|¢| 0 Dy,
Cy| Dy 0
then the solution of the 2 problem involves the following two Hamiltonian matrices:
A 0 B,
Gy A*} G Dy,

Hy = [ D:,Cy B ] ,

16



Cy
—B, D},

Jy = [ D21Bf Cy

A 0
_BBr —A
When the conditions (A1-A4) hold, these two Hamiltonian matrices belong to dom(Ric), as

defined in (Zhou et al., 1996), and moreover, X, = Ric(H,) > 0 and Y5 = Ric(Jy) > 0.

Theorem 3. There exists a unique optimal H?2 controller
A+ ByFy + LyC,

—Ls
5 ‘ 0

Fy = —(BiX, + D5,Ch), Ly =—(Y2C; + B.Dj)).

K=C(I-zc)", C=

where

Proof. The only thing to be verified is whether the conditions (A1)-(A4) hold for P. Using the
zeros in the matrix in (18), we can see that thisis true, since A, is stable. The solution can be

obtained by applying Theorem 14.7 from (Zhou et al., 1996, p. 385). O

5 Discussionsand conclusions

We have pointed out a numerical problem with the modified Smith predictor when the plant
has fast stable poles and we have introduced the unified Smith predictor as aremedy. We have
derived an equivalent representation of the augmented plant consisting of a dead-time plant and
aunified Smith predictor. Using this representation, we have derived a parameterization of the
(exponentially) stabilizing controllers for the dead-time plant (with the USP connected to it)
and we have solved the standard H? problem (again, in the presence of the USP).

The same numerical problem may arise also in the solution of the H°° control problem
for dead-time plants (Meinsma and Zwart, 2000; Zhong, 2003b; Mirkin, 2003; Zhong, 2003¢),
where the controller design involves the computation of e~4”. A reasonable assumption is that
the computation of e does not cause such a problem (due to the unstable modesin A), because

otherwise the system “blows up” before the control can have any effect.
Acknowledgment
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