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Abstract

This paper attempts to give a thorough treatment
of the performance limitation of a linear time invari-
ant multivariable system in tracking a reference sig-

" nal which is a linear combination of a step signal and
several sinusoids with different frequencies. The track-
ing performance is measured by an integral square er-
ror between the output of the plant and the reference
signal. Our purpose is to find the fundamental limi-
tation for the attainable tracking performance, under
any control structure and parameters, in terms of the
characteristics and structural parameters of the given
plant, as well as those of the reference signal under
consideration. It is shown that this fundamental lim-
itation depends on the interaction between the refer-
ence signal and the nonminimum phase zeros of the
plant and their frequency-dependent directional infor-
mation. The main results of this paper are based on the
assumption that the controller accesses the full infor-
mation of the reference. However, when the full infor-
mation of the reference is unavailable, we also obtain
a simple performance limit, for an important special
case, which clearly shows the extra cost one has to pay
due to the information restriction.

Keywords: Linear system, Performance limitation,
Optimal Control, Tracking, Nonminimum phase.

1 Introduction

This paper considers the performance limitations of
an LTI multivariable feedback control system in track-
ing a reference ihat is a linear combination of a step
and several sinuscids of various frequencies. The initial
setup is shown in Figure 1. Here P(s) is the transfer

r{t)
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Figure 1: A two-parameter control structure with refer-
ence full information

matrix of a given plant whose measurement y(t) and
output z(t) may not be the same, K(s) is the transfer
matrix of a two degree of freedom (2DOF) controller
which is to be designed, S{s) is the exosystem driven
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by an impulse which generates the reference. Initially,
we assume that the controller have full information of
the reference in the sense that it takes v(t), the state
of the exosystem S(s), in addition to the measurement
y(t) of the plant, as its inputs. Whether or not the
measurement y(¢} contains the full information of the
plant, i.e., the state of the plant, is not important. The
tracking problem is to design a controller K'(s) so that
the closed loop system is internally stabilized and the
plant output z(¢) asymptotically tracks a reference sig-
nal 7(¢) of the form:

T
r{t) = Z v ed W (1)
k=—n
where wy, £ =0, £1,...,Ln, are distinct real frequen-
cles satisfying w_, = —wi and v, £k = 0,41, ..., tn,

are complex vectors satisfying v_p = Tx. TImplicitly,
we have wg = 0 and vy is real. The reference de-
fined in such a way is always a real valued signal. We
use the vector v = [vX, TP S P Ol
to capture the magnitude and phase information of all
frequency components of the reference. The transient

error is measured by its energy:

() = fo I e) - 2P = / Tle@ia. @

The tracking problem has a well-known sclution, with
well-known numerical methods to design controllers so
that J{v) is small. Nevertheless, it is desirable to have
a deeper understanding of the smallest tracking error

Jopu(v) = inf T (0) (3)

obtainable when the controller K is chosen among all
possible stabilizing controllers. Such a smallest error
then gives a fundamental limit in the transient perfor-
mance of tracking. In this paper, we achieve this un-
derstanding in the form of an explicit, simple, and in-
formative relationship between this fundamental limit
and the plant characteristics.

The value Jope(v) of course depends on v. If we
are interested in an overall performance measure of the
feedback system in tracking all references of the type
(1), then we normally turn our attention to an averaged
version of the tracking error, averaged over all possible
v whose entries have zero mean, are mutually uncor-
related, and have a unit variance. Such an averaged
performance measure is given by

J=E{J{v): E(v) =0, E(vv*) = I}. (1)
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In this case, the performance limit becores

Jopt = inf J. (5)

It turns cut that the averaged performance limit J,, is
simple enough to be presented as follows: Under some
minor assumptions,

m n 1
Jopp =23 3 T (6)

i=1 k=—n

where 2;,¢ = 1,2,...,m, are the nonminimum phase
zeros of the transfer function from u(t) to z(¢). The v
dependent performance limit J,,:{v) need more elabo-
rations but also turn out to be simple.

Results of this sort can be traced back for over a
decade. For SISO systems and constant references,
vector v degenerates to a real scalar. Then the lin-
earity of the plant implies that J,p(v) = v2Jop (1} and
Jopt = Jopt(1). It is obtained in [8] that

iy |
Jopt(1)=22;.

i=1

For multivariable systems and for the case when the
reference r(t) is either a constant or a sinusoid with a
single frequency w, it was obtained in [11] that

1 . 1 1
Jopt = 2 — and J,,; =2 - -
ot ;zy vt ;(Zi_3w+zi+]LU)

respectively. The study of the performance limit
Jope(v) for a fixed reference in the multivariable case
started in [3]. It is shown there that the performance
limit in this case depends on not only the locations
of the nonminimun phase zeros but also their direc-
tional information. The study in [3] has since been
extended to more general references [4, 5, and discrete
time systems [16]. There have also been generalizations
to non-right-invertible plant [1], to the cases where the
controller has previewed information of the reference
[5], where the plant input is subject to saturation [9],
and where the tracking performance measure includes
the input energy [2], respectively. It has been shown
that, consistent with common intuitions, the preview
of the reference can reduce the best achievable track-
ing error and on the other hand any input saturation
or any input energy constraint would likely increase
the best achievable tracking error. Related issues for
nonlinear systems and filtering problems are studied in
(14, 12}.

Although J,p; gives an overall quality measure for
the plant as far as tracking is concerned, the reference
direction dependent performance limit Jop(v) gives
more information and deeper insights. If we know
Jope{v) and if the optimal K which minimizes J(v)
is independent of v, then J.,; can be obtained after
simple operations. This is why we adopt the think-
ing in [3] to place our main emphasis on Jope(v). In
the above formulation, the assumption that the state
of the exosystem is available to the controller is cru-
cial. This means that not only the reference but also
all magnitude and phase information of its frequency
components is known to the controller. This may look
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unrealistic in the first glance, but it does give a limita-
tion more fundamental than any other one based only
on the partial information of the reference. It is this
assumption that makes it possible to find a uniformly
optimal controller X to minimize J{v) for all v. Note
that when the reference only contains a constant term,
the value of the reference already contains its full infor-
mation. Therefore in this particular case, whether or
not the controller can assess the state of the reference
is not an issue.

This paper gives a rather complete picture for the
tracking performance limitation problem for general
reference signals containing several frequency compo-
nents. We first give some new insight on linear system
structure. We show that each nonminimum phase zero
has associated frequency dependent directions. A key
technical result in this paper is a relation among direc-
tions at different frequencies. Using this result, we de-
rive an expression for Jop,(v) which elegantly exhibits
the effect of the plant nonminimum phase zerocs, as well
as the interaction between each frequency component
and the directions mentioned above, towards the per-
formance limitations.

What will happen if the full information of the ref-
erence is unavailable, in particular if only the value of
the reference is available, to the controller? This issue
motivates us to consider the performance limitation for
the setup shown in Figure 2. Mathematically, it still

Lt () —ofp(s) 2L

t

Figure 2: A two-parameter control structure with only
reference information

makes sense to consider the v dependent performance
limit Jope(v). We will show that in this case the ex-
pression of Jop: (v) remains the same as that in the full
information case. What becomes different 1s that the
optimal controller K is no longer independent of the
initial state v of the reference. If such a controller is
used, Figure 2 is essentially Figure 1 in disguise from
the viewpoint of information flow. We believe that in
the case when only the reference is accessable to the
controller, it is more meaningful to consider the aver-
aged performance limit J ;¢ defined by (4) and (5). It
turns out that deriving a simple expression for Jop, is
hard for the general reference of the form (1). We will
consider instead a special case when r(t) is a scalar
signal containing a single sinusoid:

7(t) = ae 7%t + el

- . . - /
With our notaticn convention, we have v = [& o]
here. Under some mild assumptions, we are able to

find that
s 1 1
Jopt=2
Pt Z(zi~jw+zi+jw)

1=1
2 m
+- sin? [2 Z; Lz — jw)}
i=

where Z(z; — jw) stands for the phase or argument of
the complex number z; — jw. Comparing this with the
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performance limit in the full reference information case,

which is
i 1
Jopt = 2
rt Z(z1—jw+zl+3w)

=1

we are able to pinpoint exactly the performance dete-
rioration due to the limited information.

There has been a surge of activities in the study of
performance limitations in feedback contrel. In addi-
tion to the type of performance limitations studied in
this paper, which focus on system time responses and
hence are called time domain performance limitations,
there is a whole body of literature on design limitations
on system frequency responses, known as frequency do-
main performance limitations. For the history and the
recent progress on frequency domain performance lim-
itations, see {13]. Some intriguing connections have
been realized between the time domain limitations and
the frequency domain ones [7].

The organization of this paper is as follows. In Sec-
tion 2, preliminary materials on linear system factoriza-
tions are presented. It is shown that a right-invertible
system can be factorized as a cascade connection of se-
ries of first order inner factors and a minimum phase
factor. The factorization is frequency dependent. The
inner factors then contain all the information associ-
ated to the nonminimum phase zeros. In Section 3,
we formally formulate the problems studied and then
state and discuss the main result and some of its con-
sequences. The proof of the main result is given in Sec-
tion 4. Section 5 extends the main results in the pre-
vious sections to the case in which the linear system
contains delays. Section 6 considered the case when
only the reference signal, not the state of the refer-
ence signal, is assessable to the controller. Section 7 is
the conclusion. Due to space limitation, all proofs are
omitted in this conference paper. They can be found
in [15].

The notation used throughout this paper is fairly
standard. For any complex number, vector and matrix,
denote their conjugate, transpose, conjugate trans-
pose, real and imaginary part by (), {-)’, ()*, Re(")
and Im ('), respectively. The phase or argument of a
nonzero complex number js denoted by Z(-). Denote
the expectation of a random variable by E{-}. Let
the open right and left half plane be denoted by C,.
and C_, respectively. L3 is the standard frequency do-
main Lebesgue space. Hz and Hj are subspaces of £,
containing functions that are analytical in C; and C_
respectively. It is well-known that Hy and Hz consti-
tute orthogonal complements in £;. RH, is the set of
all stable, rational transfer matrices. Finally, the inner
product between two complex vectors u, v is defined by
{u, v} = utv.

2 Preliminaries

Let G{s) be a real rational matrix representing
the transfer function of a centinuous time finite-
dimensional, linear time invariant (FDLTI} system.
Let us assume that G(s} is right invertible. Its poles
and zeros, including multiplicity, are defined according
to its Smith-McMillan form. G(s) is said to be mini-
mum phase if all its zeros have nonpositive real parts;
otherwise it is said to be nonminimum phase.
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Let G(s) = N(s)M~'(s), where M(s),N(s) €
RHMHoo, be a right coprime factorization of G(s). Let
z € C be a nonminimum phase zero of G{s). Then
z is also & nonminimum phase zero of N(s) and there
exists a unit vector i such that #*N(z) = 0. We call
the vector i a (left or output) zero vector of G(s) cor-
responding to the nonminimum phase zero 2.

Let us now order the nonminimum phase zeros of
G{s) {or N(s) equivalently) as z,22,..., Z,. Assume
that each pair of complex conjugate zeros are ordered in
adjacent order. Let us also fix a frequency wy, € R. We
first find a unit zero vector 7,1 of G(s) corresponding
to z; and define

2itjwk 23-5
— 3 *
wkl(‘s) Wkl # onk Zts kal

I

where U,,, is a unitary matrix with the first column
equal to n.,1. Here G, 1(s} is so constructed that
it is inner, has the only zero at z; with 1, as a
zero vector corresponding to z1, and G, (jwg) = I.
Since G,1(8) is a generalization of the standard scalar
Blaschke factor, we call it a matrix Blaschke factor at
the frequency wy and 7,1 a corresponding Blaschke
vector. Also notice that the choice of other columns
in Uy, is immaterial. Now GJ! (s)G(s) has zeros
22,23,..-,%m. Find a zero vector 1,2 of G;:1 (8)G(s)
corresponding to zp and define kaz( ) in the same
form as that of G.,1(s). Then Gl (s)GS) (s)G(s)
has zeros z3,24,..., Zm. Continue t’}us process until
Blaschke vectors 1,1, .., 7w,m and Blaschke factors
Gur1(s), - -, Gypm(s) are all obtained. This procedure
shows that G(s) can be factorized as

G(5) = Guy1(8)  Gupm(8}Guya(s) (7)

where

Guni(s) = Uiy us (8)

Wt

zl*+:fwk z2i=8 )
Zi—jJwk 2] +8
I

and Gy,0(s} has no nonminimum phase zero. We call
this factorization a cascade factorization at frequency
wk, which is shown schematically in Figure 3. In this
factorization, each Blaschke vector and Blaschke factor
correspond to one nonminimum phase zero. Keep in
mind that these vectors and factors depend on the order
of the nonminimum zeros, as well as on the frequency
wg. The product

Gurals)- -

is called a matrix Blaschke product. One should note

Gum(s)

G0 (s Guem (8) > - — G 1 (8) f—>

Figure 3: Cascade factorization

that even when the order of 21, 25, ..., 2, is fixed, the
factorization at the frequency wy is not unique since
Twyi 15 not uniquely determined. Furthermore, if we
have 2n 41 different frequencies wy, &k = 0,%1,..., 4n,
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then the factorizations at different frequencies are in
general different. Nevertheless, they can be intimately
related if we make the choices properly. For example,
it is easy to see from the above construction that 7,1,
the first Blaschke vector, can be chosen independent of
wi. The following lemma provides such relations and is
the key technical vehicle that leads to the main result
of this paper.

Lemma 2.1 Suppose that the order of 21,20, ..., 2m, 8
fized. Also suppese thet we cre given 2n + 1 different
frequencies wi, k = 0,%1,...,&n. Then the 2n + 1
cascade factorizations (7) can be chosen so that for all
ki=0,%1,--- tnaendi=1,2,...,m

cGim1 (Jwr )i (9)

One may wonder what these Balschke vectors lock
like when G{s) is SISO. In this case, proper choices lead
1o

Nowi = Guyt (Jwr)Go2(Jwn) -

_ 27 71 — jwk 2:_1 Zi—1 — Jwi 10
Moy = Lok LTI )
z1 27 + Jwe Zi—1 Z{_q + Jwi

fork=0,+1,--- ,+n,t=12,...,m.

3 The Main Result

Let us go back to the setup shown in Figure 1. The
measurement output y(£) of the plant might be dif-
ferent from the tracking output z(t). We denote the
transfer function from u(t) to z{(t) by G(s) and that
from u(t) to y(t) by H(s), ie., P(s) = [ g%?) ] In
arder for the tracking problem to be meaningful and
solvable, we make the following assumptions through-
out the paper.

Assumption 3.1

1. P(s), G(s) and H(s) have the same unstable
poles.

2. G(s) has no zero at jwi, k =0,%£1,---  *n.

The first item in the assumption means that the mea-
surement can be used to stabilize the system and at
the same time does not introduce any additional unsta-
ble modes. A more precise way of stating this is that

if P(s) = ]E((j)) M~1(s) is a coprime factorization,

then we assuine that N(s)M ~'(s) and L(s)M ~'(s) are
also coprime factorizations. The second item 1s neces-
sary for the solvability of the tracking problem.

We now state our main result.

Theorem 3.1 Let G(s) have nonminimum phase ze-

108 21,22, ...,2m With corresponding Blaschke vectors
Twpls - -2 Mwems £ = 0,X1,.. ., £n, satisfying Lemma
2.1. Then

Z (”wk'w Uk

Zip = ka

Jope(v)= ZQRe(zz

=1

m m n

_ Z Z 2Re( Z,,)(Uk,’?wu)(nwu:'“l)‘(11)

=1 he—n {27 + jw) (2 — juwr)
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This formula shows that each nonminimum phase
zero contributes additively to the performance limit.
However the contribution of each frequency compo-
nents of the reference enters the performance limit in
a quadratic form and the cross coupling of pairs of
frequencies appears in the performance limit. It also
shows that generically, perfect tracking is impossible
when the plant is nonminimum phase. However, if it
happens that the vector v is orthogonal to the vectors

. - =
cpp=a| eant Dot Mot | - b=12-.m
Ti—JW-n Zi Zi—jwn

then perfect tracking can be achieved. Here v cap-
tures the magnitude and phase information of the ref-
erence and n; captures the property of the plant at the
nonminimum phase zero 2;. This orthogonality may
happen in two ways. One is over the output chan-
nels: v is orthogonal to n,,; for all ¢t = 1,2,...,m,
k=10,%1,...,In. This can only occur for multivari-
able systems. The other is over the frequencies: the
orthogonality over output channels does not occur but
v and 7; are orthogonal due to some special alignment
of the magnitude and phase of the reference. This can
happen even for the SISO case. For example, in the
case when m = 1 and G(s) is SISO, if v; happens to
make —~—§w— imaginary for all k =0, +1,...,+n, then
the performance limit is zero.

In the case when n = 0, i.e., the reference only has
a step component, we get

Jo(@) = 3 2R .

|22

This is exactly the formula given in [3].
In the case when the system G(s) is SISO, the per-
formance limit becomes

Jope (¥ Z Z Z 2Re(z1)(z me’?wuvkw

i=1 k=—nl=—n +ka (Z, - Jwt)
(12)

,m, are scalars with unit modulus

i=1

where nu,4,t = 1,...
given by (10).

From Assumption 3.1, it can be seen that a con-
troller or a sequence of controllers, independent. of v,
can be found to attain the performance limit J,p:(v)
(see [15]). Therefore

Jopt = ifréf E{J®»): E(x)=0,E(vw*)=1} (13)
= E{inf J(v): E(x) =0,E(w*)=1I} (14)

— Z Z Z 9Re z) '?LiE(UWE)Wmi
V(2 4 jwezi — g

i Jewr)

; Thoii Tk
= 303 et
7 Z {zF + '

Jwi) (2 — jwi)

ZRe(z1
— juwil?
This immedlately leads to the following theorem.

Theorem 3.2 Let G(s) have nonminimum phase ze-
TOS Zy,29,. ., %m. Then

2Re(z)
°Pt—z Z |2 —jwk|2_ E Z 2 — Jwr

=1 k=—n i=1 k=—n
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From Theorem 3.2 it is seen that the average perfor-
mance limit has a strikingly simple form; it is the sim-
ple sum of the contributions of all nonminimum phase
zeros at all frequencies; each.of such contributions is
the reciprocal of the distance between a nonminimum
phase zero and a mode of the reference.

4 Performance Limitation for Systems with
Time Delays

In this section, we generalize the previous result a
bit further to systems with time delays. We assume
that G(s) admits a factorization of the form

G(s) = Li(s} - - Lu(s)G1(8) - - Gm(5)Go(s).  (15)

Here L;(s) is assumed to have the form
Lis)=1- - = v |7y §lwe

where (; 15 a real unit vector characterizing the direc-
tional information of this delay and V; is a real orthogo-
nal matrix whose first column is ¢;. G;(s) is assumed to
be a Blaschke factor with zero z;. The last factor Go(s),
not necessarily rational, is assumed to have a coprime

factorization ND(s)MO_{(s) with an outer Np(s). It is-

easy to see that a multivariable FDLTI systern with in-
dependent delays in all cutput channels can be written
in the form of (15). However, at this moment, it is not
clear what is the general class of transfer matrices that
admit this type of factorizations. It is not even clear
how we can write a multivariable system with indepen-
dent time delays in the input channels in the form of
{15). It would be interesting to clarify these issues.

For systems given in the form of (15}, we have a
generalized version of Lemma 2.1.

Lemma 4.1 Suppose that we are given 2n + 1 differ-
ent frequencies wy, k = 0,x1,...,£n. Then there exist
2n+1 cascade factorizations

G(s) = Luyr(s) -
where fori=1,...,d
Logi{s) = 1 = Gupa(1 — 7779wy e

and fori=1,...,m

Loy dl8)Gun1(8) G (8)Guyo(s)
(16)

2Re(zl )8~ jwk
—jwg zF+s wid”

qu(s) =I- ﬂwka

The factomzatwns can be chosen such that for allk,l=
0,£l1,...,%&n,

L1 (G )Coni 1=1,...,d
Lo g (Jor) G (Jwe) - -

Gui= Lw;l(]wk)
Nni= Loyt (Jwi) -
: i=1,...,m

Now again we consider the setup shown in Figure
1, with reference signal r{¢) given in (1) and the per-
formance limits J,p{v) and Jop defined in (3) and
(5). Assume that Assumption 3.1 holds. Before stat-

ing the result, we note that when { = k, the fraction
eilwr—wilry _y

oo should be interpreted as 7;, the limit of
the fraction as w; goes to w.

Gw; i (jwk )'rfw(i
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Theorem 4.1 Let G(s) be a system with factorize-
tions satisfying Lemma 4.1. Then

i i

In=3 35

i=]l k=—-ni=-n

eJ(w[ We)TE _ 1

(vks Cwﬁ)(gw;ia Ul)

W n n

—{—Z Z Z QRe(Zz)('UkyanM"Tw;nUI) (17)

(zF + jwi)(z: — jwi)

and

Jopt = Z(2n+1)1’,+22 Z - (18)

i=1 k=—-n _ka

5 Limitation without Full Information of the
Reference

In this section, we discuss the tracking performance
limitation when only the reference, not the state of the
reference, is available to the controller. Recall the setup

shown in Figure 2. Again we denote P(s) = g((z)) ]

and assume Assumptions 3.1 holds. First we would
like to point out that in this setup Theorem 3.1 and
Theorem 4.1 can be restated. This can be shown by
modifying the proof in Section 4 in a rather simple way.
However, in this. setup, the optimal or near optimal
controller in general depends on the magnitude and
phase information of all frequency.components of the
reference. Consequently, Theorem 3.2 is no longer true
because the exchange of the infimum and expectation in
the step from (13) to (14} is no longer valid. In the rest
of this section, we will study Jop; for the special case
when G(s) is the transfer function of a SISO system
and the reference r(t) is a single sinusoid:

r(t) = @e~ It 4 qelvt. (19)

In this case, the magnitude and phase information of
the reference is given by vector v=[& «f'.

Theorem 5.1 Let G(s) have nonminimum phase ze-
TOS 21,22, -y, 2m. Then ‘

1 1
=2
Jopt Z (ZL—J‘U + zl+3w)

i=1

2
+= sin?
w

2 Z Lz — jw)] ) (20)

i=1

Notice that when the state of the reference is avail-
able, we have the following performance limit, as stated
in Theorem 3.2

1
=2 .
Jont Z( z; ~ jw z1~+jw)

Theorem 5.1 gives an exact picture on how the unavail-
ability of the reference state affects the best tracking
performance. In this case, the controller attempts to
estimate, in effect, the state of the reference first and
then track the reference based on the estimated infor-
mation. The cost of tracking is thus duely increased,
with an extra term devoted to estimation.

Finally, we extend Theorem 5.1 to the case when
G(s) contains a time delay.
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Theorem 5.2 Let G(s) = e™ G (s} where Gr(s) is a
rational transfer function with nonminimum phase ze-
108 z1, - , &m. Lhen

Joim 2r 425 (1 !
opt— T+ Z zi—jw+zi+jw

i=1

—wT + 22"1: Lz — jw)] .{21)

i=1

+E sin®
w

6 Conclusion
In this paper, we have accomplished the following:

1. A formula is obtained for the best tracking perfor-
mance when the reference is a given linear combi-
nation of step and sinusoidal signals in Theorem

.3.1. This formula clearly reveals the role that
each nonminimum phase zero, as well as its cor-
responding frequency-dependent directions, plays
towards the performance limitation.

2. Theorem 3.2 presents a formula for the average
tracking performance over all references with the
same frequency components.

3. Theorem 4.1 gives the formulas which are ex-
tended FDLTI systems with time delays.

4, The tracking performance limitation with a re-
stricted information availability is studied for the
case when the reference is a scalar sinusoidal sig-
nal with a single frequency in Theorem 5.1 and
5.2. The performance degradation due to this in-
formation restriction is clearly shown.

In our derivation, great emphasis has been placed on
the simplicity and the elegance of the formulas ob-
tained. We believe that these results are significant in
the further understanding of linear system structures
and their effects on the best achievable performance by
feedback control.

We have used 2DOTF controllers in our study of
tracking performance limitations in this paper. Since
such controllers are most general controllers with given
plant measurement and reference information, the per-
formance limits obtained therein are the most funda-
mental regardless of what controller structure may be
used. A pleasant consequence of using 2DOF con-
trollers is that the performance limits only depend on
the nonminimum phase zeros, together with their di-
rectional properties, but not on the poles and other
zeros. One may also notice that the tracking perfor-
mance when using 2DOF controllers depends on only
one degree of freedom among the two available. In
other words, the other degree of freedom in the con-
troller is completely irrelevant as far as the tracking
error is concerned. This gives us an opportunity to
use this extra degree of freedom to achieve other per-
formance specifications, such as disturbance rejection
and robustness. We are currently trying to propose
a meaningful performance specification which requires
the proper utilization of both degrees of freedom in the
controller and will then study the limitation in achiev-
ing such a performance specification.

We are trying to extend Theorem 5.1 and Theorem
5.2 to the case when the plant is an MIMO system
and/or when multiple frequencies present in the refer-
ence. The MIMQ extension appears to be possible but
a simple formula in the spirit of (20) for the multiple
frequency case is out of reach at this moment.

5340

References

1] G. Chen, J. Chen and R. Middleton, “Optimal
tracking performance for non-right-invertible systems”,
IEEF Trans. Automat. Contr., 2002, to appear.

[2] J. Chen, S. Hara and G. Chen, “Best tracking
and regulation performance under control effort con-
straint”, Pree. IEEE Conf. Decision and Control, pp.
3087-3092, 2001.

[3] J. Chen, L. Qiu and O. Toker, “Limitations on
maximal tracking accuracy”, IEEE Trans. Automat.
Contr., vol. AC-45, pp. 326-331.

i4] J. Chen, L. Qiu, and O. Toker, “Limitation on
maximal tracking accuracy, part 2: tracking sinusoidal
and ramp signals”, Proc. 1997 American Control Conf.,
1997.

5] J. Chen, Z. Ren, 3. Hara, and L. Qiu, “Optimal
tracking performance: preview control and exponential
signals”, IEEE Trans. on Automatic Control, vol. 46,
pp. 1647-1654, 2001.

{6 H. Kwakernaak and R. Sivan, Linear Optimal
Control Systems, Wiley-Interscience, New York, 1972.

[7]  R. H. Middleton and J. H. Braslavsky, “On the
relationship between logarithmic sensitivity integrals
and limiting optimal control problems”, Proc. of the
30th IEEE Conf. on Decision and Control, pp. 4990-
4995, 2000.

[8] M. Morari and E. Zafiriou, Robust Process Con-
trol, Prentice Hall, Englewood Cliffs, NJ, 1989.

[9] T. Perez, G. C. Goodwin and M. M. Seron,
“Cheap control performance limitations of input con-
strained linear systems”, Preprints of 15th IFAC World
Congress, 2002.

(10] L. Qiu and J. Chen, “Time Domain Character-
izations of Performance Limitations of Feedback Con-
trol”, In Y. Yamamoto and S. Hara, editors, Learning,

Control and Hybrid Systems, Springer-Verlag, London,
1999,

[11] L. Qiu and E. J. Davison, “Performance limita-
tions of nonminimum phase systems in the servomecha-
nism problem”, Autematice, vol. 29, pp. 337-349, 1893.

[12] Z. Ren, L. Qiu and J. Chen, “Performance limi-
tations in estimation”, Proc. 38th IEEE Conf. on De-
ciston end Control, pp. 3204-3208, 1999,

[13] M. M. Seron, J. H. Braslavsky and G. C. Good-
win, Fundamental Limitations in Filtering and Con-
trol, Springer-Verlag, London, 1997,

[14] M. M. Seron, J. H. Braslavsky, P. V. Kokotovic,
and D. Q. Mayne, “Feedback limitations in nonlinear
systems: from Bode integrals to cheap control”, IEEE
Trans. on Automatic Control, vol. 44, 829-833, 1999.

[15] W. Su, L. Qiu, and J. Chen, ”Fundamental Per-
formance Limitations in Tracking Sinusocidal Signals”,
accepted by IEEE Trans. on Automatic Control, Sep.
2002.

[16) ©O. Toker, J. Chen and L. Qiu, “Tracking per-
formance limitations in LTI multivariable discrete-time
systems”, IEFEE Trans. Circuits and Systems, Part I,
vol. 49, pp. 657-670, 2002.

[17] M. Vidyasagar, Control System Synthesis: a
Factorization Approach, Cambridge, MA: MIT Press,
1985.

Proceedings of the American Control Conference
Denver, Colorado June 4-6, 2003



