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Dynamic Output Feedback Synthesis with
General Frequency Domain Specifications

T. lwasaki and S.Harh
January 20, 2006

Abstract

This paper considers a control synthesis problem for linear systems to meet design specifications given
in terms of multiple frequency domain inequalities in (semi)finite ranges. Our approach is based on the
generalized Kalman-Yakubovich-Popov (GKYP) lemma, and dynamic output feedback controllers of order
equal to the plant are considered. A new multiplier expansion is proposed to convert the synthesis condition to
a linear matrix inequality (LMI) condition through the linearizing change of variables by Scherer, Masubuchi,
de Oliveiraet al. In the single objective setting, the LMI condition may or may not be conservative, depending
upon the choice of the basis for the multiplier expansion. We provide a qualification for the basis matrix to
yield nonconservative LMI conditions. It turns out to be difficult to determine the basis matrix meeting such
gualification in general. However, it is shown that qualified bases can be found for some cases, and that the
gualification can be used to find reasonable choices of the basis for other cases. Finally, the synthesis method
is extended to the multiple objective case where a sufficient condition is given for the existence of a controller
to meet all the specifications specified.

1 Introduction

Frequency domain inequalities (FDIs) have played a crucial role in describing design specifications for feedback
control designs. Due to the infinite dimensionality, however, FDIs are not directly useful for rigorous assess-
ment/design of control systems. The Kalman-Yakubovich-Popov (KYP) lemma [1], [2] has been proven to be
a powerful tool to convert an FDI to a linear matrix inequality (LMI) which is numerically tractable. Many of

the state space theories have been developed with the aid of the KYP lemma in one way or another. On the
other hand, a drawback of the standard KYP lemma is that it does not exactly encompass the practical situation.
Namely, it characterizes FDIs in the entire frequency range, while practical requirements are usually described
by multiple FDIs in (semi)finite ranges; e.g., small sensitivity in a low frequency range and control roll-off in a
high frequency range. The prevailing method for adjusting the discrepancy is the so-called weighting functions.
However, the design iterations to search for good weighting functions can be tedious and time consuming, and
the controller complexity (order) tends to increase with the complexity of the weighting functions.

The objective of this paper is to develop a state space design theory that is capable of directly treating multiple
FDI specifications in various frequency ranges without introducing weighting functions. To our knowledge, this
problem has not been addressed in the literature. Our approach is based on the generalized Kalman-Yakubovich-
Popov (GKYP) lemma [3]-[5], recently developed by the authors, that provides an LMI characterization of FDIs
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in (semi)finite frequency ranges. It has been already confirmed the effectiveness of using the GKYP lemma
for several engineering design including open-loop shaping for feedback control systems, digital filter design,
and structure/control design integration [4]-[6], since those design problems can be reduced to SDPs or convex
optimization problems. However, unfortunately, the general output feedback controller synthesis problem is hard
to be converted into a convex problem in general. We will develop a multiplier method to render the synthesis
conditions convex through a standard linearizing change of variables [9]-[11]. In the single objective setting, we
will provide a condition for the multiplier basis to yield nonconservative design equations, and discuss how to
choose the basis to satisfy the condition exactly for some cases and approximately for other cases. The synthesis
method is then extended, with some conservatism, for the case of multi-objective specifications.

We use the following notation. For a matrd{, its transpose, and complex conjugate transpose are denoted
by MT™ and M* respectively. The Hermitian part of a square mafvixis denoted byHe(M) := M + M*. For a
Hermitian matrix,M > (>)0 andM < (<)0 denote positive (semi)definiteness and negative (semi)definiteness.
The symbolH,, stands for the set af x n Hermitian matrices. For matriceB and P, ® ® P means their
Kronecker product. Foff € €™*™ andIl € H,,,,,, the functionp : €"*™ x H,,1,,, - H,, is defined by

pGI) =1, G|O[ I, G|

Given a positive integef, let Z, be the set of positive integers upégi.e.,Z, :={ 1, 2, ..., { }.

2 Problem statement and for mulation

2.1 Problem statement
Consider the plant/(\) described by

[ AL A Bl B2 x
z = 01 D11 D12 w (1)
y C2 D21 0 u

and a feedback controlldt (\) given by

_>\l‘c A, B Te
AREIH @

where) is the frequency variables for continuous-time and for discrete-time cases), andt) € R'», z.(t) €
R"™, w(t) € R™,u(t) € R™, z(t) € IR"*, andy(t) € R™. Denote byH (\) := G(\)x K () the closed-loop
transfer function fromw to z. A state space realization &f (\) with the statda’’, 277 is given by

A B A+ ByD.Cy ByC', Bi + ByD.Doy
[ C D ] = BCCQ Ac BC-D21 (3)
C1 + D12D.Co  D13C, | D11 + D12D. Do

where the state dimensionis:= n, + n..
The control synthesis problem of our interest is, given

m— [ II;; IIio

Ty Tloy ] eH, +n,, ®,¥ € Hy,

find a full order . = n,) controller K'(\) such that

det(\I —A) #0, p(HN),II) <0 VYXeA(®,T) (4)
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where
A(@,0) == { X T |p(A\®) =0, p(\,T) >0} (5)

andA := A if A is bounded and := A U {oo} if unbounded.

Let us explain the roles of three Hermitian matridésd and ¥ in the design specification (4)I repre-
sents frequency properties such as the positive real condifior) + H (A\J > 0 and the small gain condition
I|H(M\)|| < v. These properties are expressed respectively as

)[4 ] [ oo nene [
[ [ <o o mon 7]

On the other hand, a pair & and ¥ provides (semi) finite frequency range as shown below.
For the continuous-time case, define

101 _ —wi1wy  JWe
o[ 8], mms| i i)

where
T=%1, w,w€R, wi <wy we:=(wo+wi)/2.

Then A(£2.,0) and A(0,€2.) are the imaginary axis and the closed right half plane, respectively. Note that
A(0,7,.)istheinsidet = 1) or outside { = —1) of the circle with the center gtz., passing through the points
joor andjoos. Itis then easily seen that

AQ,¥,) ={jw: weR, 7(w—w1)(w—w2) <0}

which is the frequency intervat; < w < wy whenr = 1, or the frequency ranges(< w; or wy < w) when
T=—1.
For the discrete-time case, define

-1 0 —2cosd, elve
Qd_lo 1]’ q’d_l e Ve 0]

where
d1,92 € R, 0< Py —1 <2m, V¢:= (192+191)/2, Yy 1= (192—191)/2.

ThenA(€4,0) andA (0, Q,) are the unit circle and outside of the unit circle, respectively. NoteAliat ¥;) is
the half plane abovesin 9. > 0) or below in . < 0) the straight line passing through the poidts ande’?2.
It then follows that

A(Qq,Tg) ={e’: 0, (0—91)(0—0) <0}

which is the frequency intervah < 6 < ¥.

For clarity of exposition, we shall restrict our attention to the single-objective nominal control problem rep-
resented by (4) in the main body of our theoretical developments. However, we will later discuss extensions to a
more general problem where there are pole constraints and multiple FDI constraints of the above form, as well as
some uncertainty in the plant model.

Throughout the paper, we shall impose the following for tractability and practicality:
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Assumption 1
(&) Thelower right n,, x n,, block matrix of II is positive semidefinite (Il > 0).

(b) The pair (@, ¥) is chosen so that the set A(®, ¥) is not empty, nor a single point, nor the entire complex
plane.

Item (a) ensures that the feasible set for the closed-loop transfer furd€tidnis convex, and does not exclude

such important specifications as the small gain and passivity. Item (b) excludes the trivial cases and ensures that
A(®, ) is one of the following: (i) straight line or circle, (ii) half plane, or inside or outside of a circle, (iii)
intersection of (i) and (ii). See [5] for the details and a precise characterizati@n &) satisfying (b).

2.2 Problem formulation viaa dual GKYP lemma

Consider the transfer functiofi (\) specified by (3). The following result provides a dual version of the GKYP
lemma in [13] that characterizes an FDI in a (semi)finite frequency range in terms of LMIs.

Theorem 1 Let®, v € H, 11 € H,,_;,,, and H()) in (3) be given and considek(®, V) defined by (5).
Suppose Assumption 1 holds. The following statements are equivalent.

(i) det(AI — A) # 0 andp(H()\),TI) < 0 hold for all \ € A(®, T).

(i) There existP = P* and@ = Q* > 0 such that

PRIP+T®Q 0

0 o ()

FQF* <0, F::ll AD Bl, Q:=

0 C 1D

Proof. Define
H,(\) := H(\*)* = B*(\[ — A*)~!C* + D*.

Note thatp(H ()),II) < 0 holds for allA € A(®, V) if and only if o(H, (\), J(n,, ny)IJ (ny,n,)) < 0 holds
for all A € € such thatz(A, J(1,1)®J(1,1)) = 0 ando(\, J(1,1)¥J(1,1)) > 0, where

al ,[a 0 I
U(G,@).—[I @[I], J(n,m).—lIn 0].
The result then follows from Theorem 3 and its remark in [14]. n

With the result of Theorem 1, the synthesis problem can be formulated as the search for the paéameiers
P, and K (s) satisfying (6) where the state space matrices are defingd(hyx K (\) = C(A\I — A) 'B + D.
The resulting condition is not convex due to the product terms betweéh and the controller parameters. We
shall develop a multiplier method to re-parametrize the condition so that the problem becomes convex.

3 Output feedback synthesis

3.1 Multiplier expansion

The following result provides an alternative condition to (6) by introducing a multiplier through the projection
lemma.



Lemmal Let matrices Q € Hap,yp.4n, and R € @"*?7+7:) and the state space realization of H()) in (3)
be given. Define F' by (6) and

A B
Fyo:=| —-1]|, Fg:=] 0
C D

The following statements are equivalent.

(i) Thefollowing conditions hold:

FQF* <0

RU[T FglQ[T Fp| RE<o. @)
(ii) Thereexists W e @™*" such that

[1 Fs]Q[ T Fp| <FAWR+(FAWR)". 8)

Proof. Note thatF' in (6) can be written as
I 00 B

F:[é é?] 07 00]|= f[[}%].
0 0 ID
Then the result simply follows from the projection lemma [8], [15]. n

The multiplier-expanded equation (8) will be used as a basis for synthesis. In particular, the equation will be
equivalently converted to an LMI synthesis condition in the next section. Hence, conservatism associated with
(8) needs to be carefully analyzed. For an arbit&ry8) gives a sufficient condition for (6). On the other hand,

(6) and (8) become equivalent R is chosen to satisfy (7). Thus, condition (7) precisely captures the gap or
conservatism between the synthesis condition (8) and the original design objective.

For synthesis, it is desired that matidkbe chosen to satisfy (7). Note that condition (7) involves the yet
unknown controller parameters and hence has to be properly interpreted to give a condition useful for synthesis:

Condition 1 Condition (7) holds for some P, () € H,,, and matrices (4., B., C., D.) satisfying Q > 0 and (6),
where (A, B, C, D) are defined by (3).

This condition is independent of the unknown paramefei@ and (4., B., C., D.), and thus can be used to fix

R before the control design. WitlR satisfying Condition 1, there exists a controller that meets the specification
(4) if and only if there exist matrice®, Q € H,,, W € ¢"*", and (A4, B., C., D.) such that) > 0 and (8)

hold. We will show how to solve the synthesis problem (8) in the next section. How to choose an app®priate
will be addressed in the section that follows.

Finally, we give a remark on the relation between the multiplier expansion described in this section and the
one used in our prior work on the static gain synthesis [16]. In particular, the former can be considered as a partial
expansion, and a further expansion of the quadratic terfx @ (8) via the Schur complement would yield the
full multiplier expansion in [16] that avoids direct product g andIl. More specifically, it can be shown that
(8) is equivalent to

PRP+T®Q 0

0 n < He

Fy Fp WR 0
0 -1 —H21J(0,nz) —H22 ’

providedIl,, > 0. This condition shows that a certain structure can be imposed on the multiplier in [16] without
loss of generality if the specification is convex, il&y > 0.
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3.2 ReductiontoLMIs

The synthesis problem described by (8) is nonconvex due to the product term between the miditiplidrthe

controller parameters. Below, we show that the change of variable introduced by de Gdivalirfil1] works

perfectly to convert the problem to an LMI problem, providedatisfies an additional structural constraint.
Let X, Y, U andV be defined by

[t ] e[

* %

Note that, given anyX, Y, U,V € " *"» with U andV invertible, the blanks £” can be filled to satisfy the
above two equalities for soni&’. In particular, we have

(X J-xy W[y I-yX)U! _;
U —UY*V* Ve —vexuto | T

Let us define the new variables
M G| [YAX o0 |V VB[] 4 B U o ©)
H L | 0 0 0 I C. D, CoX T’

P .= FPF*, Q:=FQF*, Z:=YX+VU. (10)

Then, by the congruence transformation

I 0 .
T:= l v v ] , T :=diag(T,T,1I,.), (11)

we have

AX + BoH A+ By LCy By + BoLDo,

M YA+ GCs Y By + GDoy
[A B ] - [ TEAWT* TFg ] - X _I 0 . (12)
_z _y 0

CiX+DyH Ci+ DysLCy | Dy1 + Di3sLDoy

which is affine in the new variables. Now, suppd@eén (8) has been chosen to satisfy the following (we will
discuss how to choose suéhlater):

Condition 2 There exists a fixed matrix R € @) satisfying RT* = T*R for all matrices Y,V €
C"»*" whereT and 7 are defined in (11).

Then, through the congruence transformation of (8yhyve obtain the following result.

Lemma 2 Consider the plant G(X) in (1) and the controller K'()) in (2) with n. = n,, and let P,Q € H,,
R e @®rtn:) & ¥ € Hy, and II € H,,_,. be given where n := 2n,. Suppose R satisfies Condition 2.
Then the following statements are equivalent.

(i) There exist matrices P, @ € H,, a multiplier W € ¢™*" and a controller (A., B.,C,, D.) such that (8)
is satisfied, where (A, B, C, D) are defined in (3).



(ii) Thereexist matrices X,Y,Z, M,G, H, L, and P, Q € H,, satisfying

PRP+I®Q 0 I x
[I B] ; H] [B* < AR + (AR) (13)
where 4 and B are defined by (12).

Moreover, the parameters (P, Q, A¢, B¢, C., D, W) and (P, Q,M,G,H, L, X,Y, 7Z) are related through the
bijective mapping defined by (9) and (10).

As a direct consequence of Theorem 1 and Lemmas 1 and 2, we have the following result.

Theorem 2 Consider the plant G(\) of order n, in (1). Let R € CCrinz) U e Hy,and IT € H,,_4,,.,
be given where n := 2n,,. Suppose Assumption 1 holds and R satisfies Conditions 1 and 2. Then the following
statements are equivalent.

(i) There exists a dynamic output feedback controller K () in (2) with n, = n,, satisfying the specification in
(4).

(if) There exist matrices X,Y, Z, M, G, H, L, and P, Q € H,, satisfying Q > 0 and (13) where .4 and B are
defined by (12).

Moreover, (ii) implies (i) for any choice of R. If statement (ii) istrue, the parameters(A., B, C., D..) of controller
K (M) in statement (i) can be calculated by solving (9) and (10).

Sincellys > 0, the condition in (13) can be made linear fhvia the Schur complement. The resulting
equation is an LMI in terms of variableXY, Z, M,G, H, L, P, and Q. Once we solve the LMI with the
additional conditionQ > 0, the controller parameters can be recovered as follows. Firgt tdV be any
factor such thatV U = Z — Y X where nonsingularity of — Y X can be assumed without loss of generality due
to the strictness of the LMIs. The controller parameters can then be obtained by solving((®) f&y, C., D.).

4 Nonconservative/reasonable choices of R

In this section, we would like to choode such that feasibility of (13) an@ > 0 is necessary and sufficient for
the existence of a controller (2) that meets the specification (4).

4.1 A general approach

In view of Theorem 2, suctRk can be characterized by Conditions 1 and 2. It can readily be verifiedithat
satisfies Condition 2 if and only if it has the following structure:

7“1[ 0 7“2[ 0 r

2np X (dnp+nz)
0 nl 0 w0 |V (14)

R=

wherery, 7y € € andI’ € €™ *"=. In this case, we hav® = R. On the other hand, the set &f satisfying
Condition 1 does not seem to have a simple parametrization, and it turns out to be difficult in generalo find
satisfying both conditions exactly.

However, one can find suck for some special cases, and the conditions can be used to find reasonable (but
potentially conservative) choices &f for other cases. We will show in the next subsection how to chdbse



satisfying Conditions 1 and 2 for the case where the frequency range is not restricted and closed-loop stability
is required, i.e.A(®, V) is either the closed right half plane or outside of the unit circle. The subsection that
follows will suggest reasonable choices®for the general restricted frequency case. Below, we shall describe
our idea that leads to such results.

We would like to findR with the structure (14) satisfying Condition 1. For tractability, we consider a condition
that guarantees Condition 1:

Condition 3 Inequality (7) is satisfied for all B., D., and P, € H,, such that @ > 0.

This condition appears to be much stronger than Condition 1 and there may Resatisfying the condition.
However, we may find a reasonable choice Roby trying to meet Condition 3.
We first claim the following.

Lemma 3 Let R be given by (14) and suppose it satisfies Condition 3 and | |2 + |ra|? # 0. Then T = 0.

Proof. Note that the null space @ is given by

rol ‘RN
Rt=| —nI #T
0 —rol

wherer, := |r1|? + |r2|?. Also note that Condition 3 implies that the term associated WitndQ on the left
hand side of (7) is negative (semi)definite for all Hermitlamnd (@ > 0. Hence we have

D*[(NON*) @ P + (NUN*) @ QI <0, [ := [ é 8 ] Ni= [ ii _Tzl ] (15)

for all P and@ > 0. We now claim thal® # 0 implies that® = 0 and¥ < 0. First note thatV is nonsingular
becauselet(N) = r, > 0. If & # 0, then there exist vectorsandv such that

a:=u"(NON*)u#0, w:=Tv, |w|]=1.
WhenP = (u/a)l, we have

ZT*(NON*) @ Pz = (u*NON*u) @ (w*Pw) = p, z:= [ Zﬂ: ] .
2

Hence ify > 0 is sufficiently large, then (15) is violated and therefdrenust be zero. Similarly, iftf has a
strictly positive eigenvalue, then there exist vectorendv such that

a:=u" (NUN* >0, w:=Tv, |w|=L
WhenQ = (u/a)I, we have

ulw

z*f*[(N\I/N*) ® Q]fz = (W*NON*u) @ (w*Qw) = p, z:= l ot

Again, (15) is violated for sufficiently large > 0 and we conclude tha¥ < 0. Thus the set of frequency
variablesA (®, ) is a single point or empty, violating Assumption 1. n

WhenR is given by (14) withl" = 0, condition (7) reduces to

(n*®n)P + (n*¥n)Q 0 L0 mB |0 mB
0 0 I D I D

*

<0 (16)

8



wheren = [7; 72 |* is a vector such thdtr; o Jn =0, e.9.,n = [72 — 71 |*. We would like to choos& (or
equivalentlyn) so that this inequality holds for alP and@ > 0. There may be no such choice, and we take the
following heuristic approach; choogeo be the solution of the following optimization problem:

min n*Un subjectto n*®n =0, |m| <7~. a7)
n

Since we have no information regarding the inertigPpfwe impose the constraimt®n = 0 to minimize the
worst-case effect oP. Since feasibl€) is positive definite, we try to minimize its coefficiefitln so that (16)

is more likely to be satisfied. The second constrajijt< ~ is imposed so that the first term in (16) becomes as
negative as possible while keeping the magnitude of the second term small. Clearly, the direction of the optimizer
(and henceR) is independent of the value of and we sety = 1. We shall solve the optimization problem and
determineR for specific cases in the subsections below.

4.2 Casel: Theentirefrequency range

We consider the case = 0 and¥ = Q. or Q; so thatA (@, ¥) is the instability region on the complex plane for

the continuous-time or discrete-time setting. In this case, the specification in (4) requires the closed-loop stability

in addition to the frequency domain inequality on the entire frequency range. The vd?titida disappears from

equations (6) and (7), and the former becomes a standard LMI that arises in the classical KYP lemma (e.qg. [2]).
For the discrete-time case with the entire frequency range, we have

-1 0

0 1

d =0, m:l N

], @®P+\D®Q:l_Q 0 ]

and the optimization problem in (17) becomes

min |7|? — ;1> subjectto || < 1.
n

It can readily be verified that a solution to this problem is givemby [ 1 0 J. All the other solutions are scalar
multiple of this vector and hence leads to the sdine

1%:::[ 0 I 0 ] € R<(@ntns)

It turns out that thisk satisfies Condition 1. To see this, fix a solution to (6) and note that

5 .| Q0 I Al[-0 ol[rI A
=1 0 o 0 C 0 Q|0 C

*

+T§ +T:522

which holds due t@) > 0, where

0 B 0 B
r=1y 87 e

Inequality (6) is described by, < 0 and hence we have, < 0 which is exactly the condition in (7). Hence (6)
implies (7), indicating satisfaction of Condition 1. Thus the above choide gi#es a nonconservative synthesis
condition. The resulting LMI can be shown to be equivalent to the result by de Olsteata[11].

For the continuous-time case with the entire frequency range, we have

01

d =0, @:llo

L ®®P+@®Q:[g g}



and the optimization problem in (17) becomes

min 7 + iz Subjectto || < 1.

Clearly, the optimal value is unbounded and not attained. A suboptimal solution which yields an arbitrarily small
objective function value is given by = [ 1 — 1/e [* with sufficiently smalle > 0. Hence a reasonable choice
of Ris

Ri=[1 e 0]eRm@rin,
Again, it turns out that thig satisfies Condition 1. First note that (7) becomes

02 8o

This condition holds for sufficiently smaldlif and only if (D, IT) < 0, which is implied by the lower right block
of (6). Thus (6) implies (7), rendering the condition (13) honconservative.
The results in this section can be summarized in Table 1 wher@ is a sufficiently small number.

Table 1: Nonconservative choices Bf(entire frequency range)
AP, V) || {seC|s+s>0}|{z€C||z|>1}
R [ 1 e 0 ] [0 I 0 ]

4.3 Case2: Therestricted frequency range

Consider the discrete-time case with a restricted frequency range whard ¥ are given by
-1 0 | —2cos, elve
@d_l 0 1]’ q’d_l e Ve 0 ]

To solve the optimization problem in (17), first note thg®,n = 0 if and only if || = |n2|. Due to As-
sumption 1,¥; must have a negative eigenvalue. Hence the optimal solution of (17) is strictly negative, and the
optimizern is nonzero. This implies thag andr- are both nonzero. In this case, we can assume without loss of
generality that the optimizer is given by = 1 and, = e/? for some realp. Note that

* :
n*Wan = l 6}45 ] [ _if?scﬁo e](;% ] l e}¢ ] = 2(cos(V. + ¢) — cosJy).
Hencen* ¥4, is minimum whend, + ¢ = «. Thus we have), = 1 andr, = —e 7%, leading to
R=[1 eI 0].
Next we consider the continuous-time case whiend¥ are given by

. 0 1 i —wW1W2 JWe
@C—llol, \PC—T[ i, _1].

The following lemma is useful.

Lemma4 Let z,y € € begiven. The following statements are equivalent.
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() zg+z2y=0
(ii) Thereexista, 8 € Rand z € € suchthat x = az and y = j5z.

Proof.
The fact that (ii) implies (i) can be verified by direct substitution. To show the converse, suppose (i) holds
and letx = z, + jz; with z,, z; € R andy = y, + jy; with y,.,y; € IR. Then

2y + Ty = 2(xpyy + 23y;) = 2det [ Tr Y ] =0.
Ty Yr
This implies the existence @f b € IR such that

]l i)

The first equality is equivalent t@r + jby = 0. If a = 0, thenb # 0 and hencey = 0. In this case, (ii) holds
with a := 1, § := 0, andz := z. If a # 0, then (ii) holds witha. := —b/a, 5 := —1, andz := jy. Thus (i)
implies (ii). [

Now consider the problem in (17). First note that

o
*on=0 & = . z
n ®en n l B ]
by Lemma 4. Then the problem becomes

max 7¢" £ subject to 1&1] < 1, T, = [ @@ @e ]
EER? We 1
with & := |z|[ a B]". If 7 > 0, we should maximize

£V = & + 2w616o + ki

The maximum is not attained and can be approachegidych that; is sufficiently large andg; | < 1. In the
limit, £ is considered proportional {d 1 ['. Thus

0
nN[j], R:[I 0 0].
If 7 < 0, then we should minimize

Ut = (bo+ weh)” — (1 — @2)°67 /4
subject tol&; | < 1. Sincew; # w,, the solution is given by

! ] an ! ] R=[jwd I 0].

—We —JWe

Table 2 summarizes these cases wliere ws) and(;,92) are real scalars specifying the frequency ranges and
satisfyw; < wy and0 < ¥y — ¥ < 2, respectively, ands, := (@ + w2)/2 and andd,. := (V1 + J2)/2.

In the case of the FDI in the entire frequency range, we have seen that the solution of (17) pRvides
satisfying Conditions 1 and 2, leading to nonconservative synthesis conditions. Unfortunately, this does not seem
to be the case in general if we consider the FDI in a restricted frequency range. However, for the special case
of the continuous-time frequency range < w < wsy, the choice ofR given above turns out to give an exact
synthesis condition.
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Table 2: Reasonable choicesRBf(restricted frequency range)
A((I),‘I/) {jw|w1§w§wQ} {jw|w§w10er§w} {6]0|191§9§192}
R [ I 0 0] [ jwe T 0 ] [ T &% 0 ]

Proposition 1 Suppose ®22 = 0 and Y92 < O holdand let R :=[I 0 0]. If the condition in (13) isinfeasible,
then thereis no controller (2) that meets the specification (4) with D). satisfying p(D, IT) < 0.

Proof. Suppose such a controller exists. Note that Conditions 1 and 2 hold because (16) becomes
diag(¥92Q, p(D,1I)) < 0 which is satisfied for the controller. Consequently, feasibility of condition (13) be-
comes necessary and sufficient for the existence of a controller that meets the specification (4). By supposition,
such a controller exists and hence condition (13) must be feasible. n

As mentioned before, the proposition captures the case of the frequency #angew < w in the
continuous-time setting. Suppo$e has been fixed so thatD,II) < 0 holds. A typical situation would
be the case where a strictly proper controller is to be designed to meet a small gain requirement for a system with
Dy; = 0. Then, (13) withR :=[I 0 0] provides anecessary and sufficient condition for the existence of such
controller.

Another observation from (16) is that, if there is no controller high frequency Bathat makes (D, II)
negative definite, the LMI synthesis condition in Theorem 2 will always be infeasible for the heuristic choices of
R in Table 2 even when a feasible controller exists. A typical and important case is the sensitivity minimization
in the low frequency range. In this cadé,= diag(—~I,I), D;; = I, andDi5 or Dy, is zero so that the gain
bound~ cannot be less thahto ensurep(D,II) < 0. For this type of designs, we need to choose nonZero
in (14). However, it is not clear at the moment how to choose an appropriad alternative would be to put
a low pass filter with sufficiently high cut-off frequency in series with the sensitivity transfer function so that
p(D,II) < 0is automatically satisfied.

5 Extensions

5.1 Multi-objective control

We consider the following control problem: Fidd(\) such that
p(Hrk(N),Ig) <0 VX € A(Dy, Ty) (18)

holds for allk € Z, where(®,, ¥, I1;) defines a frequency domain specification to be achieved for the closed-
loop systenH ()) := Gg(A) » K (). The transfer functioid# () is given and represents a plant with a selected
disturbance-performance (i.ev;z) channel for multi-objective control. In particula® (1)) is specified by (1)
with different state space matricés, C1, D11, D12, and Dy, for differentk. The generalized plants; (\) are
assumed to share the same actuators and sensors so that mgtiseandCy are independent df.

The following result provides a sufficient condition for feasibility of the above control problem. The result
can be obtained from Theorem 2 in a straightforward manner, and hence its proof is omitted.

Corollary 1 Let R, € €™(?"7:) ¢, W, € Hy, II; € H,, 1., and systems G1,(\) asin (1) be given where
k € Z,. Assume that all Gi()\) share the same sensorg/actuators and thus matrices A, B,, and C, are common

for all k. Suppose Ry, satisfies Condition 2 and let Ry, be the matrix satisfying R7* = T*R with R = Ry,. Then,

there exists a dynamic feedback controller K () such that the frequency domain specifications (18) are satisfied
for all k € Z, if thereexist matrices X,Y, Z, M, G, H, L, and Py, Q; € H,, such that Q; > 0 and

OLOPr+U®Q; 0 H I

0 T, Bt < ARy + (ArRi) (29)

1 5]
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holds for all £ € Z,, where A, and B, are defined as in (12) in terms of the state space vertex matrices of the
plant. In this case, one such controller is given by (2) where the parameters are calculated from (9) and (10).

This result provides a sufficient condition for the existence of a dynamic feedback controller that achieves
the multiple FDI specifications in (18). The condition can be rewritten as LMIs via the Schur complement due to
IT32 > 0, and can be solved numerically. The associated degree of conservatism is dependent upon the choices
of R, and some reasonable values are given in the previous section. It should be noted that this formulation does
not assume common “Lyapunov matrice®”, (@) as in the quadratic stability literature [17] or in the more recent
multi-objective control [9], [10], but rather,R, Q) can be interpreted as “parameter-dependent” as discussed
in [11],[18]-[20]. Thus we can expect reduced conservatism when compared with these existing techniques for
multi-objective robust control. It should be emphasized, however, that the main contribution of this paper is not
the conservatism reduction but the synthesis method to meet FDI specifications in (semi)finite frequency ranges,
which have not been addressed in the literature.

5.2 Regional poleconstraints

The design specifications in (18) encompass frequency domain shaping of closed-loop transfer functions. How-
ever, the closed-loop stability has not been captured, and hence one may wish to include a stability constraint,
or more generally, regional pole constraints, as an additional design specification. The following lemma gives a
basic result for an eigenvalue characterization.

Lemma5 Let A € €"*" and ® € H be given. Suppose det(®) < 0. Then the following statements are
equivalent.

(i) Each eigenvalue X of A satisfies p(X, @) < 0.
(i) Thereexists P = P* > 0 such that p(A4,® ® P) < 0.

(iii) Thereexist W and P = P* > 0 such that

® ® P < He

fI]W[_qI pI]

wherer := [p ¢]" € €2 isan arbitrary fixed vector satisfying *®r < 0.
Proof. The equivalence (i¥ (ii) has been shown in [21], [22]. The equivalence &) (iii) follows from the
projection lemma. n

The condition in (iii) can be used to give additional constraints in the design equations discussed in the previ-
ous sections. In particular, we repladevith the closed-loop matrii in (3), apply a congruence transformation
by diag (T, T'), and use the change of variables in (12). As a result, we add the following constraint to the design:

D ® P < He(JAS), J::[Ign o], s::[—qf pI]. (20)

In the multiobjective controlA depends o in general but/ 4 will always be independent df, justifying the
omission of the subscrift. On the other hand, multiple inequalities of the same form, but with diffebesutd
S, can be added to enforce regional pole constraints expressed as the intersection of half planes and circles.
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6 Design example

The main objective of this section is to illustrate the design procedure proposed in this paper. In particular, we
will design a controller using statement (ii) of Theorem 2 with the heuristic choicésa#scribed in Table 2.
The design method is potentially conservative and another aim of this example is to show that the degree of
conservatism can be small enough for some applications to allow for direct design of controllers to meet multiple
specifications in different frequency ranges.

We consider the control of an active magnetic bearing (AMB). With a constant biasing, the normalized dy-
namics of an AMB, from the voltage input to the displacement output, can be described by

1
Pls) = — ~
(5) s3+Kks?Z — K

wherex ranges between abo0i3 and3 for physically reasonable AMB designs [23]. Below, we take 0.5.
In this caseP(s) has an unstable real polesat= 0.657 and an oscillatory mode at natural frequency- 0.872
with damping( = 0.6663.

The problem is to design a stabilizing controll€ls) to meet the following specifications:

|P(jw)S(jw)l <7 V|w| <
|[K(jw)S(jw)l <m  V|w| > = (21)
[K(jw)P(jw)S(w)| <72 Vw2 @2
whereS :=1/(1 — PK) is the sensitivity function. These three specifications address position regulation against
input-port disturbance, sensitivity of the control input to the sensor noise, and robustness against the multiplicative

plant uncertainty.
We set the parameter values

wo =05, w =3, we=08 vy =4, v =10

and minimizey, subject to the above constraints over a set of stabilizing full order controllers using Theorem 2
and (20) withp = —g = 1. The optimal value is found to bg = 4.45 and the controller is

~2.2207(s 4 5.975)(s* + 1.234s + 0.9334)
(s +3.369)(s2 + 2.235s + 4.492)

K(s) =

The resulting close-loop frequency responses are plotted in Fig. 1, where the specification bound for the solid
curve isindicated by the shaded region with a solid boundary, and similarly for the dashed and dash-dotted curves.
We see that the bounds pRS| and|K S| are fairly tight, suggesting effectiveness of the design method.

On the other hand, the bound @ P S| is not very tight, indicating a possible drawback (conservatism). The
design would be difficult if the resulting frequency response is insensitive to the change in the bound specification.
If the result is sensitive, however, frequency shaping can still be done even when the bound is conservative, by
iteratively revising the design specification. To illustrate this point, let us consider the case where the specification
on|KPS]|is relaxed tawe = 1. In this case, the optimal value gf = 2.97 is achieved by

2.6793(s 4 2.911)(s* + 1.1225 + 0.9738)
(s +1.705)(s% 4 2.104s + 4.242)

K(s) =

The resulting frequency responses are plotted in Fig. 2. We see that the slight change introduced to the speci-
fication yielded a significant change in the closed-loop responses. Due to this high sensitivity, we can tune the
specification to meet the original goal. For example, if we want to minimjzubject to (21), we may adjust

w9 betweer)).8 and1 so that the constraint di& P S| in (21) becomes tight. In fact, choosing = 0.913 gives
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the peak valu¢ KPS|, = 9.97 atw = 0.825, while achievingy, = 3.56. Figure 3 shows how the optimal
performance boung, and the peak value ¢f< PS| change asx, is adjusted. As expected, is monotonically
decreasing with respect tg,. The peak value increases wheg varies around the natural frequency= 0.872

and then reaches a plateaucasbecomes sufficiently large. When, becomes smaller than the natural fre-
guency, the frequency at which the peak value occurs becomes smaller than and moves away from the natural

frequency.

PS (solid); KPS (dashed); KS (dash—dotted) PS (solid); KPS (dashed); KS (dash-dotted)

Magnitude
Magnitude

Frequency Frequency
Figure 1: Design result (Case &% = 0.8) Figure 2: Design result (Case 2, = 1)
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Figure 3: Optimal boung, and the peak value ¢f< PS| as functions otz

7 Conclusion

We have developed a method for synthesizing dynamic output feedback controllers to achieve multiple FDI
specifications in (semi)finite frequency ranges. A sufficient condition for existence of feasible controllers are
given in terms of LMIs, and some special cases, where the condition becomes also necessary, are discussed. An
example of the active magnetic bearing illustrated the proposed design method and demonstrated its effectiveness.
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