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Abstract—Typically, it is desirable to design a control system
that is not only robustly stable in the presence of parametric
uncertainties but also guarantees an adequate level of system
performance. However, most of the existing methods need to take
all extreme models over an uncertain domain into consideration,
which then results in costly computation. Also, since these
approaches attempt rather unrealistically to guarantee the system
performance over a full frequency range, a conservative design
is always admitted. Here, taking a specific viewpoint of robust
stability and performance under a stated restricted frequency
range (which is applicable in rather many real-world situations),
this paper provides an essential basis for the design of a fixed-
order controller for a system with bounded parametric uncer-
tainties, which avoids the tedious but necessary evaluations of the
specifications on all the extreme models. A Hurwitz polynomial is
used in the design and the robust stability is characterized by the
notion of positive realness, such that the required robust stability
condition is then suitably successfully constructed. Also, the
robust performance criteria in terms of sensitivity shaping under
different frequency ranges are constructed based on an approach
of bounded realness analysis. Furthermore, the conditions for
robust stability and performance are expressed in the framework
of linear matrix inequality (LMI) constraints, and thus can
be efficiently solved. Comparative simulations are provided to
demonstrate the effectiveness and efficiency of the proposed
approach.

Index Terms—Loop shaping, robust stability, robust perfor-
mance, parametric uncertainty, positive realness, bounded real-
ness, linear matrix inequality, fixed-order controller.

I. INTRODUCTION

In quite a large number of control engineering applications,
the presence of parametric uncertainties have been challenging
issues to deal with, and there is a clear and evident need
to consider their effects on the deterioration of system per-
formance or even the cause of instability. There thus have
been many great efforts which are devoted to developments in
robust control for designing a control system that guarantees
the required robust stability [1]]. Among all the techniques for
robust stabilization, quadratic stabilization theory provides an
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effective basis to cater to these parametric uncertainties [2],
[3]]. Related work in [4]] presents a controller design approach
to guarantee a prespecified disturbance attenuation level based
on the algebraic Riccati equation. Further, these results have
been extended in [5] to solve the H,, control problem. As
a methodology with attractive applicability, H,, control has
been extensively researched and developed over the period of
the 1980s, particularly in view of the rather commonly needed
requirement of robust stabilization and disturbance attenuation.
In this very attractive approach, the frequency-domain charac-
teristics are also expressed by related mathematical statements
in the time domain. With such a framework, developments
proceeded such that in [6], several fundamental results on
H,, control are established. However, these results are only
for the classes of well-known systems. Then in [7]], a linear
system with norm-bounded parametric uncertainties is related
to ARE-based H.,, norm conditions. Moreover, robust H,
performance problems are addressed in [8]-[12] and a class
of systems with norm-bounded parametric uncertainties is also
taken into consideration.

Substantial further works on guaranteed cost control have
also been presented [13]]-[17], which aim to design a control
system such that an upper bound of the quadratic performance
is guaranteed for all admissible parametric uncertainties. Ad-
ditionally in [[18]], a stabilizing controller is proposed for
a class of systems with convex-bounded parametric uncer-
tainties, which assures a certain specified attenuation level.
However, to obtain a deterministic and reliable solution, it is
required to check the stability and performance of the vertex
set consisting of several extreme matrices [[19]. Because the
number of extreme systems to be checked increases expo-
nentially with the uncertain parameters, the computation is
always costly [20]—[22]. Meanwhile, other extensive develop-
ments have been made on the robustness property attainment
involving interval matrix uncertainties to reduce the number of
vertices that are required to be checked. For example, the work
in [23]] presents a new vertex result for the robust synthesis
problem. But here too, if the interval uncertainties appear in
the linear matrix inequality (LMI) in an affine way, a rather
substantial number of LMIs will need to be integrated to be
solved, and the solution is still exponential. Yet in some other
scenarios, a randomized algorithm approach is employed to
ensure the required stochastic robust stability and performance.
However, most of these probabilistic approaches are solved
based on Monte-Carlo simulation [24], and they are typically
not considered as practically preferred due to these excessive



simulations.

In view of the great potential for practical usage, the
methodology of fixed-order controllers has attracted consid-
erable attention for finite frequency specifications due to their
simplicity, reliability, and ease of implementation [25[. Though
the design of a fixed-order controller in the presence of para-
metric uncertainties is NP-hard, a variety of design approaches
have been rather successfully used including bilinear matrix
inequality (BMI) [26], [27]], convex approximation [28]], [29]]
and iterative heuristic optimization [30]. It is worthwhile to
mention that for all these above-mentioned control methods,
the robust performance property is achieved over the full
frequency range. However, in many real-world situations, the
control performance specifications are typically only specified
and of pertinent interest within a stated frequency range for
the real-world system to be controlled [31]], [32]. Therefore,
the design from the perspective of the full frequency range
is overly conservative. To cater to the more realistic practical
requirement of a restricted frequency range, recent researches
reveal that these control strategies can be combined with
certain appropriate frequency weighting functions [33[]; but
here, a required concomitant strong computational capability
of the hardware is a burden in practical usage because these
weighting functions invariably cause a marked increase in the
system orders. Under these circumstances, a rather significant
and important open problem therefore exists on an effective
and efficient approach to design a fixed-order controller for
a system affected by bounded parametric uncertainties, and
which considers robust stability and performance under the
condition of a stated restricted frequency range, but without
all the afore-mentioned practical difficulties.

Thus in this work, the key objective is to design a fixed-
order controller for an uncertain system that guarantees closed-
loop stability and a suitably adequate level of performance
under a stated restricted frequency range, and which addresses
all the short-comings previously highlighted. As part of the
methodology in the development in this work, the connec-
tion between the time-domain method and frequency-domain
specifications are established to meet the stability criteria
and the performance specifications. Several theorems are then
developed and provided to support the derivation of the main
results. Then, an LMI condition is given to ensure the robust
stability of the closed-loop system in the presence of the
bounded parametric uncertainties. Additionally further, certain
LMI conditions are also provided for the robust performance of
the system which is guaranteed in terms of sensitivity shaping.
Consequently, the required controller is obtained by solving
the above-mentioned LMIs.

The remainder of this paper is organized as follows. In
Section II, the necessary preliminaries on the closed-loop
control of a system with bounded parametric uncertainties
and frequency range characterization are provided. Then, a
first set of newly developed theoretical results in this work on
the robust stability condition is presented in Section III. Next,
further theoretical results developed in this work on robust
performance criteria are presented in Section IV. In Section
V, to validate the new proposed controller design approach, a
numerical example is provided with simulation results to show

its effectiveness. Finally, conclusions are drawn in Section VI.

Notations: For matrix A, the symbols A” and A* represent
the transpose and the complex conjugate transpose of a matrix,
respectively. Re(A) denotes the real part of a matrix. [
represents the identity matrix with appropriate dimensions.
diag{ai,as,- - ,a,} represents the diagonal matrix with num-
bers a1, a9, - ,a, as diagonal entries. R and C indicate the
sets of real and complex matrices, respectively. H,, stands for
the set of n x n complex Hermitian matrices. f % g denotes
the convolution operation of two functions. The operator ®
represents the Kronecker’s product. The symbol s in the
bracket, when it typically appears in such expressions as 7'(s),
etc., represents the Laplace variable.

II. PRELIMINARIES
A. Problem statement

As in typical nomenclature, the Single-Input-Single-Output
(SISO) plant is represented by an nth-order rational transfer
function in continuous time, and is given by

b Sn_l-f—"'-i-bn
P(s) = —— (1)

"+ ars" -+ oay,

where a; and b; are uncertain parameters with a; € [aé, al]
and b; € [bL,b%], i =1,2,--- ,n.

Next, define a¢ = (al + a%)/2 and b$ = (bl + b%)/2 as the
medians of the uncertain parameters a; and b;, respectively.
Similarly, further define a¢ = (a* — a!)/2 and b¢ = (b% —
bL)/2 as the deviations of the uncertain parameters a; and b;,
respectively. Then, a; = a$ + a%84i, bi = b + bldy;, where
dqi € [—1,1] and &p; € [—1,1] are standard interval variables.

Also, define A, = diag{d,1,042, " ,0an} and A, =

diag{dp1, dp2, - - , dpn}, and the plant (T) can be expressed by
(bc + [0 bdAb])Sz

P(s) = 2

()= {ae [0 agda))sl’ @)

where a‘ = [1 a$ a§ --- a ], be _
[0 bf b5 bl, aq = [l af - al],
ba = [bf b bll, sp =[s" s*7' .- s 1]. For

brevity, define @ = a+[0 aglA,]and b =b+[0 bgA,].
By the standard negative feedback configuration, an mth-
order controller is to be designed, which is given by

Yos™ + 18" 4+ ym

K(s) = 3
() SM 4 xsmT 4 4y, ©)
Equivalently, (3) is expressed by
YSm
K(s) = 4
(5) = 5o @
where = = [1 z1 o =
[yO Y1 Y2 ym]7 Sm = [Sm smTto s 1]

For the closed-loop system, the sensitivity transfer function
S(s) and the complementary sensitivity transfer function 7°(s)
are given by

Snum Tnum
S(s) = T(s) = —— 5
(5) = J2m, 1) = ®
respectively, where Sp,um = (a * m)sgwn, Thum = (b=

y)sTT,H_n, Sden = Tgen = (@ *x + b = y)sTT,H_n, with



[8m+n Sm+n—1 .. s

1]. Equivalently, we

Sm4n =
have

Snum = (ac * m)szn+n + ((adA(l) * m)szn+n—17
Tnum = (bc * y)SZHn + ((bdAb) * y)Sz—‘nJrnfl?
Sien = Taen = (a+ x + b y)s?

m+n

+ ((@gQy) * © + (baAyp) * y)sT

m+n—1>

m+n—1 m+n—2

where Spin—1 = [s s 1].

Thus the objective here is to design a fixed-order controller
K (s) for the uncertain system P(s) such that
(1). The robust stability of the closed-loop system is guaran-
teed in the presence of parametric uncertainties.
(2). The robust performance specifications of the closed-
loop system in terms of sensitivity shaping are satisfied, i.e.
1S (jw)| < ps, w € Qg and [T (jw)| < ps, w € s

S

Remark 1. In the literature, many instances of controller
design methods result in the controller with a larger or equal
order as that of the plant. However, this might be a restrictive
condition in certain scenarios because the implementation of
such controllers will lead to high cost and fragility. On the
other hand, there has been a considerable interest in design of
low-order controllers to facilitate the practical implementation.
Normally the selection of controller order is decided by the
user in view of specific situations.

B. Frequency range characterization

Basically, a frequency range can be visualized as a curve
on the complex plane. Note that a curve on the complex plane
is a collection of points A(t) € C continously parameterized
by t, for tg < t < ty, where tg,t; € R U {00}, which can
be characterized by a set [34]

A={ eC:0(\,P)=0,0(\,T) =0}, (7)

where ®, ¥ € Hy and

AT [ A P Y
R H R HEH
3)
For the continuous time domain, one has
CI)—[(l) (1)], A= {jw:weQ}, )

where €2 is a subset of real numbers specified by W. Table
1 summarizes the characterization of finite frequency ranges,
and more details can be referred in [34] .

TABLE I
CHARACTERIZATION OF FREQUENCY RANGE

Q w € [0, w]

s wp tw
s wp tw
—jEl —wwy,

wE [Wh7 +w)

N

w e [wl7 wh]

C. Lemmas used in the sequel
In this subsection, the following lemmas are presented to
be used in the sequel for the derivation of the main results.

Lemma 1. [12] Given matrices (), H, E and R of appropriate
dimensions and with () and R symmetrical and R > 0, then

Q+ HFE+ETFTHT <, (10)

for all F satisfying 7 F < R, if and only if there exists some
€ > 0 such that

Q+e*HHT + e 2ETRE < 0. (11)

Lemma 2. [35] Consider >, = {A, B,C, D} as a minimal
state-space realization of a rational and proper transfer func-

tion G(s), the positive realness condition
Re(G(s)) > 0, (12)

is guaranteed if and only if there admits a Hermitian matrix
P > 0 such that

A Bl [0 P[4aB] [0 C ]_,
I 0 P 0 I 0 C D+ DT '
(13)

Lemma 3. [34] Consider (A, B,C, D) as a minimal state-

space realization of a rational transfer function G(s), given

p > 0, the finite frequency bounded realness condition
|G(jw)| < p, weQ, (14)

is guaranteed if and only if there exist Hermitian matrices P
and @ > 0, such that

A B|'.[A B 0 0 cr
[1 o]“[[ 0]+[Op] pT | <o,
C D —p
(15)

where Z = PR® P+ ¥ ® (Q, and & and ¥ are matrices to
characterize the frequency range ().

III. ROBUST STABILITY CHARACTERIZATION VIA REAL
POSITIVENESS ANALYSIS

In this section, first of all, pertinent new results Theorem
and Theorem [2] are presented, which are used in the sequel
for deriving the robust stability condition.

Theorem 1. Given matrices ), H, E with appropriate

dimensions, Q is symmetrical, A = diag{6y, 92, - ,6,} with
0; € [—1,1], 1=1,2,---.n,
0 ETAHT
Q+[HAE 0 ]<0 (16)
holds if and only if there exists a matrix R =
diag{ey,e9, - ,en} withe; >0, i = 1,2,--- ,n, such that
ETR'E 0
Q+[ 0 HRHT ] <0. (17)

Proof of Theorem [I} Sufficiency: By matrix decomposition,
(T6) is equivalent to

Q+[2]A[E 0]+[ E o]TA[Ig]T<o. (18)



T » )
[0 H]" can be partitioned as n column vectors, ie.
Hi,Hy,--- ,Hy; similarly, [E 0] can be partitioned as n
row vectors, i.e. Fq, Fo,--- , E,. Then, it is easy to obtain

¥ i

= Y (Hi6:E; + E] 6;H).
=1

]A[E 0]+[ E O]TA[

Thus, is equivalent to

Q+ E(HzazEz + El'5,H]) < 0.

19)
i=1
Define
n—1
Qn1=Q+ Y. (Hi6:E; + E] 6;H), (20)
i=1
then can be written as
Qn_1 + H,0,E, + EYs, H <0. Q1)

From Lemma [T} 1) holds if and only if there exists €,, > 0
such that

Qno1+eH HY +,'ETE, <0. (22)
Similarly, define
Qn—2 = Q+nz2(Hi6iEi+EiT SH ) +e, H,HE +¢ ' ETE,,,
= (23)
then we have
Qno+Hy 16, 1By 1 +E 16, 1HF | <0. (24)

Again, from Lemma [T} (24) holds if and only if there exists
€n—1 > 0 such that

Qno+en 1 Hy HY |+ EF \E, 1 <0 (25
Substitute 23) to (23), we have
n—2
Q + Z (Hz(SLEZ + EzTcyl_lHZT) + En—lHn—lHZ;_l 26)
i=1

+e, B Bp oy +e HHY +6,'ETE, <0.
In a similar way, it is straightforward that (I8) holds if and
only if there exist €1, €3, - ,&, > 0 such that

Q+ ) (esHiH] + ¢ 'E'E;) <0.

i=1

27

Define R = diag{e1,¢e2, -+ ,&,}, we have

q T
T 1 0 0
O+[E 0" R[E 0]+[H R[H] <0,
' (28)
which can be further expressed by
ETR'E 0
Q+[ 0 HRHT < 0. 29)
Necessity: it can be proved in a similar way thus is omitted.
O

Theorem 2. Given matrices Q, H;, E;, i = 1,2,--- 'm
with appropriate dimensions, Q) is symmetrical, A; =
diag{6i1,6i2,--- ,5in} with 5,']' € [—1,1], i =1,2,---,m,

.j = 172a"' , 1,
0 > EFAHT
Q| m =1 <0  (30)
D HiNE; 0
i=1
holds if and only if there exist matrices R; =
diag{ei1, €52, ,€in} with €55 > 0, i = 1,2,--- ,m,
j=1,2,---,n, such that
> E'R'E; 0
Q+| m <0. (3D
0 > H,R;HT
i=1

Proof of Theorem [2 Theorem [2]is essentially an extension of
Theorem [I] the proof is rather straightforward and is omitted
here. O

Next, a Hurwitz polynomial d.(s) is selected and an asso-
ciated transfer function is defined as

axx+bxy)sk

=Gen(s) + Gsuls),

(32)

where Gy, (s) and G, (s) are the nominal part and uncertain
part of G¢(s), respectively, which are given by

(@€ *x + b° = y)s]

Gsn(s) = m+n7
409 .
. ((aagQq) * T + (balyp) * y)sa-i—n—l
Gsu(s) = 0s) .

The realization of G, (s) in the controllable canonical form
is denoted by

an = {Agn, Bsn, Csn, Dsn ),

and then the realization of G(s) is given by

(34)

Zs = {Asna Bs’ru Csn + adAaX + bdAbya Dsn}a (35)

where X and Y are the Toeplitz matrices given by

[ 1 Tm 0 0 O
O 1 x - x,m O 0
X = . . . . )
0 O 0 1 T T
- - (36)
Yo Y1 Yymn 0 0 0
0 o v1 - ym 0 O
Y= . . . . ) .
| 0 0 0 yo w1 - Ym |

Notably here, the stability of the system is closely related to
the notion of positive realness, and it is guaranteed if and only
if

Re(G,(s)) > 0. 37)



Then, to construct a condition for the needed robust stability
in the presence of parametric uncertainties, Theorem [3] is
proposed.

Theorem 3. The robust stability of the system (1)) in the
presence of bounded parametric uncertainties characterized
by standard interval variables is guaranteed under the con-
troller @) if and only if there exist a Hermitian matrix Ps > 0,
diagonal matrices Rsq, > 0 and Rg, > 0 such that

T T
Lo
X 0 | —Rs, 0 <0 (38)
Y 0 0 —Rgy
where
T
F _ Asn BSTL O PS ASTL Bsn
s I 0 P, 0 I 0

0 ct,
B [ Csn Dsn + Dzn - adRsaa;I; - bdRsbbg ] ’
(39)
Proof of Theorem [3; From Lemma 2] considering the state-
space realization (33), the positive realness condition
is guaranteed if and only if there exists a Hermitian matrix
P, > 0 such that

Asn BS’(L T O PS AS'IL BSTL
I 0 P, 0 1 0
[ o cl
Csn D,y + DI,
0 ~XTA,af — YT AbY
+ |: —adAaX - bdAbY 0 <0

(40)
From Theorem [2] holds if and only if there exist
positive definite diagonal matrices Rs, and R, such that

AS'II BSTL T O PS ASTL BS’IL
I 0 P, 0 I 0
[ o cr
Csn Dy, + DT

XTRIX + YTR?Y 0
+ s
0 adRsaag + bdRSbbg

Then, we have

| <o

(41)

Ao B I'[ 0 P |[ Aw Ban
I 0 P, 0 || I 0
[ o cr
_CSTL D9n+DZ;’I
A0 R[OaT]—F_O Ry 0 Y]
ag sa d _bd sb d

Xt <

+1 7 ]R;J[X 0]+[ 0

}R;bl[ Y 0]<0,

(42)
which can be further expressed in the form of (38). This
completes the proof of the theorem. O

IV. ROBUST PERFORMANCE CHARACTERIZATION WITH
SENSITIVITY SHAPING

To develop an effective methodology for robust performance
characterization with sensitivity shaping, it is pertinent to note
here that robust performance specifications are suitably char-
acterized, where the infinity norm of the sensitivity function
and the complementary sensitivity function are bounded by
certain values. With a given Hurwitz polynomial, the stated
bound condition on the infinity norm of a rational transfer
function can be separated by two conditions. To summarize
this finding, Theorem ] is now presented.

Theorem 4. Consider a rational transfer function
G(s) = n(X s8)/d(\,s), where \ is a parameter vector
appeared affinely in the polynomials n(\,s) and d(},s).
For any given Hurwitz polynomial d.(s), |G(s)| < p is
guaranteed if the following two conditions hold:

n(A, s)
1-96 43
and a0\, 5)
s
1 84 5 44
' d.(s) <o, (44)
where ¢ € (0,1).
Proof of Theorem @ From (#4), we have
d(\, s)
1-94§ 1+6. 4
< ' ae(s) <1+ (45)
By @3)/@3), it is easy to verify that
n(A, s)
4
a0, 5) <p (46)
which corresponds to |G(s)| < p. O

Following the above developments, here remarkably, it can
be seen that it is possible to note that d.(s) is appropriate
to be interpreted as a central polynomial to characterize the
basic performance of the system, and additional discussions on
the design of an appropriate central polynomial can be found
in [29].

Then, before proceeding to develop the required robust
performance criterion, Theorem [2] is next readily extended to
be suitable for a more general case, which is summarized by
the following theorem.

Theorem 5. Given matrices ), H;, E;, i = 1,2,---,m
with appropriate dimensions, @ is symmetrical, A; =
diag{5i1,§ig,~~ ,57;"} with 517' € [71,1], 1 = 1,2,' e ,Mm,
73 = 1,2,--- ,n, holds if and only if there exist matrices
R;, = diag{sil,ai%--- 75in} with €ij > 0,2=12,---,m,

73 =1,2,---.n, such that
S ETR7'E, 0 - 0 0
B 0 0 0
Q+ : : : <0.
0 0 - 0 0
0 0 0 i H,R;HT
- = A7)



Proof of Theorem[5} Theorem[3]is an extension of Theorem[2]
and the mostly straightforward proof is omitted. O
At this stage, define the transfer functions Gpi(s) and

Gpa(s) as
Gpl(s) :Gpln(s) + Gplu(s)a

48
G;UQ(S) :Gan(s) + Gp2u(5)7 “9)
where
Gpin(s) =1 — Gsn(s),
Gplu(s) = GSU(S)7
C T
Gpon(s) __(‘Ld“?Z§"l+7l’ (49)
N T
Gpou(s) :((adA“>d (ms))5m+n1

From Theorem [} |S(jw)| < ps, w € Q is guaranteed if the
following two conditions hold:

‘G;Dl(jw)‘ < 557 we st (50)

and
|Gp2(jw)| < (1= ds)ps,

with 5 € (0, 1). Since Gp1,,(s) and Gpap(s) can be realized
in the controllable canonical form as

Zpln = {Apl'ru Bplna Cp1n7 Dpln}a
2p2n = {Aanv Banv Cp2n7 Dp2n}7

w e Qg Sh

(52)

respectively, the state-space realizations of G1(s) and Gpa(s)
are given by

Zpl = {Ap1n7 Bplna Cpln + a’dAaX + bdAbK Dpln}a

Zp2 = {Aany Bp2n7 Cp2n + adAaXa Dp2n}7
(53)
respectively.
Then, the conditions of robust performance specification in

terms of the sensitivity function are summarized by Theo-
rem

Theorem 6. The robust performance specification |S ( ]w)} <
ps» w € Qg of the system (1)) in the presence of bounded
parametric uncertainties characterized by standard interval
variables is guaranteed under the controller (3) if and only
if there exist Hermitian matrices Py and Qp1 > 0, Ppy
and Qp2 > 0, diagonal matrices Ry, > 0, Rp1p > 0 and
Rpga > 0, szb > 0 such that

CcT X7 y7T
Ip DL 0 0
pln
Cpin Dpin Hp 0 0 <0,
X 0 0 —Rp1a 0
Y 0 0 0 —Ryup
(54)
CTn XT
Lp2 Dfi 0
n <0, 55
Can Dp?n Hp2 0 ( )
X 0 0 _Rp2b

where
T
.. = Apln Bpln - Apln Bpln
T 0 T 0
(56)
n 0 O
0 —ds |’
T
T _ Ap2n Bp?n —- Ap2n Bp2n
T 0 T 0
(57

Epl = @3®Pp1 + qjs@@pl: EpQ = @3®Pp2 + \I/5®Qp2,
®, and V4 are matrices that characterize the frequency range
as given in Section I, H, = adRplaag + bdRplbbg — s,
Hyo = agRpaak + (05 — 1)ps.

Proof of Theorem [6f From Lemma [3] the robust specification
(30) is guaranteed if and only if there exist Hermitian matrices
Ppy1 and Qp1 > 0, such that

Ch,+X"Aaj
Tyt +YTAbY “0
Dgln ’
Cpln + agA.X D, ‘ —
pln
+ bgApyY (58)
Equivalently, we have
CT
T 1n
" Dpln
Cpln Dpln ‘ _55
0 0 XTAsal + YTADY
+ 0 0 0 < 0.
agA. X +bgAyYy 0 0
(59)

From Theorem [5} (39) holds if and only if there exist
positive definite diagonal matrices R, and [2,1, such that

CT
r 1n
Pl Dpln
Cpln Dpln ‘ _63
XTR X +YTR Y 0 0
+ 0 0 0
0 0 adRpmaz;-l—bdRplbe;
< 0.
(60)
Then, we have
r crh, 0
r DL, |+| 0 [Rpua[0 0 af
Cpln Dpln ‘ _53 aqd
[0 X7
+1 0 [Rus[0 0 BY J+| 0 |RA[X 0 0]
| by 0
F T
+1 0 [RL[Y 0 0]<0,
0
) (61)

which can be further expressed in the form of (54).



Therefore, it can be obtained that the condition (50) is
guaranteed if and only if there exist Hermitian matrices P,
and @)1 > 0, and positive definite diagonal matrices Ry, and
R,1p such that (34) is satisfied. Similarly, the condition (51)
is guaranteed if and only if there exist Hermitian matrices Py
and ()2 > 0, and positive definite diagonal matrices R, and
Ry2p such that (33) is satisfied. This completes the proof of
the theorem. U

Furthermore, the results on the specification in terms of the
sensitivity function |S(jw)| < ps, w € Q, can be extended
to the specification on the complementary sensitivity function
T (jw)| < pt, w € Q. Thus define transfer functions Gps(s)
as

G;D3(8) :Gp3n(5) + GpSu(s)v (62)
where . .
G in(s) :(b*dyw,
o(s) (63)
G (S) _ ((bdAb) * y)sghbnfl
T A

From Theorem [} |T'(jw)| < pt, w €  is guaranteed if the
following two conditions hold:

|Gp1 (ju))l < 5ta w € Qt, (64)

and
|Gp3(jw)| < (1= d¢)pr,

with &; € (0,1). Gpsn(s) can be realized in the controllable
canonical form as

we Q, (65)

ZpSn = {Ap3na Bp?ma Cp?ﬂu Dp3n}a (66)
then the state-space realization of G,3(s) is given by
21)3 = {Ap3n7 Banu CpSn + bdAbya Dpdn} (67)

It is worth mentioning, at this point, that some rather useful
properties hold for the state-space realizations of the nominal
models (34), (32), and (66), where Ay, = A1, = Apop =
Ap3n’ Bsn = Bpln = Bp2n = Dp3n> Csn = _Cplny Dsn =
1—Dpin.

In a similar manner here, in what follows, Theorem [7] is
proposed to cater to the robust performance specification in
terms of the complementary sensitivity function.

Theorem 7. The robust performance specification ’T( jw)} <
pt, w € Q4 of the system (1)) in the presence of bounded
parametric uncertainties characterized by standard interval
variables is guaranteed under the controller if and only
if there exist Hermitian matrices Ppz and Qpz > 0, Py
and Qps > 0, diagonal matrices Ry3q > 0, Rpzp > 0 and
Rpsq > 0, Rpay, > 0 such that

ch, bel \a
L Df?ln 0 0
Cpln Dpln Hpg 0 0 <O,
X 0 0 ~Ry3a O
Y 0 0 0  —Ryw
(63)

CTn XT
Lra DpTi 0
p3n <0, 69
Can Dp3n Hp4 0 ( )
X 0 0 —Rpap
where
T
T = Apln Bpln - Apln Bpln
PPT 0 T 0
(70)
n 0 0
0 -6 |’
T
T _ Ap3n Bp3n - Ap3n Bp3n
S 0 el 0
(71)

+[8 (5t—01)pt]’

Zp3 = P @ Pp3 + Uy @ Qp3, Spa = O Q@ Py + ¥4 @ Qpa,
®,; and U, are matrices that characterize the frequency range
as given in Section I, Hys = agRy3.ak + baRyzpbl — 64,
Hp4 = bdRp4ab5 + (515 — 1)pt.

Proof of Theorem [7; The proof of Theorem [7] proceeds along
with the same procedures as the proof of Theorem [6] O

Based on all the above developments and analysis, it can
now be noted that with the work in this paper, the fixed-order
controller considering robust stability and performance can be

designed by solving the LMIs (38), (54), (33), (68), and (69).

Remark 2. For an uncertain system, our proposed methodol-
ogy formulates the loop shaping problem with fewer condi-
tions, as compared to classical robust control methods. Take
an uncertain polytopic system as an example, each vertex
is required to be taken into account in the loop shaping
problem, and the number of these vertices grows exponentially
with the number of parametric uncertainties, which results
in significantly increasing conditions in the classical design
algorithms. For instance, by using the classical robust control
methods, if the number of parametric uncertainties is 8, then
a total of 256 vertices are to be considered, which leads to
1280 LMIs to solve. But with our proposed approach, only
one-time checking of matrix existence by solving 5 LMIs is
needed exclusively, regardless of the numbers of parameter
uncertainties.

Remark 3. It can also be noted that depending on the
design specifications on a specific problem, the conditions on
the robust stability, the robust performance in terms of the
sensitivity function, and the robust performance in terms of
the complementary sensitivity function can be implemented
either separately or together.

Remark 4. In closed-loop shaping problem, the specifications
on the sensitivity function and the complementary sensitivity
function are important indicators to ensure good system perfor-
mance. The magnitudes of their target values under a specific
frequency range are usually pre-defined by the user, which
are dependent on the actual problem. It is well known that
standard and typical selections of their limiting bounds ps and
p¢ are given by —3 dB, and these limiting bounds physically
guarantee an effective closed-loop bandwidth and a roll-off



frequency for the control system. It is also noted that p, and
pt can be simply converted to the optimization objective, so
that they can be minimized during the optimization, which
physically represents the optimization of disturbance rejection
ability and roll off ability, respectively.

V. ILLUSTRATIVE EXAMPLE

Consider the nominal model of a second-order plant with
an unstable pole

b1s + by
P(s) = ———— 2 72
(s) 2+ a15+ay’ (72)
with a1 = 3, as = —10, by = 8, by = 4. Assume the

parametric uncertainties exist in aj,as and by,bs, and the
deviations of these parameters are all £20% of their nominal
values. A second-order controller is to be designed, where

Yos® + 15 + Yo
K(s) = s2 4+ x5+ 29 (73)
To the industrial preference in terms of practical implemen-
tation, x5 is set to be zero so that K(s) becomes a PID
controller with a low-pass filter. Here, the typical desirable
design specifications would include the robust stability and the
robust performance with the sensitivity function }S ( jw)| <=3
dB under the frequency range w € [0.01 rad/s, 0.1 rad/s],
and the complementary sensitivity function |T'(jw)| < —3 dB
under the frequency range w € [20 rad/s, 100 rad/s] (essentially
stated in this equivalent manner).

With the methodology proposed here, thus the design can
proceed with the steps where a Hurwitz polynomial is chosen
as d.(s) = s*+16s%+89s2+390s+200 and the parameters J
and &; are chosen as 0.5. The LMIs (38), (34), (33). (68), and
(69) are then constructed and solved by the YALMIP Toolbox
in MATLAB. The resulting controller parameters are given by
x1 = 0.3307, yo = 1.5790, y; = 16.9886, y2 = 10.2572.
In the simulation, we use a plant P(s) with one set of the
uncertain parameters given by a; = 3.5486, as = —9.9415,
51 = 6.9044, 132 = 3.6471. The controller parameters ob-
tained by the proposed approach are then implemented on
the uncertain plant P(s), and it can be easily verified that
the closed-loop system is stabilized, where the closed-loop
poles are —6.7471 + 7.1417i, —0.8072, and —0.4801. The
Bode diagrams of the uncertain plant 15(5), the controller
K(s), and the open-loop system P(s)K(s) are shown in
Figure [T} Also, the Bode diagrams of the sensitivity function
S(jw) and the complementary sensitivity function T'(jw) are
illustrated in Figure [2] and Figure [3] respectively. It is shown
that all the design specifications are met by using the proposed
approach, and the stated robust stability and performance
are successfully achieved with a fixed-order controller design
under this situation of an uncertain system.

In the following work, the case by using our proposed
method is denoted by Case I. For comparative purposes, the
fixed-order controller design approach adopted in [36] is used
with the same Hurwitz polynomial as our proposed approach.
With this approach, first of all, all the uncertain systems are
considered, and this case is denoted by Case II. Since there
are 4 uncertain parameters in the plant, the number of the
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Fig. 1. Bode diagrams of the plant, the controller, and the open-loop system.
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Fig. 2. Bode diagram of the sensitivity function.

resulting uncertain systems is given by 2* = 16. As a result,
80 LMIs are integrated into the program considering robust
stability and robust performance in terms of the sensitivity
function and the complementary sensitivity function. In this
case, the controller parameters are given by x; = 7.2850,
yo = 1.0875, y1 = 13.1769, yo = 68.6918. Secondly, only the
nominal system is considered in this method, and this case is
denoted by Case III. In this case, only 5 LMIs are required
in the program, and the controller parameters are given by
x1 = 12.7610, yo = 0.4414, y; = 11.6312, yo = 62.9964.

In terms of the computational effort, the computational time
in all three cases is recorded and summarized in Table [l
As can be seen, the computational time in Case I and Case
III is less than half of Case II, and the main reason is that
Case II considers the whole uncertain domain by checking
all the 4 uncertain systems. In fact, the number of uncertain
systems grows exponentially with the number of parametric
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Fig. 3. Bode diagram of the complementary sensitivity function.

uncertainties in the plant. When the number of uncertainties
increases, the computation is rather costly and the difference in
computational time between Case I and Case II would be more
significant and more clearly observed. Compared with Case II,
our proposed methodology manipulates all these parametric
uncertainties as a whole, and thus only a one-time checking
of matrix existence by solving 5 LMIs is needed exclusively,
regardless of the number of parameter uncertainties. Moreover,
the difference in computational time between Case I and Case
IIT is minimal. However, Case IIl only takes the nominal
system into consideration, and thus the system performance
would be degraded if the system is perturbed.

To clearly observe the comparison of these methods in terms
of system performance, simulations in the time domain are
conducted, and the objective is to track a sinusoidal signal.
In the simulation, the uncertain plant ]5(3) is used again, and
Figure [] depicts the comparison of tracking performance in
the closed-loop control with different methods. Besides, the
resulting root-mean-square error (RMSE) and the maximum
absolute error (MaxAE) is given in Table @ It is straightfor-
ward to see that Case I achieves the best system performance in
this task. On the other hand, the performance in Case III is the
worst. The main reason behind this phenomenon is that Case
IIT does not take the parametric uncertainties into account, and
thus the controller parameters do not have enough robustness
to resist the effects of parametric uncertainties. Since the plant
used in this simulation is perturbed, the system performance
is downgraded.

To sum up, the proposed approach has demonstrated its
effectiveness and efficiency in solving a class of loop shaping
problems. Rather importantly, the proposed method maintains
good robustness towards parametric uncertainties, and also
avoids the computational burden resulted from the necessity of
checking the robust stability and performance for all uncertain
systems in the traditional robust control techniques.
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Fig. 4. Comparison of tracking performance.

TABLE II
COMPARISON OF COMPUTATIONAL EFFICIENCY AND SYSTEM
PERFORMANCE
Case I | Case II | Case III
Time (s) | 1.0883 | 2.6000 1.1206
RMSE 0.0325 | 0.0794 0.1652
MaxAE | 0.0488 | 0.1205 0.2498

VI. CONCLUSION

In this work, a fixed-order robust controller design approach
is developed under a specific restricted frequency range. To
achieve this, first of all, an initial set of newly developed
theoretical results to be used in the robust stability and
robust performance criteria are presented. Secondly, the robust
stabilization condition for the situation of uncertain systems
is constructed with the concept of positive realness. Thirdly,
the robust performance specifications are characterized under
a restricted frequency range; and the frequency-domain sys-
tem performance from the viewpoint of sensitivity shaping
is realized in a time-domain framework. These conditions
for robust stability and robust performance are given and
formulated by the respective LMIs. An illustrative example
of a relevant appropriate controller design problem is given
and the effectiveness and efficiency of the proposed theoretical
results are validated from the comparative simulations.
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