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Coprime Factor Model Reduction for Discrete-time Uncert8ystems

Li Li

Abstract— This paper presents a contractive coprime factor and thus can be effectively solved by available softwares.
model reduction approach for discrete-time uncertain systms  Particularly for discrete-time uncertain systems, cativa
of LFT form with norm bounded structured uncertainty. A -~ cF s motivated by the following two observations. Firstly,

systematic approach is proposed for coprime factorizatiorand . . . ;
contractive coprime factorization of the underlying uncertain for discrete-time LTI systems, applying balanced trurarati

systems. The proposed coprime factor approach overcomeseh t0 normalized coprime factors of original systems would re-
robust stability restriction on the underlying systems which is  sult in contractive coprime factors of reduced systembgerat

required in the balanced truncation approach. The method is than normalized ones as in continuous cases. Therefoge, it i
based on the use of LMIs to construct the desired reduced ot necessary to consider normalized CF in the first place in
dimension uncertain system model. . .
balanced truncation approaches. Secondly, in the presénce
I. INTRODUCTION uncertainty, it is very difficult to obtain normalized come
factors for the underlying systems because the correspgndi

This paper addresses the coprime factorization (CF) ailccati equations are hard to solve and most probably leads
model reduction problems for discrete-time uncertain sysg infeasible solutions.

tems which are possiblyobustly unstable The uncertain
systems under consideration are described in terms of lin-

ear fractional transformations (LFTs) with structured mor studied in [9] is revisited . The contribution of this paper,

bounded uncert.alnty. . . .compared to the results of [9], are two folds. Firstly, thi fu
Model ret_juct|op has been an active research area in thg,n rank restriction on the B-matrix in [9] is eliminated
control society since 19605: One .Of the mpst Commonl,yproviding a more general solution to constructing coprime
applied methods for stable linear time invariant (LTI) SySt,o(6rization for uncertain systems. Secondly, a systiemat
tems is the balanced truncation method [1] with guarante proach to obtain the coprime factorization for the underl

error bounds [2], [3,]' For unstable LTI_ systems, a C(_)prim?ng uncertain systems is presented based on the use of LMIs.
factor approach [4] is proposed to avoid the stability ISSUE A sufficient and necessary condition to ensure the featibili

Discrete-time related toplcs_can be found, for example, 'Bf the derived LMI is also specified. Contractiveness is
[5] and the refer-ences therein. i subsequently accomplished by choosing a specific feedback
Model reduction problems for uncertain systems havgain “\yhich extends the similar LTI results to the uncer-
attracted much attention in recent years; see, for examplg;, systems under consideration. This enables us to apply

ITFT systems [6], [7]’_[8]' [91, [10], gain _schedL_JImg [11]_’ balanced truncation [6] to the resulting contractive cori
linear parameter-vgrylng systems [12],_I|near time-vay! aciors to obtain the reduced-order uncertain systems. It
systems [13], nonlinear systems [14], linear parameter dgs gpown that the resulting reduced coprime factors are
pendent (LPD) systems [15], and related approximation,niractive as well. Although in this paper only uncertain
truncation and simplification problems [16]. The balancegystems are discussed, the results can be readily applied

truncation method forobustly stableuncertain systems is ;o\ itidimensional systems by replacing the uncertainty
studied in [6], [7] within the LFT framework. Concerning, o iabies with frequency parameters

those uncertain systems which may kmbustly unstable

a coprime factorization based approach is proposed in [%otation The notation is quite standar®™™ and C™*

which extends coprime factor approach [4] for LTI SyStem%lenote the set of real and complexx n matrices, andH™

to the underlying uncertain systems. However, no md'mtlodenotes the set of Hermitiamx m matrices. Letl™ and

is given in [9] on the contractiveness of the resulting cori IM be the space of all the sequences and square summable
factors. This motivates the question as to whether a contrasée uences iR™ respectively. Let- (I™ denote the space of
tive CF can be obtained for uncertain systems. Contractiv q P - b

: : ONtracta jinear operators mappin froff' to I™, and (17") denote
CF, as an alternative to normalized CF, has propertiesaimil P ; PPing (13 ).
. S the space of all linear bounded operators mapping ffim
to normalized CF. In the meanwhile, it enables us to takte m . . m e
: o . : 0 |3". The gain of an operatdk in £(13") is given by||A|| =
advantage of linear matrix inequality (LMI) techniquesopr Az d the adioi &is d dad” if
viding more flexibility to accommodate structure constrain Zefmugo T an the adjoint operator dfis denoted aa™ |
including topological structures and uncertainty stroesy A s linear, and ifA = A*, A < 0 means thax*Ax < O for any
o . . , x#0in R™ M* is also used to denote the complex conjugate
L. Li is with National ICT Australia, Department of Electat and f | it  and(-)* d
Electronic Engineering, The University of Melbourne, VI&)10, Australia transpose of a complex m.at -FM(-)"an () MF ?nOte
[i.li@e.uninelb. edu. au. FMF* and F*MF respectively for a Hermitian matrik.

In this paper, the coprime factor model reduction problem



Il. PROBLEM FORMULATION Theorem 4:The following statements are equivalent:

We consider the uncertainty structure (i) The uncertain system (1) is robustly stable.
c . ] (i) The LMI (4) admits a solutiorSe Pg.
A" = {diag81lny, -~ ,&ln,) : & € £(12),8 causalll&i| <1}, i) The LMI (5) admits a solutiorP € Pe.

and the following uncertain system: Definition 5: An uncertain system of the form (1) is said
to be balancedif it has solutions to (4) and (5) which are
[Z] = [A B} [E] ) identical diagonal matrices.
ga: y C Djlu @) We summarize the proposed model reduction algorithm as
t=0z, Aek, follows.
where u(t) € R™ is the control input z(t) € R" is the  Procedure 6 (Balanced Truncation):
uncertainty outpyty(t) € R' is the measured outpuaind 1) Solve the LMIs (4) and (5) to obtainS =
&) € RN is the uncertainty input hereh = hy +--- + hy. diag S, -+ ,&) € Pa,P =diagPy,--- ,F) € Peo.
Similar to the typical setting for one-dimensional diseret 2) BalanceS,P, by constructing a state transformation
time uncertain systems, we defide = z 1, the time shift matrix T; [3] such that
operator, and othed;'s are regarded as uncertaIianties. TST = (Tfl)*HTfl 5 — diagZi1,512)
Let the nominal system be denoted®y= J;C Dl Then, — diag(Valh .-+ Valh - Yol g oo oo Yalhg)- ()
the uncertain system (1) is defined by an LFT representation

Hereyy > ... > V4 > Ya41 > ... > Yq > O are eigenvalues

of (XY)¥2 with multiplicities vj,j = 1,...,q respec-

tively; hi j > O satisfiesvj = Y ;hij,j =1,..,q and

7u(G,A) :=D+CA(l — AA) 1B, hi =30 hiji=1..k Zi=diagyiln,, - Yalhg),
zi,2 = diag(vd+llhi~d+17 "'ayqlhi,q)'

3) Write the transformed nominal system of (1) as

as follows. For any bounded linear operafoe L(IQ) such
that! — AA is non-singular, define

In what follows, robust stability, stabilizability and de-
tectability of the uncertain system (1) are defined. o
Definition 1 (Robust Stability [9]):The uncertain system G- [ A B } Ko

(1) is said to berobustly stable or equivalently,(A A°) is C D

said to berobustly stableif (I — AA)~1 exists in£(1%) and where
is causal, for allA € A°. _ L -
Definition 2: The uncertain system (1) is said to e A=TAT 5, B=TB,
bustly stab|I_|zabIe|f there exists a matrix- , such that_ C=CT ! T=diagT, -, T). (8)
(A+ BF,A®) is robustly stable. Similarly, the system (1) is ) — )
said to berobustly detectabléf the dual of the system (1) The sub-matrices ofA and G corresponding to the
is robustly stabilizable. matrix % 2,i = 1,...,k in (6) are truncated to obtain
The following lemma from [9] states a necessary and A B
sufficient condition for robust stability. This lemma is giv Gr = { C D } ’ )
in terms of the positive commutant set correspondind%o o T )
defined as Ar = diag(&alf -+, Ol ), (10)
~ d )
Po = {diag®y,--,0) : @ c H", @ >0}. (2 wherehy =3 i_shji=1,...k .
o = {diag®, K : O >0} @ 4) Write the reduced dimension uncertain systenyas=
Lemma 3:(see [9, Proposition 3 and Remark 4]) The Fu(Gr, ).
system (1) is robustly stable if and only if there ex®st Pg, Theorem 7:Consider the uncertain system (1) and sup-
such that pose that the reduced dimension uncertain system is
APA* —P < 0. (3) obtained as described in Procedure 6. Thga is also
. BALANCED TRUNCATION balanced and robustly stable. Furthermore,
In this section we briefly review the balanced truncation SUFC’HGA— Grall < 2(Ya+1+ - +Yg)- (11)
model reduction technique for the uncertain system (1) Ach
presented in [6]. It is assumed in this section that the un- V. CONTRACTIVE COPRIME FACTOR MODEL
certain system (1) is robustly stable. As in the LTI balanced REDUCTION FORUNCERTAIN SYSTEMS

truncation approach [1], [2], [3], this assumption is essén  As introduced in the last section, the balanced truncation
for the balanced truncation of the uncertain system (1), artdchnique requires the underlying uncertain systems be ro-
guarantees the existence of the solutions to certain Lyapunbustly stable. For those uncertain systems which may be
inequalities, robustly unstable, one of the common approaches is coprime
factorization approach. Coprime factorization of underta
systems is explored in [9] for discrete-time systems, [10]
. i for continuous-time system and [17] for parameter-depehde
A'PA-P+CC<0. ®) systems, and a model reduction algorithm based on coprime

ASA —S+BB" <0, (4)



factorization is given in [9]. However, no indication is giv
in [9], [17] on the contractiveness of the obtained coprim

Proof: (Only if part) Assume that the uncertain system
&a in (1) is robustly stabilizable. From Definition 2 and

factors. The balanced LQG truncation for uncertain systemimma 3, there exist matricés and P; € Pg, such that

is presented in [18]. It is shown in [19], [20] that the

balanced LQG approach and coprime factor model reduction

(A+BF)*Py(A+BF)— P, <0,

approach lead to identical reduced models in the continruous

time LTI cases. Inspired by these facts, in this section w

hen we can apply Theorem 4 to show that there exists

follow the ideas in [18] to construct a contractive coprimé36 Po such that

factorization for uncertain systems of the form (1) anddri
the corresponding model reduction algorithm.

A. Coprime Factorization of Uncertain Systems

C+DF

(A+BF)*P(A+ BF)—P—i—[ - <0.

(15)

“[C+DF
F

Suppose that the uncertain system (1) is robustly stabilif2efine 5? P, X=FP. Left and right multiply both sides
able and robustly detectable, as stated in Def. 2. Considet (15) with P, and we obtain

the following LQG control and filter Riccati inequalitiesrfo
the uncertain system (1),

A'WA-W+C*'C

— (A'WB+C'D)(1+D*'D+B'WB) }()* <0, (12)
AVA —V + BB
— (AVC 4+ BD")(I +DD* +CVC)1()* <0, (13)

in the variablesV € P,V € Po.

CP+ DX

(AP_+BX)*P_1(AP_+BX)—I5+{ . ][CP“)X

X

| <o

It is easy to derive (14) by Schur complement from the above
inequality.

(If part) Suppose thatP, X) is a feasible solution to (14).
Defining P = P~1,F = XP, it is easy to show that (14) is
equivalent to (15). Thereforga is robustly stabilizable.

Now we prove thaP 1 verifies (12). By Schur comple-

Note that the above Riccati inequalities have the sanf@ent, (14) is equivalent to

form as those LQG control and filter Riccati equations in the —
discrete-time LTI cases [21]; see also [22] for continuous-"
time cases. In these references, it is shown that the spfutio

to the LQG control and filter Riccati equations can be use\g

P+ X*X + (PC* + X*D*)(-)* + (PA + X*B*)P"1(-)* <0,

hich is

for coprime factorization of the underlying LTI systems. In _p_, pccrp+ PA' P 1AP — (P_C*D+P_A*P_*lB)R*l(-)*

what follows, we will show that, similar to the LTI cases,

the solutions of (12) and (13) can also be used to construct

+[X*+ (PC'D+PAPIB)RYR(:)* <0, (16)

the coprime factors and contractive coprime factors of OYihereR= | - D*D + B*P-1B

uncertain systems (1).

Definition 8: Given a pair of uncertain system&y =
Fu(M,A),Ap = Fu(N,A), A € A°, where M and N are
constant matrices(#a,Aa) is said to be aight coprime
factorization (RCF) of ga (1) if the following conditions
hold.

1) avp andA(p are robustly stable.
2) For any fixedA € A%, a1, is invertible in £(I™) and
M, *is casual.
3) For any fixedA € A®, (#p,7,) is right coprime, and
Ga = Nad,
Furthermore, ifaf3 mp + A3 Np < | for all A € A®, we say
(Mp,Nn) is a contractive RCF o (1).
Theorem 9:An uncertain systenia (1) is robustly sta-
bilizable if and only if there exist matriceB € Py and
X € R™M solving the following LMI:

—P PA +X*B* X* PC'4X*D*

* —-P 0h><m Oh><|

. N i O <0. (14)
* * * —I

Furthermore, i P, X) is a feasible solution to (14), the? 1
verifies (12).

Therefore, we have
PA*P AP— P+ PCC'P— (PC'D+PAP BR (-)" <O0.

It is clear thatP~1 verifies (12). []
Remark 10:The LMI (14) arises from the fact [23], [17]

that the solution of the LQG control inequality (12) is relt

to a special state feedbaek problem, that is, finding a static

state feedback gaiR, such that| 7 (Gsra,F)|,, <Y with

a giveny > 0, where

A
0 O
C 0D

B
Gsra = Fu(Gsr,A), Gsg= I

here# (-,-) denotes the lower LFT representation. The LMI
(14) is actually obtained by substituti®gC in (5) with A+

BF, C+FDF respectively, lettingP = P~1, X = FP and

then applying Schur complement.

Theorem 11:Given an uncertain systema (1) which is
robustly stabilizable and robustly detectable, suppostima
cesP € Py andX € R™ satisfy the LMI (14). Let

F=XxP1 (17)



and consider the following system By [25, Theorem 11.1], this claim is equivalent to fiRd: Pg

A such that
Gea = | 2] = ru(Ge.0) e[ avee BRE]
Ge=| C+DF D |. (19) Fe R 2
F Im (24)
Then (a4, An) is an RCF of the uncertain systegy. which is
Proof: From the proof of Theorem 9, it is clear that {9\[11 9\[12} <0, (25)
(14) is equivalent to (15). ThuE is robustly stabilizing. * A22

Then invoke [9, Theorem 9] to complete the proof. B  \where

Remark 12:The coprime factorization presented in [9]
requires that the matriB be of full column rank, such that N1 = (A+BF°)"P(A+BF°) — P+ (F°)'F°
a robustly stabilizing feedback gain can be obtained. The +(C+DF%*(C+DF°),
appr_oaph introduced_ in the above theorem removes such a 12 = [(A+ BFS)*PB+ (C+ DFS)*D + (FC)*]R*%,
restriction, and provides a systematic way to construct the L .
coprime factors of the underlying uncertain systems. It is A22=R Z(—B?R+1+DD* +B*PB)R Z.
shown in the next section that, by picking up a specific stat

- _ e s

feedback gain, this approach can be extended naturall;etott IS casy to vgffy thatP = P~ satisfies (25). Indeed,

contractive coprime factorization for our uncertain sysse SubstitutingP = P~ into (25), we haveq; =0 andii1 < 0
by the fact thatP, X® = F°P also satisfy the LMI (14) and

B. Contractive Coprime Factorization of Uncertain System#e fact that (14) is (;,\quivalent to (15); see proof of Theorem
In the LTI case (without uncertainty), when seeking modef L AIS0: A2 = —(B"— 1)l < 0. Then (25) holds, and this
completes the proof. ]

reduction methods in the coprime factor description, we aré Remark 14:The construction of contractive coprime fac-

particularly interested in normalized coprime factoriaas, : : S .
since robustness results on closed-loop stability ardadblai tors for the underlying uncertain systems is discussed in
[8]. A two-step algorithm and an iteration algorithm are

However, it is difficult, if not impossible, to find normal- ” -

: . o : suggested. However, the overall conditions are not jointly

ized coprime factorizations for the uncertain systems undé : . . .
convex in the decision variables, therefore there is no com-

consideration. Thus, in this section, contractive coprimé o S

L . . utationally tractable method to ascertain its feasipilit is
factorizations are considered for uncertain systems of t .

shown that Theorem 13 provides a tractable approach to the

form (1). We remark here that similar contractiveness ideafesign of contractive coprime factors based on the use of

have been explored in [8], [24], [22], [10]. )
Theorem 13:Given a robustly stabilizable and d_etectabIeLMls' In the absence of uncertainty, the above results also

uncertain systengs (1), suppose there exist matrices Po recover those in the discrete-time LTI cases [21].

andX € R™" solving the LMI (14). Let C. Contractive Coprime Factor Model Reduction
R—|.1DD*+BP 1B (20) With the contractive RCF (22) in place, the model reduc-
EC— _rlEp-la D’*C 21 tion method in [9] can be applied to the resulting contraectiv
=-R¥ + ), (21) RCF. The only problem left is to compute the controllability
and consider the following system, and observability Gramians of the contractive RCF (22), as
. stated in the following theorem.
GEA = B\%C} = 74(GE,A), (22) Theo_re_m 15:Given th_at all the conditions in Theorem 13
A are satisfied, the following statements hold.
A+BF° BR? () P! is a generalized observability Gramian for the
G¢=| C+DF® DR 2 |. (23) uncertain systeng ¢, (22).

C C\ * 1p*
Then(ay,A(y) is a contractive RCF of the uncertain system (A+BFI)SA+BF)"—S+BR™B <0 (26)

Ga. has a feasible solutio® € Pg which is a generalized
_ Proof: Suppose the LMI (14) has a feasible solution  controllability Gramian for the uncertain systegg,

(P,X). From the proof of Theorem 9, (14) is equivalent (22).

to (16). It is obvious thatP, X® = F°P also satisfy (16), Proof: (i) From the proof of Theorem 13y11 < 0 in

therefore satisfies the LMI (14). It follows from Theorem 11(25). This verifies thaP = P! is a generalized observability

that (a4, 2(5) is an RCF ofga. Note that herga/5,A(y)  Gramian for the uncertain systegE, (22).

are scaled b)R*%. (i) Since gg, is robustly stable, invoking Theorem 4, it
To prove that(a 5, (\) is contractive, that i Gg,|| <1, is straightforward that the LMI (26) is feasible, agdis a

we show an equivalent claim that;g,|| < B for anyB > 1. generalized controllability Gramian fagg,. ]



The above theorem provides a numerical way to comput@efine the following matrices, partitioned accordingly fwit
generalized Gramian® = P~1 and S for the contractive the partition in (30),
RCF (a5, AX) of the uncertain systeng,. We are ready L 211 2 _ "
to summarize the proposed coprime factor model reduction 4 = A+ BFST 1= [ 1 12] ,B=BR 2= { 1} ,
algorithm as follows.

Procedure 16 (Coprime Factor Model Reduction): C = {CJFF?'IFCIl] _ [Cl Cz] . D=

A21 A22
1
DRz
1

R 2

1) Solve the LMI (14) to obtaifP. DefineR as in (20),F¢
as in (21) andP =P L; Note that, from the proof of Theorem 13, (24) holds for

_ —1 . . . .
2) Solve the LMI (26) to obtairS; P = P+, Left- and right-multiply both sides of (24) with

H —1\x H -1
3) Apply Steps 2-4 in Procedure 6 to the uncertain syster%'ag((-r )";1) and diagT~=,1), and we have

Ga (1) to obtain the reduced dimension uncertain system ()* 2 024 3| |2 O <0 (31)
asgrAzfu(GhAr)- 0O I||lc o 0 BZI ’

Assumption 17The reduced systenia = #u(Gr,Ar)  Left- and right-multiply both sides of (31) with diég, 1)

obtained in Procedure 16 is well-posed. and diage*,1) to obtain
The discussion on the conditions of the well-posedness of “Ts: 0l [a1: @ s 0
the reduced system is beyond the scope of this paper. Here () [01 I} [Cﬂ @l} - {01 BZJ
we will only concentrate on the model reduction technique . .
for the uncertain systems. The reader can refer to [9] for < —() 2r[a21 B2] <O0. (32)

some resorts, for exampkrict casuality ond; x --- x &, ) _ )
guaranteeing a well-posed reduced system. It is easy to verify thata11, 81, C1, D are the system matrices
- . of G in (28). Thereforg(a,4, ;%) is contractive; see the
Theorem 18:Suppose that all the conditions in Theorem ffF fTh ) 13 rAr A '
13 are satisfied, and that the reduced dimension uncertdl?®' © eo.rem : . u
system Gra — u(Gr,2y), where G, is defined in (9), is . Remark 19:Note that §0Iut|onsto the LMIs (14) and (25),
obtained as described in Procedure 16. Under Assumptignth.ey. ?X'St’—falre not unique. In the absence of uncertainty,
17, consider the following system minimizing P~+ subject to (14) and minimizin§ subject to
' ' (26) could lead to a normalized coprime factor model reduc-

tion algorithm. A possible heuristic is to seek approximate

C
Goen= [;\{[{9} = Fu(Gi,A), (27) normalization in the presence of structured uncertaihigt t
il _ is, solve the following two semi-definite programs:
C — —
. At BFFFC BrRﬁf 08 min trace(Z) with P € Po
=] G T:CDF’ DRR e (28) subject to (14) anc{ : H >0, (33)
2
.

min trace(S) with S€ Pg subject to (26)  (34)

where F¢ = —R}(B*ZA+ D*C)?*, and 2 is the corre- Also note that although the two conditions in (14) and (26)
sponding truncation matrix in Procedure 16 definedras  are convex (separately), however, similar to the balanced
diag(®1, -+, 2«), i = I, 0]. Then the following statements truncation in the LTI case, the computation of a solution of
hold. the LMI constraints which leads to the best reduced model

. . . introduces a non-convex problem.
() (mS,2.%) is a contractive RCF 0. P

(ii) V. EXAMPLE

c c Consider the same example in [9] with
ASUADHGFA—ngAH <2(Ya+1+- +VYa)- (29)
S C

[ 05034 01768 —0.2340 —0.1406 05814
Proof: It follows the proof of [9, Theorem 11,] that 0.0096 05498 —00362 —0.6744 22496
(M2, 7;3) is an RCF ofgra and the error bound (29) holds. A= | 0.0337 02546 00984 —0.4051 13599,
It only remains to prove thatm 3,44 ) is contractive. —0.2709 01470 03249 00484 06356
For simplicity, here we only consider the casekof 1. —0.0909 00491 01075 -0.1019 05681
As described in Procedure 16, [&tbe the transformation :0.3306 01700
matrix to balance®’, Sand® =l 0] be the corresponding 0.8951 03442
truncation matrix. Then B= 05487 02143,
0.8748 08821
TST = (T 1)'PT ! =diagZ1, %2), 05217 04479
N -1 A Al F By 3.0622 —-0.9986 —0.7126 64339 -10.4291
A=TAT == [A21 AZJ’ B=TB= [Bz}’ C= 13.0396 —-0.9913 -0.7073 52369 -—8.4887]’

C=CTl=[C GC. (30) A=diagyl3,3l2).



Solving the LMI (14), we obtain

p=pt [1]
[ 961453 247774 —304131 00000 00000
—247774 75136 64620 00000 00000
=|-304131 64620 125545 00000 00000 |, [2]
0.0000 00000 00000 085330 1634846
| 0.0000 00000 00000 1634846 2759870
X [3]
FC_ 12027 —-0.1404 -0.5680 08741 —2.2285
~ |-0.0957 -0.2160 -0.2979 -1.0129 15355 |-

[4
V'\t/ﬁ can then construct the contractive RCF as in (22), (23)
Wi

(5]

r 0.8847
1.0532
0.6731
0.6968
0.4937
3.0622
3.0396
1.2027
L —-0.0957

00937

03498

01313
—0.1663
—0.1209
—0.9986
—0.9913
—0.1404
—0.2160

—0.4724
—0.6471
-0.2771
—0.4347
—0.3222
—0.7126
—0.7073
—0.5680
—0.2979

—0.0238
—0.2406
—0.1425
—0.0804
—0.0996
64339
52369
08741
—-1.0129

01057
07834
04662
00406
00933
—10.4291 ‘

0.1758
0.4883
0.2990
0.4197
0.2585
0.0000
0.0000
0.5860
—0.1053

00555
00886
00560
03764
01829
00000
00000
—0.1053
05311

(6]

—8.4887
—2.2285
15355

(7]
Solving the LMI (26), we obtain
(8]

0.0772 01973 01214 Q0000 00000
0.1973 05222 (03203 Q0000 Q0000
S=|0.1214 Q03203 01968 Q0000 00000, . El
0.0000 00000 00000 05599 03169
0.0000 00000 00000 03169 01827 [10]
Then the balanced Gramian is
=, = diag0.83700.3146 0.0268), =, — diag(1.1436 0.8147). !
Truncating the system matrices corresponding to the IaﬁtZ]
generalized Hankel singular valuein, the reduced dimen-
sion uncertain system model is defined by (3]
[ 0.3830 00865 —0.3771 Q7548
A — —0.1633 06255 —0.0157 01556 [14]
~ |-0.6731 05150 Q3777 —0.2194)°
|—0.3692 02832 00094 02388 5
[ 1.0572 00349 (sl
B —0.2642 —0.5105
"~ |-0.6643 —1.5790| [16]
| 0.9864 00412
G _[-02745 —00669 06423 0242 (17
- |-0.2725 -0.0664 —-0.5228 —0.1973"
A = diag(112, 3,15). (28]
and the error bound on the coprime factors is given by [19]
sup||GEa(S) — GEa(S)|| < 2x0.0268= 0.0536
AcA° [20]

VI. CONCLUSIONS

The paper considers the problem of coprime factor modgll
reduction for a class of discrete-time uncertain systems
with structured norm bounded uncertainty. The propose
method is applicable to the uncertain systems which may lgez]
robustly unstable, overcoming the robust stability restin  [23]
in the balanced truncation approach. A systematic approach
is presented to construct a contractive coprime factorter t 54
underlying uncertain system, based on the used of LMis.
This enables the balanced truncation to be applied to the

. ) . 25]
contractive coprime factor to obtain the reduced uncerta
system.
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