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Abstract 

In this papcr, we present, the first, complet,r sohition t,o t,he de- 
cent,ralized inodel reference aclaptivc control (MRAC) problem 
for general intcrconnected uncert.ain dynaiuic systems wit.h ar- 
bi trarily large interconnection st,rengths. Each local subsystem 
may be perturlxd by  significant^ unmotleled dynamics as well as 
contaminat,ed by bounded outpiit dist~urbnnces. Despite lhese. 
excellent properties of t,lie closed-loop conbrnlled syst.ems can bc 
proven, which are hardly achieved by conventional decent,ralixed 
MRAC [5: 71. The Iracking errors can be made as small ils pos- 
sible by snnply decreasing the design time const,ant, r .  It should 
also be notecl that t,he present.ed algorithms form the decent,ral- 
ized counterpart. of our earlier work [12, 13, 141, where the vari- 
able st.ruct.ure design (VSD) for the MRAC of general uncertain 
plants is investigat.ed. -4 simple example is also providcd to ex- 
plain the advantage of reducing the controller complexity when 
the proposed deccnt.ralized MHAC‘ design is incorporat.ed. 

1 Introduction 
The prohleni of tlecontralized adaptive control is a. research 

subject of great. t.lieorctical and practical interests [3, 5, 171, [PI- 
[ll]. 17ery recently, an &tempt [lo] has been made to deal wtth 
the design of cleccritraliznd adaptive controller f<J l  interconnected 
uncert,ain dynamic systems, where the unce 
1,ypically described by transfer functions perturbed by paramet- 
ric, nonparametric uncertainties, and uncertain interconnections. 
In contrast t,n the stocliastic cont.rol approach, no assumptions 
are niade concerning the shtistics of the unccrt,aint,ies conid- 
ered. Alt,eniativcly, the approach is based on the given nominal 
plants which are snbjected to parametric uncertainties, and the 
0bjeCt.iVe is t.o construct t,he contmllers which ensurr desirable 
performance in a deterniinistk sense (e.g. ultimate boundedness 
or uniform boundedness). 111 such a syst,rm, each local sub- 
syst.em is cont.rolled independently using a.n adaptive algorithnl. 
Practical areas of npplicat.ion of rhis design philosophy include 
large-scale intercoiinecterl uncertain systems, for irdance, power 
genrrat.ion plants and process cont.ro1 syst.eins [:’.. 81. 

It. is known [y]-[11] that, direct applications of niodel refer- 
ence adaptive controllers, e.g. [5, 71, t.o t,lie iiit,c?i,corinected un- 
certain subsystems yield unsatisfactory systerrl beliavior arising 
from the poor knowledge of the sysrem parameters, the innnod- 
eled dynamics, and/or the unrnocleled interconnections. A way 
t,o remedy t,his is to incorporate the VSD [6] concept into the 
conventional decent.ralized design. A new approach to deceu- 
tralized MR-4C is recently developed [9] which achieves finite- 
tinw convergence of t.he tracking wror despit,e the existence of 
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intei ( onnect ions among subsystems, wliich may 1~ nonlinear and 
tnnr-varying with any 1,054lble strengths. As a counterpart, z c  
allow the exchange of the output information arnong subsystems 
to generdte a riormaliztngsignal so as to circumvent the effects of 
unmodeled dynamics and nnmodelrd interconnections [lo]. l’o 
the best of our knowledge, it  is the first work which ensures the 
finite-time perfect tracking property in the poszihle presence of 
uninodelrd dynanrics, unmodeled interconnections, and output 
clisturlmnces. In the recent work [3 ] ,  although thr same inter- 
conncctIon pattern as that fornlnlated in [9]-[I 11 is considered, 
the tolerable strength of the interconnertion can only be p-sniall. 
Anotlier rrlated work [8] also proposed a decentralized adaptive 
scJieme for systems of ai bitrary relative degree without matching 
assurnpt ions, but only for the purpose of stabilization. 

In the present paper, based only on 1/0  measurements, wc 
develop novel decentralized MRAC algoritlnns for a class of in- 
terconnected unrertain dynamic systems in ordrr to 

(a) improve the transient bchavior and the tracking perfor- 
mance by incorporating the VSD for each nominal sub- 
plant with any possible relative degree, 

(b) counteract or reject the possible unrnodelrd dynamics. 
nonlinear time-varying interconnections, and/or output 
disturbances, 

(c) reduce the computational difficulties due to the use of cen- 
tralized algorithms. which may lead to computationor nu- 
merical instability, 

We also point out that these proposed algorithms form dcccn- 
tralizrd counterpart of our earlier results [12, 13, 11). Note that 
the underlying framewoik can lead to more reliable control d- 
fects under normal opeiations as well as in some occasions with 
failure of the interronnections and/or the data transnutting net- 
work 

?‘lie layout ot this paper is as follows: Section 2 motivates 
the problem of investigating the decentralized controller design 
through an illustrative example. Preliminaries and problem 
statrments dre given in section 3. Practical redesign of the ro- 
bust decentralized MHAC algorithm using aver.tging filter is PS- 

tahlished in section 1. Simulation results for strongly connected 
two-by-twoplantsare shosn in section 5. Sertlon6 ronc-ludes the 
paper b y  summarizing the main results and outlines our future 
rrsearcli. 

2 Problem Motivation 
The MH AC fur the continuous-time decent,ralizc:d systems based 
oiily nn 1/0 measurements has caused great rnsearch intersst.s 
for a long timt;. In the case when; each subsystcm is of relative- 
degree one, some structural constraints are imposed [5] t.0 make 
the stability of the overall syst.em under t,he de(-entraliwd adap- 
tive control be invari‘ant to interconnections among subsyst.erns. 
incorporating tlrc VS design concept, Wu et al. [9] proposed 
a completely decentdized MRAC: scheme that hits  the sliding 
mode of each subsystem. interconnected with arbitrarily large, 
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ossibly nonlinear and tinie-varying st,rengt lis, in fi i i it ,e tinic. In P 101, the rlecentralizcd MRAC for plants wit.11 adtlit,ive, riiuki- 
plicative unmodeled dynamics, ancl out put. disi.urbances arc pre- 
sent.ed. The fiuit.e-t,inie perfect t ing propwt,y is dill olhiinecl 
t,lie same as in [“I nioclulo sonie t,eriiig arouri(l t.he ideal slirl- 
irig mode. lJntler the assumptions t.liat. thc Iiigli f‘recliicncy gairi 0 1  
each of the isolat.ed subsystem is liIIowI1 ancl t,he unmocleled int,er- 
connections are ”sinall”, Datla [3] shows t.li;tt. a design is possible 
in t,he case of deceubralized I\;IIZAC with allowablc exchange of 
output. informat.iori clinong individual 

tleccii; ralized ILIRAC:, i.e., 
iges turlong subsyst.ems, foor 

inteiconiiect,ioris is still an open quest inn there. Hdclre solving 
t,his, we will first give an nuinerical cxample t,o niotivalc t,he 
investigatioii o f  t.his ciccentralized cmnt.roller tiesign prol,leni. 

Consider ail example with two input,s and two out.pi1t.s : 

Y1 = GI (S)(”1) + JI12(.5)(YZ) 

Y2 = G 2 ( s ) ( w )  + H2, (S) (Y , ) ,  (2.1 1 

where ~1 and 712 E 1% are the plant, inputs, 91 and y2 E R arc 
the plant, outputs, and Gl(s) = s--I G ~ ( s )  = &-- .>L.-I ’ 1’1 ,2(s)  = 
&, 1121 (s)  = & are plant. trtmsrer functions. For a 
tJet,ter viewpoint. we c-Iefine the compact. vect,ors 11. = [,ti,, u 2 ] * .  

y = [y1321T. a n c ~  tlir collipact, transfer functiou ~ ( s )  as : 

y = C( S ) I I  

wluch yields 

with d ( s )  = (s - I ) ( s ”  + 5s4 + 1083 + 1 0 2  + rjs + 9). Since 
the observability index of G ( s )  is 6 ,  the total nuinber of control 
parand.ers required by using the convenlioiial scheme in [2] is 
2 x 6 x 4 = 48. H u t  if wc can clirecbly apply the control scheme 
proposed in sect,ion 3.4.2 10 each subsyst.em (wliereiri one sub- 
syskm is with rekive-degree t,wo). (.lie t.ot,al nnmLer c d  control 
parameters is equal tm 2 x 1 + 2 x 2 = 6 .  This shows that t.he 
decentralized adapt.ive scheme is much less coniples t,han t,he cen- 
t.ralized adapt,ivc scheme and is much more suitable for practical 

airis the advanhge and, hence, mot.ivat.es 
Lralized controller design. 

lem Statements 
Consider a large-scale iiiterr-onnectc.rl uncertain zystenl contairi- 
ing N SISO sulsystenis : 

62, : v 1  = [Go*(s)(l+ P1Amt(S)) + kllAa*(s)l(u*) + d”,(t)  

h’ 

+ ~z x f 1 t 3 ( s ) ( ~ t j ( g , . t ) ) ,  L E N (3.1) 
J=l  
If, 

where N = {I , . . . ,N} . and for tlie i-tli subsystem 0,. u t ( t ) .  
yZ( t ) ,  and r l , , ? ( f )  E R are plant input, plant output. and  plan^ 
clisturbance, rrspectively, Aln, (s) arid A,, (s) are the multiplica- 
tive and additive unmodeled dynamics, respectivcly, and p1 and 
f i2 are positive> constants. The function Fzl (y , ,  1 )  : I3 x R -+ X 
stands for the inlerconnection input arising frorrl the subsystein 
0, to  subsystem n, satisfying 

fcws(.>riie nonnegativenurrthors o,,,:; # i , i , j  E N, M, , ( s )  is thc 
t,ransfer function from F1, ( g 3 ,  t )  lo y e ,  and the rioniiiial sul~plant~ 

G,,? (s) = lip, 

(SI )  G,,(s) is of knon.11 reliit.ive rirgree v, 2 2 ancl G,,(s-- c l ; )  
is minimum phase for sonic y1 > 0, i.e.. i i p , ( s )  and d,;(s) 
ape Imth inonic, coprim‘ polynomials of degree ‘ri? - v1 arid 
T I & ,  respcct.ivcly, ancl T?,, (s - y t )  is F1urwit.z. 

(S2) The sign cif k,i is known a priori and, withont loss of 
gc:iicralit,y, is nssuiuecl t.o bo positive. 

ilpto. 
8 )  IS sul)ject.ed t o  the following assumptions. 

( S 3 )  ancl sh, , , (s )  are strict,ly proper ancl stable lor 
some a; > 0 and t,hat. G;(s)  = G,, , (s)( l  + p ~ A v r L z ( . s ) )  + 
p ~ A , ; ( s )  is niiriinimn phase. 

( S i )  do; ( t )  and rioi ( t )  are uniformly hounded. 

(Sa) sHt3 ( s -  9;) or G,’ (s- y , ) H , ,  (s- qt) / (s+at )” l  are st,able 
and sus Hi, (s) is st.rict.ly proper. 

R.emarks 3.1 : 
1 he dynamics of t,he interconnected systems R are unknown 

in t,he sense t,hat. the trmisfer function Gi ( s )  and H , ,  (s) and the 
nonlinear t.irne-varying functions F~~ (y3 ,  t ) , j  # i ,  i ,  j E N are 
not specified in advance. The plant model (3.1) shows that, the 
interconnect,ions to each subsystem are not. neci:ssary tu appear 
in it.s cont,rol channel. .4s a consequence, fft ,(s) , j  # i , i , j  E N 
are in general different. from C;; (s) ,  but when viewing from the 
st.ate space inodel [5, 71 it. is rational t.0 assunie that t,hey shodd 
cont,ain the sane unshable poles as stated in (S5). 

The tracking problem fox the i-t.h subsystem (3.1) can be for- 
niulatcdas follows : clcsign a control U ,  such that the local out.put. 
y i  tracked as closely as desired the reference output ym; of t.lie 
local reference model : 

r ,  

(3 .3)  fL7ni (s) 

d“.,(s) 
Ymz = Mt(s)(rt) = h n i -  (.t 1 

In order to nieet the control objective, we impose the following 
msumptiori on the reference model. 

(S6) M , ( s  - ql)L1,(s  - 9 , )  is strictly positive real(SPR) [2] 
with i L m L ( s )  and d,,,(s) being rnonic Hurwitz polyno- 
mials of degree n, - v1 and n,, respectively, L l , ( s )  = 
(s+( I I ,  - q t ) . . . ( s + u u t - l , z  - 9 , )  beinga (v,  -1)-thordei 
Ilnrwitz polynonial, sgn(k,) = sgn(k,), and rt being thc 
irference input 

For each suhsysteni, the model m.ztching [1] between the isolated 
nominal transfer function Go, ( s )  and the refeience transfer func- 
tion Af,(s) is given as . 

1 - C,:,(s) - D;,(s)G, ,e(s)  = c~,&q--l(s)L‘ol(s) (3.4) 

Following the s ” ~ e  steps as shown in [lo], we derive thc error 
inodel for the intcrconnec~erl subplants as: 
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+ - (d.2) 

iv 

where 0: = [ ~ ~ ~ , , ~ ~ ~ r 7 ' . i 1 ~ 7 , L ; ) ~ z ' 1 ' ] 3 ' .  I - q'rtlt - g Y 1 t  + 1-&14;, + f L 2 r 7 ; f l  < A!I,1,mt(t) + c : i ( l )  
We (:ai-efiilly investigate the signals defiucd in (:$.6) while Iterp- 

iiig the assiiinphns (S3), (S4).  rind the iiircliialities (3.2) in Iv j * I  < l W 2 ,  (4.4) 
mind. 'Hicn, it. i s  easy tu find that i f  we define a noniializing 

.bein its t.lie st ate of  t.hc following clifTercii- To verify t.hc properness of choice (4.3.1), a simple Lyapimov 
(.in1 cqiiatiori : fuii(:r,ioii i:ancli(jatc V I ,  = e;rTP1,eit is picked, wliose t,ime 

derivative is given as follows : 
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. .  
and uU,, = 11 > .  

signals u , ~ , ~ ,  .j, = 2, . , vz - 1, are rhosen as : 

l h I  I = - s w (  e j ,  ,) [&I3, 1 I ,m ( t )  + >4dJ, 2 4 ,  

Remarks 4.1 : Since all the cont,rol gains can t,heoretically be 
chosen sufficierit.ly large, t.he order of t.he unniodeled dynam- 

can be arbit.rari1y large wit.hout destroying the syst.em stability. 
The (.racking error vanishes as the design paramet,er T becomes 
smaller (but T can not be identically zero to prevent the use of 
(.he differcnt.iators in the cont.roller design) in spite of the de- 
grees of the unmodeled dynamics, interconnections, and output 
disturbances. 

With regards to (4.6) arid ( - l . T ) ,  the ~L~lsiliar?; c o ~ n ~ e ~ l s a t i o n  ics allcl llnrnodeled illt,ercomec~ions, nanely, LL1 a,,d 

(4.9) 

where M J ,  li and M , , z t  sat,isfy 

5 Simulation Example 
lvJtC,l < AdTzzc, (4.10) Consider the following interconnected dynamic- 5ystems 

Then, the finile-time convergence of qignals ~ ~ ~ ~ ( t ) , . ~ ~  = 
2 , .  . . , vz - 1. are verified by incorporatiiig the SPR properties YI = (s)(l+ piAnzi(s))ui  t V Z J ~ I Z ( S ) ~ J L  

of - . j l  = 2,...,vf - 1, and the fact that ~ ~ , ~ ( t ) , ~ ,  = 
1 , .  . , v, - 1, are exponentially decayuig signals. The last layer 
allows 11s l o  properly drfine the nctaal control force U ,  by ob- 
serving that 

L/Z = C;02(~) (1  t p i A m 2 ( ~ ) ) ~ 2  t ~ ~ H ~ I ( s ) ? / I  

where the transfer functions are given as 

(4.11) 
p1 = 0.01, p 2  = 10. The reference models chosen here are 

A proper choice of the contvol law will be 

11, = e,TEU,, t V L X ~ , ,  + sq,, (4.12) 

To implement the decentralized scheme in section 4, we choose 
Ll , ( s )  = s t 5 such that M ~ ( s ) L l l ( s )  is SPR and the design 
time constant 7 = 0.01. The simulation results are depicted in 
Figure 5.1 with reference inputs T I  = T Z  = 1. 

with control parameters 0, and &(total nith ( 2 n z  t 1) parame- 
ters) updated according to the following tuning formulae : 

6 Conclusion 
where 9, = f i t  - qbr, l’, = I’T > 0,  p, > 0, and the switching 
control forcc SPpl is chosen as : In this paper, new drcentralized MRAC algorithms for a class 

of interconnected uncertain dynamical systems have been pre- 
sented. From the analysis provided, the main features of the 
developed approaches are : 

(4,1Ll) S p  = -ss?z(eu,,)(Ml,m,(t) t M 2 2 )  

with Mi, in , ( t )  t f z ( t )  > Ip iv t t f  + ~ 2 v t , ~ l  arid Afz, > lv:,,l. 
The finite-time convergence of the signal c u t ,  will be shown 

in [15] after we sketch the major results of this section in the 
following theorem for clarily. 
Theorem 4.1 : 

Consider the system defined in section 3 with the conkrol algo- 
rithm defined in this section. [Jnder the a3suniptions (Sl)W(S6), 
there exist r* > 0 surh that for all 7 E ( O , T * ) ,  the following 
properties will hold for a11 z E N. 
(a) e3,, approaches zero in finite time, 3, = 1 , .  . . , v,. 

the algorithms are not completely decent r a k e d ,  but the 
degree of computational romplexity is about the same as 
those of the completely decentralized algorithms. 

the global stability of the adaptive systems is ensured in 
the presences of significant unmodeled dynamics, bounded 
oulput disturbances, and arbitrarily large interconnec- 
tions, and the tracking errors drop to vrry small values 
as time goes on, 

each nominal subplant can be of any possible known rela- 
tive degree, 

(b) All signals in the closed-loop system are uniformly (d) algorithm after practical redesign makes the proposed ap- 
proach physically realizable and forces the output errors 
to diminish to zero by simply decreasing the tinic constant 

bounded. 

(c) The output error eo, will converge exponent,ially to an ar- r ,  
bitxarily small residual set whose size is a class I< function 
of 7 only. 

(d) The magnitude of thc swit.ching gains Mli ,  Adz8 can be 
chosen to be proportional to t,he order of the unmodeled 
dynamics and the unmodeled interconnections, namely, p~ 
and p~z, and the order of (.he out,put. disturbance, respec- 
tively. and/or nonlinear plants. 

(e) the improved transient performance is expected by incor- 
porating the VSD. 

The fut.ure research will be the reliability analysis of the pro- 
posed decentralized adaptive control algorithms under channel 
failures and the decentralized adaptive control of time-varying 
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