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Qianfang Liao and Da Sun

Abstract? In order to better handle the coupling effectswhen
controlling multi ple-input multi ple-output (MIMO)  systems
taking the decentralized control structure as the basis, this paper
proposes a sparse control strategy and a decoupling control
strategy. Type-1 and type 2 Takagi-Sugeno (FS) fuzzy modelsare
used to describe the MIMO systemand the relative normalized
gain array (RNGA) based criterion is employedto measure the
coupling effects. The main contributions include: ). compared to
the previous studies a manner with less computational costto
build fuzzy models forthe MIMO systemss provided, and a more
accurate method to construct the saalled effective T-S fuzzy
model (ETSM) to expresghe coupling effects is developedi). for
the sparse control strategy, four indexes are defineth order to
extend a decentralized control stucture to a sparse one
Afterwards, an ETSM-based method ispresentedthat a sparse
control systemcan berealized by designingmultiple independent
single-input  single-output (SISO) control-loops iii). for the
decoupling control strategy, a novel and simple ETSM-based
decoupling compensator is developed that can effectively
compensatefor both steady and dynamic coupling effectsAs a
result, the MIMO controller design can be transformed to multple
non-interacting SISO controller designs.Both of the sparse and
decoupling strategies allowto use linearSISO control algorithms
to regulate a closely coupled nonlinear MIMO system without
knowing its exact mathematical functionsTwo examples are used
to show the effectiveness of the proposed strategies.

Index Terms? effective fuzzy model,T-S fuzzy mode| sparse
control, decoupling control, type-2 fuzzy logic.

I. INTRODUCTION

UE to the existence ofcoupling effects, thecontroller
design for multipleinput multipleoutput (MIMO) system
is generallyof much more complexity when comparedit®
singleinput singleoutput (SISO) counterpartin the area of

first step, different interaction measureare availablefor
pairing, such as the controlldibj and observability gramians
[4]-[7], and the relative gain arralRGA) family [1]-[3],[8]-
[12]. For the second stea challengeexists that the sub
controller design generally requires to know the coupling
information [L2]. In many existing studies ahe modelbased
decentralizeccontrol extra terms are added to the model of
isolated paired channel to characterize the coupling effects
sub-controller desigii3]. These extra terms may not be always
obtainable, especially ima complex MIMO system An
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revised to express the coupled resulits[15], the effective
TakagiSugeno (FS) fuzzy models (ETSMs)s presented
where he coefficients of theT-S fuzzy model are revised
according to thecoupling effects measuredby the relative
normalized gain aay (RNGA)basedcriterion[2]. Unlike the
effectivetransfer functions inl[2]-[14], ETSM [15] can be used
when the exact mathematisglistenfunctionsarenotavailable,
and is more robust against the uncertainties. In additibn,
allows to apply linear SISO control algorithmson the
decentralized conttier designfor nonlinear MIMO systens
thanks tahe factthatT-S fuzzy model is composed of a group
of linear local model§16].

However, wherthere are strong coupling effects among the
paired inpwoutput channelst is possible that no decentralized
control yields a satisfactory performance due to the limited
flexibility of control structure On the other handeotralized
controler using fulkdimensionalcontrol structurethat each
output is regulated by all inpaican handle the strong coupling
effects,but canresult in greatly increased complexity and cost
in controller design and tuningspecially when the MIMO

MIMO control, although different sophisticated schemes hav@ystem is of high dimension. For this problem, one solution is

been proposedjecentralized contralemains populasinceit
employsthe simplestcontol structurethat one manipulated
variable (system input) regulates only one calfed variable

to increase the flexibility of theomtrol structurepeyond the
onefor-one, to the extent that a satisfactory resah be
achieved without necessarily usirigll-dimensional control

(system outpuf)which is convenient to tune, maintain andStructure Sparse control which is a compromise between
implement [1]-[3]. In general, there are two steps fordecentralized and centralized contrd, introduced as this

decentralized control to handle coupling effects: first, the inpug®lution[5]-[7],[11],[14]. In sparse contropartof the outputs

and outputs are carefully pairéaat the resultingpnefor-one
control structureis of minimum coupling effectamong the

are regulated by more than oin@uts thus ithasextra design
degree of freedom to manage ttoupling effets compared to

subcontrollers of the paired inpaiutput channels to eliminate c0mMpared tahe centralized controlin [S]-[7], the methodso

the coupling effectand achieve desired performanEer the
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select sparse control structursing gramiarbased interaction
measure and based on linear/bilinear/nonlinear mathematical
models are given. Thesaethod havenot referred tosparse
controller design and not shown any sparse control performance
In [14], aschemeusing RNGAand effective transfer fiction
to determine sparse control structure and design sparse



controller is presented. Thichemds based on linear transfer
functions and may not work for nonlinesystemsin [11], a
method based on-% fuzzy model to select sparse contro
structure is proposed. This methaarks for both linear and

nonlinear systems and does not require to know the exact

mathematical system functions However, it does not
investigate detéd sparse control strategy.

Another solutionto handle the closely couplgehirsis to
insert a decoupling compensatorinto the controloop to
compensatéor the coupling effectandsubsequentlgecouple
the paired channelsuch that thelecentralizedcontroller can
be decomposetb multiple noninteractingSISO controllers
Different methods have beenogposedin this area A static
decouplingcompensatoin [17] is givenfor decoupling at low
frequencies, and the dynamidecouplingcompensatoin [18]-
[23] can work in a wider range of frequendylowever,the
dynamic compensat@ may result in greatly increased
complexity in thecompensatoitself or in the decoupled MIMO
sysem. The methodsin [17]-[23] are designed for linear
systems. For nonlinear systerssyeralintelligent decoupling
schemes can be found. IM4]2a static neural network is used

to construct an inverse system for decoupling, and then the
controller is deigned based on the pseudo linear transfer

functions. In [B], a hybrid fuzzy decoupling method is

Subsequentlythecost for MIMO systermodeling and the
online computational complexityor the fuzzy model
basedcontrolless can be reducedn addition,compared to
the study in [15],a moreaccurateETSM calculationis
developed tgrovide a better expression fahe cogled
results orbothsteady and dynamic properties.

For the sparse control stratedgur indexes are defined
from the RNGA based interaction measute select the
sparse control structure, and an ET-8&ed method is
presentedhat the sparse controllésr a nonlinear MIMO
systemcan beachievedby designing multipléndependent
SISO controlles usinglinear algorithms.

For the decoupling control strategy, using the information
provided by RNGA, a FS fuzzy model basedecoupling
compensatois proposeavhichcan effectivelycompensate
for both steady and dynamic coupling effeétsdecouple
the paired channelgnd subsequentlyffload the burden
on decentralized contrdUnlike the existing method24]-
[26], this decouplingcompensatorcan be derived and
implemented without the prickinowledge of exact
mathematical functions or linearized function$ the
systemWhile compared to th&lamdani fuzzy logibased
decouplingmethodin [27], the proposedmethodis based
on T-S fuzzy modelthat can betterdescribe the system

X

X

developed based on the linearized systems and using the fuzzy dynamics and provide a platform to apply linear SISO

logic to approximate the nonlinear coupling effects. &,[By
using RGA to select the pairg decoupling control law is

control algorithmson theregulationof strongly coupled
nonlinear MIMOsystens.

proposed for & Ht system expressed by a linear function with  Two nonlinear multivariable systems aployedto show

nonlinear terms, and the adaptive nediuakzy inference system
is used to estimate the nonlinear term. RGAy uses the

and compae the performance®f the proposed strategiess
well as that oftype-l and type2 fuzzy models The results

steadystate gains for interaction measure and may givdemonstrate thdly using the same SISO control algorithm in

incorrect results because of lacking dynamic informatiois.

worth noting that the implement of these methods requires th
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extent. In R7], a fuzzy decoupling control system is presente

the sub-controller designs, both sparse and dedogptontrol

eutperform th& decentralizeadtounterpartard the decoupling
EoRtbVedhieize® bé keQdethut RSP Afibas thesparse control
does In addition, type2 fuzzy system achievemore robust

where Mamdani fuzzy logic is used. Mamdani fuzzy logic magerformanceompared tats type-1 counterpartwhich is more

not be sufficient to describe the system dynamicsganérally
need more fuzzy rules when compared te&sTtuzzy logic 8.
Given theaforementioned conditiorior a MIMO nonlinear
systemwith closelycoupledinput-output channeland without
knowing its exact mathematical functioms,order to achieve
desired performanceithout applying full centralized control
practical strateigs areneeded tgrovide further improvement
based ondecentralizedcontrolers In this paper, using-S
fuzzy modes$ to describe the MIMGystem and using RNGA
which considers both steady and dynanméormation to
measure the coupling effects, a sparse control strategy an
decoupling control strategy adeveloped Both typel and

type-2 fuzzy logic are investigated for the proposed strategies.

Compared to th typel (traditional) fuzzy modelising crisp
fuzzy membership gradesype? fuzzy model possesses
increased fuzziness the fuzzy membership grades. As a resu
it hasadditionalpowerto describe the uncertaintiaad can be
more robustagainstthe roise and disturband®9]-[33]. The
contributionsof this paperare summarized as follows.
X Compared to the previous stad in [3],[11],[15],
improvements madein terms offuzzy modekonstruction

evident wherarge uncertainty appears

Notations + s and r g denote thel H Jidentity matrix
and | HJzero matrix, respectively! ® means Euclidean
norm # L >=BEF %44 IS an J HJ matrix, where = EF,, a
variable or a function with the subscriptemposed by3E
orfand 3 F* denotesthe element in#. The subscript
combinationsndicatethe positions of the elements in tkieH J
matrix as follows:i). (and § gnean the elements iEh row
and Eh column;ii). G;gr § yneans the elements i or Eh
row and Eh or Bh columniii). Qor §means it exists in all the

da
elements ofth row or Eh column.

Il. PRELIMINARIES

In this section,eme preliminary worksncluding the RNGA
pasedcriterion and the ETSM basedecentralized control
strategy are introducedl hese works are the basis of our study.
The following assumption is applied throughout this paper.

Assumption 1 The MIMO systems considered in timaper
aresquare in dimensiompenloop stableandnon-singular in
steadystate conditions The time delays between inputs and



outputs areconstant andneasurableand br each inputthe ii). 6ysof the paired channels should be closest to 1
delays between &nd all outputs are consideredbeidentical iii). 0+L AXG:@;:H P 1, 04is the Niederlinski indefa4].
@-Y60

where T £-4 ;is the determinant o after column swapping

to place the paired elements in the diagonal positions if
necessary, an@\f-@b yuis the product of steadstate gains of
the paired channels. A positive NI is a necessary condition for
a stable controlystem []-[3],[11]-[15].

Fig. 1. T-S fuzzymodelbasedcontrotoop for aMIMO system In [15], a decentralized control stratedyased on RNGA

criterion and TS fuzzy modeis proposedWebriefly introduce
A T-S fuzzy model basedcontrotioop for an J HIMIMO it a5 follows

systemis shown in Fig. 1, wher?l R NR® NR? D9* ). By using RNGA based criterionhé inputs andoutputs
stand forreference valuesQL >Q ® Q? D9aresystem are pairedo determine a nominal fuzzy model matrix, denoted
inputs, UL 34 ® ? D 9% are systemoutputs, and @L by @&, which keeps the paired elements(gf and discards the
N U (i L Bigg,,isadHJIT-Sfuzzy modematrixto  rest. Forinstance a u H usystem with pairing structure F
describethe MIMO system Bj gys the T-S fuzzy model Q W F Q U F Qhasthenominal fuzzy model matrias:

(SISO) for isolated channel F Q ( BFL s&a® &l); )., L r I Biss
G g,,, is theMIMO controller. & L NBigs T r o (4
When designing @ecentralizedccontroller )., the primary r Bige T

step is to select the dominant immuttput pairs to forma

decentralized control structure. For this isgshe,RNGA based
criterion is ahelpful means[2],[3],[11],[15]. For a MIMO

system represented bfs;, RNGA based criteriorusesthe

steadystate gain,y j,vandthe normalized integrated errogy.y
of each Bj 4 %0 evaluag¢ the coupling effectand then pick out
the dominant elemenf3],[11],[15]. Collecting y gs and B;s of bl N; G’f‘i Gr o )
all elements in(j;, we can have two mates, a L o/ s v o

Cl/g 5 r r
and B L Bg,,, Afterwards, the RGA and RNGA fafj; can

i _ iii). Based onB; g4 of the Jpaired channel and the
be calculated bshefollowing equationd2],[3],[11],[15]: information provided by RNGA based criterignJ ETSMs,
21

4)Y#L cﬁU%Hé Laé:a; (1) denoted byB; 55 can beconstructedo represent theaired

40)#L odyg,, L : aepRé:aenr?l ) channels with coupling effecssich that each nerero element
G0 ) ycan be independently designed basedhenB; g

where € and e are elemenby-element product and division, Taking @) and 6) asanexample, the decentralizedntrolin

respectively,: &' means inverse and transpose matrix. Notgig. 2(a)can beequivalentlyconverted to three independent
that the sum of the elements in each row/column of RGA e@inglecontrotoopsin Fig. Ab).

RNGA is 1. The definitions of the relative ga#ywand the
relative normalized gaing are [L]-[3]:

ii). Based on@;, the control structure fothe decentralized
controller ) ,,is determined by the principteateachnon-zero
elementB; 4 n &, is related tasubcontroller G,y whichis
in the transposed positi¢hl]-[15]. Takingthe system iif4) as
anexample its decentralized controllés:

&k Yo Py
T 22209 10909 5 gy )
where (, L B, &B;Js called relative normalized integrated @ ®

N . . Fig. 2. (a). aMIMO controloop; (b). ETSMbased SISO contrébops
error, W;vand Bjvare the apparent steadtate gain and

normalized integrated error dflyF Qwhen otherloops are
closel (the closure of other loomsn cause the coupling effects
on F @ From @), we can knovy that wheay a}nd ouare directly apply the well-developed linear SISO control
close to Xi.e.,the values ofy@; and B are close toy s &and Byy  gigorithms  to regulate nonlinear multivariable systems.
respectively, the channel F Q is highly independent However, vihen there exists strong coupling effects among the
(dominant) and robust to thupling effects caused mther paired channels, the decentralized control may provide
channels.Sulsequently, yF Qis likely to be selected as a satisfactory performanatie to thdimitedflexibility of its one-
pair. The pairing rulesof the RNGA based criteriomre for-one control structurén this paper, taking the decentralized
presented as follow®],[3],[11],[15]: control strategy in [15] as the basi,first,improvements are

i). &y and 05 of the paired channethould bepositive made with respect ttMIMO fuzzy modeling and ETSM

The ETSM based decentralized control strategy is a practical
method that can benplementedwithout knowing the exact
mathematical functions of the MIMO systems, and allows to



calculation. Afterwards, the sparse and decoupling contrtile following equatiofi3],[11],[15]:

strategies that camprove the control system interms of
suppressinghe coupling effects are developed.

I1l. Fuzzy MODELING AND EFFECTIVET-SFuzzy MODEL

CALCULATION FOR MIMO SYSTEM
A. Fuzzymodeling for MIMOsystems
In the previous studies3];[11],[15], each Bj gyn (i is

independently identified based on ethinputoutput data
samplel fromthe isolated; F Q This mannemay not work

for some complex MIMQystenswhere the data of the isolated =5:G L Aé@, BTG R a

channels cannot be deriveddn the other hand,the
computational costan become a problem especially ftire
large-scalesystens since J®fuzzy modes need to be identified
for an J H Jsystem To overcome these limits, thigaperuses
a different manner to derivé§;; thatonly construcs oneMIMO
T-S fuzzymodel for theJ H Jsystenbased on thmput-output
data sampledrom the overall systeninstead ofthat from
isolated channels.

For anJ H Jsystemin Fig. 1, collect the inputoutputdata
sampls as :G L 5T:G' UGEs;' ? D9% where T:G L
UG' UGFs;' QGF1;'? L34:G ® Y:G U:GF
s; ® YU:GFs; Q:GFis; ® Q:GFi4;? P97, iyRr
is the delag of Qto the outputs,GL sa® & , 0 is the
number ofdata samplesBased on :G, atypel/itype2 T-S

fuzzy mode] which iscomposed ofhe following 3,47 KHQ

fuzzy rulesand maps the relationship betwe&nG and U. GE
s;, can bebuilt to describe the MIMGystem

4QHIK T:Gis 0°Then
W:GEs; L £5U:G E 54 GF s;

E>L.Q:GF is; Ex$sQ:GF ig; E®@ E > Q :GF iy;
W:GEs; L =54 :G E =550 :GF s;

E>fcQ:GF i5; E>5cQ:GF ig; E® E >, Q:GF ig;

B:GEs; L =5U:G E =4 :GF s;
E>S.Q:GF i5; E>$Q:GF ig; E®E >$,Q:GF iy;

(6)
where HL s&® &, . is the number of fuzzy rules) %is atype-
1 or type2 fuzzy setto characterizeT:G, the type ofo®
determines the type dle fuzzy mode] the local models of a
fuzzy rule are a batch of multiplaput singleoutput linear
polynomials, =i, =gand >5 ¢ BFL s&® &) are coefficients;
B:GE s; is the Hh local outputof U, The total output
Uy GE s;, EL s&® aJ, is expressed by:

WGEs; L 55:GUWG Es:GUWGF s, E>x:GQ:GF
I5; Ex:GQ:GFig; E®RE 3G Q:GF iy; @)
where =5 G, I%:G and >,vG ( BFL sa® &) are weighted
sums of =, =fgand >§ ¢ BFL s&® &) respectively,and the
weights arghefuzzy membership grades @ Gin 0% When
0% are typel fuzzy setsthe fuzzy membership grade &G

in 0 %s a crisp number denoted f: T: G ;, which satisfes
r Qa%T:G; Qsand A4y &% T:G; L sand is calculated by

A sa EBT.GFTS Lt
" A ra EB®PREITIG FTE! L v
akT:GolL 5" 4 AHOA

r'j% [a:67a{(

0% aaraf

()
where T8 D 9%, HL s&® & arecenterof thefuzzy ses. Then
thecoefficients in {) for atype-1 fuzzy modehre

LL sd

2yG L Mg 85 T:G ;5@ FL s@® & ©)

When 0 % aretype-2 fuzzy set, the fuzzy membership grade

of T:Gin 0 "is an interval denoted b’ T:G; L 3" T:G; 4

3% T:G;? where 8 T:G; and 3% T: G ; are the lower and

upper bounds r_espectively thasatisfy r Q_él“: TG;Q

T G; Q s In this paper, the bounds are calculated by:
&KT:GoL «fJra &kT:GoF ¢a°

'_éBkT: GoL sce[sa &KT:GOE ¢&° 19

where r Q ¢a® O sdenotes the varying range of tirgerval
fuzzy membership gradé: T: G ; centered bya®: T: G ;. Then
the coefficients in%) for atype-2 fuzzy modehre[11]:

5 A% kepolly A% T kepiodly

=g G Lo =2
G 6 A% ke:pio A% ~ke:pio

LL s&
o8 (11)

s Rb emidb K emoe, FL @ af

G L_GFA%__Xké:D;o E Ga

O )y

A% ~ke:bio

The detailed step® identify thetype-1 and type2 T-S fuzzy
modek can be found in J1],[15]. In order to make the

development of sparse and decoupling control strategies more

straightforward and understandable, wesnrite the J total
outputsin (7) in a formsimilar to the discrete transfer function
matrix asfollows:

UG L):GAS @G L oiGyGafig,, @G

ST e R
el | &G
Ha

L e H AR T H-A R
a

(12)

of

where V' ®is a backshift operatoFrom (13, we can know that
(i1 L (n:G° L) :GA®; and B gik BioyGV° L
Gy yGA S,

Remark 2.1: Compared to the fuzzy modeling][is],[11],[15]
that independently identiés each B; 4 pasedon the data of
isolated U F @ the mannedevelopedin this paperis more
practical and feasiblgincethe inputoutput data of the overall
system are more obtainable than thathefisolated channels
In addition, the time-varying coefficients=: G, =%:G and
>y vG of all elements in) :GA/%; share te same fuzzy
membership gradeslence the computational complexity and
cost on both modelg and online calculatiorfor the fuzzy
modelbased controtan be greatly reduced.



B. Effective TS fuzzy model calculation &;and G, used in (B) to calculate By 4 are determined by:
Based orthematrix ) : G&%°;in (12),at each sampling time, auyL e coSA By

the yy@and By of each By 4 ¢an be calculated b[: 17
yoand B @ ?.m Bl I« f 554 g (17)
VouG L Q& _ o
. ov $5706:P1706 P (13) Remark 2.2: For theETSM calculation in 5], EJnIy >yand
ByG L% @A BE iy @A 6 ivof Bjgare revised to derive g ¢hrough &L >y féy v
5?0 P70 P and igyL W&y In a welkpaired systemays and 65 of the

Then theRGA and RNGA can be derived using (1) and §2)]  paired elements are close tpahd consequently(hs (G L
the input-output pairswith minimum coupling effectean be 6 &8&;) of the paired elementare close to 1ln this case,
selectedaccording to the pairing rulek order to achieve the according to (16),4) 4 is approximately equal togg (L L
desired performance, the sobntroller desigmeeds to know s4) Thus it is acceptable to keepss and =gs unchangedn

and consider thesé P L Q L RoUBling HITHFWV”™ (76 QE}, a,\%)r |[‘hgdecentrallzed contrdr design However,for the

effective tool to describe thecoupling effects In the
decentralized control strategy [15¢rfeach paired channel, ansparseand decouplingontrol strategies peented in the next
sectionwherethe ETSMs for unpairedelements need to be

ETSM can be derived by merging the couplingormation calculated, only revisingyand iycannotreflect thecorrect

given fromthe interaction measure intbe coefficients of its ) ) - ,
original fuzzy model.Afterwards, the J ETSMs which are couplingeffects since thd};s0f thoseunpaired elements may

regarded as) norvinteracting SISO systems can be used tBOt be close td. In thispaper all the coefficients off; 4 are
approximatelyrepresenthe J H JMIMO system and the the revised to derive a B 4Py (16), which canoffer a more
decentralized controller design candupiivalentlytransformed accurate result to ensutieat the desired performance can be
to multiple independent singleop controller designsSince achieved irdecentralized, sparse and decingptontrol.

the ETSM has same structure but different coefficients

compared tats original T-S fuzzy modelaccording to (12)for IV. SPARSEAND DECOUPUNG CONTROL STRATEGIES

a pair Yy F Q its ETSM B;j 4 ¢an beexpressed as: A. Sparse controstrategy

& ;i @0 Compared to decentralized contrghasse controltilizesa
572@hg P 7~ 2 O gy P /- (14) " richer control structurehatis determinedby a nominal fuzzy
.. .. N R ) model &; addng several unpaired elements with relatjve
where £5:G, ¥5:G, #yG and iyyG are the revised |59e daninance to the paired structure. Takidy énd 6) as
coefficients Similar as (3), the steadytate gain and anexample,supposethe unpaired channell F Gand U F
normalized integrated error d§; g.whichare # and Bywcan  Q areaddedthen & and ) ,,for sparse contrare:
be calculated by

BigvGVo; L

N r r Bisv r Guseg T
WG L2 & LMNBigss r  BisO)y,LNT r  Gg:0
A YA, 528 P17 Qoo P (15) r Bige Biav Cas Gas Gav
5 5>Uh g P; A N A . .
B ®RABE 1yvG GA 6 RNGA based interaction measutanbe used t@assess the

52@p5:P;? G4 b; . . . .
relative dominanceof the unpaired elements. Swapping the

By considering(3), (13), and (5), we havethe following columns ofan J HJ (j; to place the paired elements in the

equationgo calculate theeTSM  dbefficientsin (14): diagonal positions if necessargh; for sparse contrdlecomes
A %G L >2¢Go&yyG G Loy Biog,, (18)

5 GL 5 GEksF(}iGos5:GF G Es _
) N - 5 16 A A < A
A £6GL iGog GE 3G F s (16)  where 6y3- sand 6yyL < &=for EMF In this study, éur

153G L B5G @y Int‘eractlon njdexes, 'UEaé L d-%a&)%Hé - Uyad
diannd,, » Uael Maang,, and Usad Miaand,,
defined as followsareused tadeterminethe values ofoys:

O

Note that the values off;, \L 6, §&; ef the paired channels are

positive according to theairing rules ofthe RNGA based

criterion, which can guarantdbe causality thaiyyR T. Uk 2 a0l B0980H
In addition, it is important foreclosedloop control system U, a5 9L 6 B8 o+

to possesgshe integrity [13]-[15], which means the control -
system should remain stable whethay sub-control loopsare Lk as il Vo POuBl B PR Y @ Ly (20)

removed or keptTherefore,B; s 3WVKRXOG UHIOHFW qu BuPRN FrEo Pay v @Ky P v

condition betweerthe original coefficients of Bj g @ndthose (). , . ¢or U, su)vand U 5 & ¢or U, .s) compare the degree
revisedby (16) to serve thecontroller designlt is acommon  of independence ahe unpaired elementy;F Qwith that of
sense that larger#} ¢and iyvimply a more challenging the paired element);F Q(or U F Q in terms of steady and
conditionfor the control systemf $tability. Thus the values of dynamic propertiesEquations(19) and @0) imply thatwhen

(19)



L‘EamJ!Y L‘1/4
independence ofl;F Q is similar to that of the paired

elements. Accordinglyit has a relatiig largedominanceand

av U 2 s @nd U, 44 arecloseto 1,the degree of Similar toRGA in (1), DRGA can be calculated 4sL0],[14]:

&4)#L & V5, T @ V570 (26)

is likely tobeincluded into &; for sparse controGiven Y and Equationg(24) and (&) revealan important relationship

Y satisfyingr OY & Q's 6y is determined by:

Y QU andl,anQsaY &

=)@ QUaawdlanQs Y
AHOA

Note that small/large Y and Y select arich/simple sparse
control structure Empirically, the values ofY and Y are
chosen from>r &ar aq{11].

Remark 3.1 in [14], only the value of #y¢a 6yl
9 8y @490 G5 is used to assessthe relative
dominancelt stateshat i ¢ &; @and {3, 3¢ {; ipf a selected

unpaired element shoulibt be very large orvery small and
consequently it uses a criterion thatwnpaired elementy, F

ok P>

ra

(21)

Qis qualified to beadded tahe sparse control structure when

4 9@ Oy s a moderate valughich is in > & véz?However,
a moderate®) ¢¢ O gnay contain a very larged; & &; @and
a very small4} ¢ G, or a very small#; ¥ &;and a very
large #} 9 ;y and therthe selection criterion given 4]
canlead to incorrect result§Vhile in [11], improvements are
made thattwo indexes UL ravH : 48y W3y oE 6y W, ¢
and WL ravH ki 90 0 oE ©g Woy vo L ravH
cly ¢ @Y y0u1 &y u®U g E kil $@K) JoWkdly @4 vieg are
used tcselect the unpaired elements whégtisfiesY Q Uy yQ
s Yand Y QyQs Y. In this study, afurther detailed
selection criteriorwith four indexesas (1)-(20) is employed

G Ve L @ VST L ovoBisg,, (27
Submitting (Z) to (23), wecan have:
)i V% L @ \/”5'®@59@5m L @ 4L EL
#o @i

U)”@@5?|'7'; 4Ha (28)

Thereforethe nonzero elements in ,,are derived by:
al
/AJYLW ® By Bowl o7 (29)

The term B; 4 8G,4 in (29) can be regarded as tferward

pathof a closedoop SISO control systemsillustratedin Fig.
2(b), and the controller satisfyin@9) is an ideadesignfor this

single loop By considering the delays, (2B)rewritten as

.caps: | 0%
Bi & G %, @ vGAF°; L

o7 (30)

Note thatwhen all 6ys/( EM frare 0,(29) tallies with the theory
of ETSMbased decentralized contradtrategy in [15].
Therefore,both decentralizedand sparse contiers can be
realized by devising multiple independent singleop
controlless based on ETSMsn order tomaintain the integrity
of the control systemRB; 455 are calculated by 16) with &;s
and Q;sdetermined by17).

Theoretically, any lineaSISO control algorithms can be
appliedto designthe sub-controlless based ortheir as®ciated

to guarantee thdhe selectedy;F Qpossesses relatively large ETSMs. We leave the choice of iar SISO control algorithms
dominancein terms ofboth steady and dynamic propertiesto uses. The stability of the sparse control strategy can be

when compared to the paired elemeld Qand U F Q&

evaluated through the following procedure:

Using thenominal fuzzy model; in (18) to represent the X The sparse controller can be expressed by:

MIMO systemfor sparse controller desigfor a closedoop

control systenin Fig. 1, an ideal degn isthat the forward path

satisfesthefollowing equation:

& Ve ®1/; :
, | z z
L @ EBDS— 257 %T ﬁEDgaHa (22)
Then the controllen) ,,is obtained by
A
L& VS, °5®@E@"’ — & a®%o —E (23)

It is generally difficultto directly obtain &; :\?°;?5 In this

QG L RG®$GL

MG  6sMsG ® CAJasﬁz/‘e’15iGsh
1656&@6:(3’ &/%BZG; ® 6:"16&/(6)16:6;"\? :$:G (31)
| ° - N

—_

1655 P4:G 0 PRs:G  ® PosG O

where QG L QG F QGF s; is the increment of the
manipulated variable $G L
>$:6' $:¢'e® $:G6'7 %G L s@GF
| 5 ® @GGFs; @G? D925 wherel y EL s&® &)
is a integer, @G L NRG F ;G ; G L

study, we use arETSM-based manner to solve this problem. ﬁ%ﬁ G B4 5:G ® B4 G B 4:G?2D9Mass

According to the definition othe dynamic RGA (DRGA)
[10],[14], we have the followingquation

&a)#L & &yVoig, L& VT @V (29
where & & L 6y @B 5 ¥B; u~vand @{ is defined as:
& V5 L adyvBiog,, (25)

consists of thecontrol gains of G,y ¢alculated based on
Bi yand ¥; G using theselected linear control algorithm

X The fuzzy model(7) or (12)for the MIMO system can be
rewritten as:

$GEs; L#5G $GE$G QG
#85G L @ E#8 G &8 G=

(32

where #8G L



Fagis Haag 3 5 H A A5 _
d hp 9:2&5H:a&s; , 3G L
r %G ) %G
X ®r 5. G 5. G ?D9%Hao ; $GL

&:GI’ ® @a:Gi’-j Dg:é>A?B_é5Hé, %G\ L rad"éI,

GS
$,G L >G> G ® 3;G?2D9%M
X Submitting (31) to (32)wecan have
$GEs; L #5G $GE$SGHG $G
L#SG E$GRG? $G (33)

The controlloop using theproposedsparse control strategy
is stable if all the eigenvalues of#8G E $:G LG lie
inside the unit cycle.

B. Decouping control strategy

Fig. 3. Fuzzymodelbased decoupling contreystem

Decouping control strategy is to insert a decoupling
compensatorbetweenthe decentralized controller anthe
MIMO systemin orderto compensate fothe coupling effects
among the paitdn Fig. 3,) ., L oG 9 denotes the fuzzy

model based decoupling compensatgr and Q, D92 is the
output of )., Supposethe paired elements apacedin the
diagonal positions,a perfect decoupling compensatorcan
eliminate all theoff-diagonal element&nd only leave the
diagonal elementfor decentralized controltedesign.Using
(i1 :VP°; to represent the MIMO system, tle@mpensator
)1,: VP2 is required to satisfy:
(8o L (1 1V @0V L

4 o~ 4, c~ a4 \
@EBR sV &5V @&,V VE
where (i 4 denotes the decoupled MIM@izzy model in

. 4 ?5. Goapii

which By G, L 570p P; i7" 20 b 7-
By vG®; in (12) with V' Sremoved, and VV ©, FL
s&® 4&J, is the delayisedto guarante¢hecausality of ) ,,: V' °;.
According to (34),) ,: V' °;is derived by

) ERAVAN BN CRIHVAREN (TPVRAVA

In (35), (j; : V'°;7%is generally difficult toderive Inspired by
(27), ETSMscan be emipyed to solve tts problem

(34)

is equalto the

(35)

(VS22 L@ Ve Lo Biag,, (36)
Submitting (36) to (35) ),: V' ®; can bederived by
‘O L TUQR
)i VP5 L @ VST @4 VS L H%OI (37)
aHa

By submitting @2) and (14) into (37), the decoupling
compensatocan be further expressed as:

)1,i GAZS; L cﬁ/ﬁ)qGé\/”;géHé L
g2 Qo P 28oPi T B\ p: sE2 i
U:S?O@:D;l’7'70@:b;i7-;%fp;

(38)

aHa

Note thatin (38), the coefficients of B 45 calculated by (&)

use the original values diyand {; derived from 8) rather

than the revised ones in7)lsince it isusedto obtain a

decoupling compensatorinstead of being a virtual model

UHIOHFWLQJ WKH 3ZdRerdrlerddsBQGLWLRQ |IF
Compared with(27), equation(36) contains noéys and

OHDYHV QR (EODQN" IRU LWV HOHPHQW\

(38), )., in (38) uses a fuldimensional structure thatan

compensate fothe coupling effects caused bwll unpaired

elemens. To ensure) ,,to be physically realizable, the analysis
is presenteas follows:

x Stability: the elements of) .,in (38) have the denominators
same as that in the original fuzzy modg| in (12), which
implies ), is a stable system.

X Properness each elementof )., satisfies that the
QXPHUDWR oY QRMIUBHHAHHG WKH GHQRP
order to guaranteethe properness of thedecoupling
compensator  that each element  satisfes
Zﬁ “C5 v GAF % +0 », for the G4 yWhenthe R 4G L r
(EFL s&® &), let it be a small value cloge 0, such as let
RyG L sr.

x Causality in order to guaranteg.,to be a casual systethe
delays V¥ 6" (FL s&® &) in (38) are determined by:

Q:GL*fYis:Gap: GaR aysG_

With the decouplingcompensatoin (38) inserted into the
controtloop, in theory, each noreero element of the
decentralized controllej,,can be independently design based
on aSISO TS fuzzy model B}y 3 Susing suitable linear
controlalgorithirs. The choice of SISO linear control algorithm
is determined byses. The stability of the decoupling control

strategy can be evaluated through the following procedure:
X The controller(decentralizedgan be expressed by:

EGL¥G %G
where  E:GL>QGFt; QGFs/ Qg'?
NG L>8GFt;! $GFs!' $G'?, and¥G L
@ EOGF t ;0 GF s; 480G =p97aH7:a>Ag. a6 the
QG, $GandfGaresame asthatin (3djthall 6ys

( EM rare0 because it is a decentralized controller
X Thedecouplingcompensatoin (38) can berewritten as:

®,GEs; L #,G Q,:.GES$,G EG
QG L% §:G

(39)

(40)

where @, GL>Qs5 G @5G ® Q4G 7D
9% | @G L >@us GFS; @us'G Qs GF
S; Qus.G ® Quu:GFs;, Qux:G? D96 ,

Q.- Gis theincremental outpuof the element in rone
and column Fof the matrix ).,:GA*°;in (38); #,:G L
@ EHGs G &y - G=D 954 H6& \where #,4,G L



@ EHGi5 G &® &y :G= and in which #,:G L

' S h % o ol
Le:G G SO L BsiGl @ 646170
964 H7a where $,,4/ G L $,45:G' ® $,45:G' ?, and

l'5H7a
$45' G L eFQ")€P2(Q5£)1DJ_¢' F%aﬁ:tﬁb@:bg& Q& i,
& & & & A

in which + D 92is a vector where thé& element is 1 and
others are 0 %, L @ E ¥ & & =D 9H68 | 0p 4L
s ® Yug?7and Yuw L > s? BFL s&® al.

X The fuzzy model (7) or (12jor the MIMO system can be
rewritten as:

MWGEs; L NG NGE&®G Q.G

where Y8G L @ E<#8GF t;&5GF s;&5G=, and
&G L$GFt; $GFs;' $$G'?, the #5G and
$: G are same as that in (32).

(41)

non-significant channels to be blamk )., and uses the sub
controllers related to the dominant chanrnelsonquerall the
interactions

Decoupling control employs decouplingcompensatoto
offset thecouplingeffects caused theunpaired elementand
thenthe paired channelare decoupledo the extent that the
MIMO system can be regarded asnultiple norrinteracting
SISO systems to facilitate decentralized controller design. The
decoupling compensator in (38) avoids the complex
calculationsto derive the inverse of the MIMO system
dynamics, and can be easily realized in real applications since
its elements have vegymple structures and the coefficients are
easy tocompute

Theindexes proposed in@land @0) to select sparse control
structureneed toproperly predefinea Y anda Y which have
markedimpacts on the sparse contqeérformance and the
sparse controtequires acontrol algorithmto havea certain
degree ofmarginto be toleranfor the couplingeffects fromthe

x The decouplingcompensato(40) andthe MIMO system nselected elementsVhile the decoupling control strategy
(41) are connecteth series,they constitute an augmentedgoes not require any predefined coefficients for control

system expressed as:

Q,:GE s; #5'G Teawrasi ag, , G
4 sces " 'ﬁéa%z NG 'd gpq "E
$,:G -
q‘7:.151>A%3_ é@H?éh EG (42)
The equation (39) can be revised as:
.. Q.G
EGL ¥s46a G2 %G h (43)
X Submiting (43) to (2), we have
@,:GEs; #,G $,G¥G , Q.G
d PHGE s; ht Haéa%z NG d %G h (@4

The decoupling contrdbop can be considereid bestable

#,G  $, GG

if all the eigenvalues ofl—bél/a(y %G llie inside
92 P

the unit cycle.

C. Discussion

This section presens a sparse control strategyand a
decouping control stratey to enhancethe capability of the
decentralized controlstrategy in [15] with respect to
suppressingthe strong coupling effects among thmaired
channelsin a MIMO system.The main contribution othis
paperis that it develos the frameworls where conventional
linear SISOcontrol algorithmscan be directly usetb design
controllers for the nofinear MIMO systems with closely
coupled channeland without knowingaccuratemathematical
functions

Sparse control is an intermediate betwdenentralized and
centralized controlCompared to decentralizentrol sparse
controlhas more suontrollers G5 in ) y,and thugrovides

increaseddesigndegree of freedom to handle tieeupling

effects While compared to centralized control, sparse control

LV 3HFR QR&XR le&BLxhe subontrollers related to the

structure selection, and its controller design is not required to
reach the level of robustness as that of the sparse control since
thedecouplingcompensatois a qualifed assistant to clean the
coupling effectsIn theory, the decoupling control using a full
dimensionakcompensatocan achieve better performance than
the sparse control. However, the cost to achieve this full
dimensional compensataray be higher than thaf the sparse
control strategy, especially for largeale MIMO systems and
ZKHQ WKH VSDUVH FRQWUR Oalyomhhi FW X U |
to design and tune the sabntrollers are computationally
inexpensiveln addition,one thing needs to be notduhat the
delays of the output responses under the sparse control will not
exceed those under the decoupling control.

According to the characteristics of thweo proposedcontrol
strategiesjn the case thawvhendecentralized control cannot
fully handle the channel interaction$,a small part of the
unpaired elements kathe relativdy large dominancethe
sparse controlstrategy can be appliedto improve the
performanceanstead ofusing the fuldimensionaldemupling
compensatolf alargepart of the unpaired elememntselected,
ZKLFK PHDQV D 3GHQGVEBDUQNWHRGWRIR O
is required for regulating the MIMO systemwiill be better to
employ the decouphg control strategy to save the cost in
design and tuninépr the sub-controlless.

V. CASESTUDIES

A. Examplel

Considerthe following nonlinearu H usystemfrom [15]:
6L "gEWEGEXE
~§ L FV~5 F V\re E Z~5~6 E Q
6L
"L FX ;FWgEUZEsr;g"gEQ
gL EVS
6L EwWg5",
"6LFsVgFtu. Fsrr. Eyy".". EQ
BLWsEWGEX ;Et"gESVE{". E”,



UL Z~5Et~6EU~7 EV~9EX~: Et~;

UL sEgEV;Et gES& gEra". (45)

where~ s (NL s&® §) are statesSupposehe mathematica
function of the systenin (45) is unknown to the controller

designer, and there exists noisethe sampled inputsandom
but bounded inFr &ar &? The samping time is ¢6 L r&0Q
and the ddays are iz L ig L trand ig L sr, EL sda.
Given thenumber of fuzzy rules as L x thetype-1 andtype-
2 T-S fuzzy moded with the structure in (6¢an beidentified

based on thinput-outputdatausing the method introduced in

[11]. Due to the limited spacee only present the firstile:

4 Q HsAf T:Gis 0° Then

W:GEs; L s&wvl:G FraiwuX:GF s;
ErdxzW:GFtr; ErdrstQ:GFtr; Erdtuul:GF sr;
WB:GEs; Lsaiurky:GFrarziy:GFs;
ErswyQ:GFtr; Erduv@:GFtr; Erdatsuy:GFsr;
B:GEs; L sasuk:GFravuy:GFs;
EraxsX:GFtr;Erdwwy:GFtr;EratzvQ:GF sr;

where the center of 0° is L
sdxrssayvxavs{sdaw{usawuxdvsssarrr F
ratvwFrawr®, and ¢& L réavrwfgr the first type2
fuzzy set The comparisons between reautputsand fuzzy
modek fputputswith therootmeansquareerrors (RMSEsgare

shown in Fig. 4. The type2 fuzzy model achieves higher

accuracywhencompared tats type 1 counterpart

yLJ

The elementsn & L Yud,, BL G, RGA and

RNGA calculated from the fuzzy modehre timevarying.
Using the results derived frothetype-2 T-S fuzzy model and
calculated at the operating poifitG L > ® r? D9 asan
example, the matrices are:

sdyzv rdy{s rdzrz t& VXV t& VXV S¥VXV
A Lesgzssr&zszrayuva@L euda{sy ud{sy ta{sy
rdwxu r&yvt rdazu{ ta{st ta{st sa{st
Fraswy Fr&rrx sa@isxv
4)#L esdyyu Frazsv Fra{wi
Fraxsx s&zts Fr&trw

Fréayw{ Fr&sst
40)#L esdvxr
Frayrs

sdzys
Frayzy Fraxyu
s&z{z Fr&s{y

&RPSDULVRQV RI UHDO RXWSXwV DQR@S

The pairing structureletermined bythe above RGA and
RNGAis UFQ U FQ U F Q whichis same to that in

| [15]. Fromthe RGA and RNGAwe have:

r&xuf{ rayxv S ré&xz{ rdzws s
gael € s raxuz rdwuidl, sl e s raxz{ rdvzk
rawts S r&rs{ ravzt S ra{sw

r&uxyrazxv S r&vst ra{uv S
U:acl e s raxus rduvivdd,sd e s raxxs rauri
rawz{ s r&rrx rawxu s ra{ur

ChoosingY L Y L r&, the selected unpaired elemefis
sparse controbre U F Qand U F Q. Note that the results
calculatedfrom the type-1 fuzzy model give the same pairing
structure and select same unpaired eleméntgng the whole
control period, the pairing structure and sparse control structure
for this MIMO systenremain unchanged.

Fig. 5. The step responsedtioéthree paired channels of)

A decouplingcompensatois calculated using38) for this
MIMO system. In order to exhibiits performance, the
comparisons of the step responses of isolated paired channels
(for example, for the paity F Q,set G L sand@ L Q L r
to have the step response of isolatéd= Q) and the decoupled
responses (foinstance for the pairy F @Q, keep@ L sand
randomly choose the values for the other two inputs) are shown
in Fig. 5. From Fig. 5, for each pair, when other two inputs are
with different values, the changes in its step response are very
small, which demonstrates that t@mpensatocan educe the
coupling effects to a great extent.

The ETSMbased decentralized, sparse and decoupling
controlers can all be realized bydesigning multiple
independent single contrdops. The gain and phase margins
SB¢oR rhpsedyy [Pkis selectedo design
eachsub-controllerswith the gain and phase margins setuas
and é u, respectively Given the references ad RL réa,

N RL sand NRL r, the performances of the three control
strategies as well as the typ2 fuzzy model based
decentralized contraif [15] are shown in Fig. BBesides, the
integrated absolute errors (IAEs) of these control performances
are presented in Table 1h& decentralized control fif5] gives

the longest settling timier three outputsand he decentralized
control in this paper givelsrgest overshoaot in U and U, the
performance of the decentralized control in this paper is better
than thaof [15] for . Theoutputs under the sparse control go
to the direction opposite thereferences at the beginning, and
returnto the right direction after ahile, thus they have large
IAEs. The decoupling control achieves the minimuatues in
overshoa and settling tire as well as IAEsamong the three


















