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ABSTRACT

With the increasing development of technologies, the control
processes become more and more complex in control engincering. The
control processes generally have the characteristics of nonlincar, multi-
loops, big time-deiay etc and the parameters are time-variable, then
they can't follow specific physical or chemical rules, thus, it is
difficnlt to act classical guantitative analysis and accurate
mathematical models of complex process situations are not easy to get
so that the classical control strategies and model control theories can’t
contrel them availably. Consequently the rapid development of modern
industriai processes urgently needs to find more effective control
strategies to finish nonlinear coatrol of practical process syslems.

Since Englisk engineer named Mamdani applied the fuzzy control
techoique on the control of steam engine in 1974, fuzzy contrel has
become the important part of intelligent control with the development
of computer and the relational technologies. Furthermore fuzzy control
comes to play more and more important actions in complex process
conirol systems in recent years, As one of the momlingar control
strategies, fuzzy control has the most remarkable characteristics of no
needing precise systematic mathematical model. The experiential
knowledge of operaters is used to construct fuzzy inference rules gnd
then it can control the systems through furxzy reasoning courses. Fuzzy
control aveids the calculation complexity while takes good use of
successiu! experience of operators on spol. Moreover, fuzzy conirol
lakes on strong robustness which cen conquer inherent time-variable
nonlinear, uncertainty and outszide disturbance so that it ¢an improve
process contrel quality cffectively and break & new path for control

research of complex industrial processes and nonlinear systems.

Y
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Fuzzy control has been widely applied into industrial control field,
autometion on home electrical facility and other application scopes to
settle control proklems which arg difficult to finish by classical control
technique. And then fuzzy control is going to get more and more
interest of researchers and enpgineers in control theories and application
field. However, as a whole of fuzzy control research systems, the
research about fuzzy control sysiems is not a perfectly integrated
system and there still exist some problems to reselve not only in
theories but alse in application. In order to develop applications of
fuzzy control theories, this thesis sfudies structure analysis of fuzzy
controllers, proposcs two novel fuzzy coeatrol! algorithms based on
rescarch fruits of classical PID controllers and model predictive
controllers and then applies the proposed fuzzy contrel algorithms on
the tﬂmperatur:: contral of Heating, Ventilating Air-conditioning
systems. The results of simulation and experiments show good control
performance of the proposed novel fuzzy contrel algerithms. In
summary, the main canteats of this dissertation are as follows:

(1) Firstly the survey of fuzzy control systems is given. The
research background, generating, developing status, characteristics,
basic styles of fuzzy control systems are reviewed and then it
introduces main research aspects, confents and their development,
combination of both fuzzy control and other control strategies such as
PIT} control, model predictive contral and application sitvation. At last,
some difficult problems in fuzzy control development are pointed out
and the main research contents of this thesis are summarized.

(2) The fundamentsl, basic structure and design methods of fuzzy
control systems arc studied. Then after considering one new fuzzy
implicatipn algarithm, siructure analysis of max-min Mamdani fuzzy
controller is developead on the view of mathematical anaiysis. It proves

that a noniinear fuzzy controller with linear rules. whose input and
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oulpul varigbles are isvceles fuzzy number membership functions, is
the sum of a global two-dimensional multilevel relay and a local
nonlinear PD controller. Aftetwards its limit structure characteristics
and stability apalysis are given. Comparing with nther fuzzy reasaning
methods, typical fezzy controllers with differcnt reasoning such as
sum-preduct ,  sum-min , max-product have similar  structure
characteristics. Finally further discuss about fuzzy controllers structure
15 done.

(3) A novel method to design fuzzy controller based an the
proportional, integral, derivative parameters of FID controller is
proposed. It takes full advantage of mature technology of PID
controller to improve the design strategies of fuzzy controller. At first
structure of fuzzy controllers is chosen to fit for practical industrial
application through cemparison and analysis. Then the mathematical
analytical expression of parameters between fuzzy controllers and
linear gains coefficients K, X, K, of conventional FID controllers is
got based on the structure analysis ef fuzzy controllers and il shows
that fuzzy controller is one time-variable nonlinear PID contreller in
nature. Then the novel fuzzy controller is desipned through gains
tuning of PID controller based the analytical rejations betwsen
normalized factors of fuzzy controller and gain coefficients of the
conventional PID controller.

{(4) The improved fuzzy wvariable discourse method is studied.
Because the essence of wvariable discourse of universe is equal to
change normelized factors of fuzzy variables, increasing the values of
normalized factars for fuzzy input variables can reduce the discourse of
universe if the basic discourses keep constants. Moreover it is easier to
pperate for changing normalized factors than variable discourse. Then

this improved fuzzy variable discourse method iz applied to tupe and

Ld!
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optimize designed parameters of fuzzy controllers so  that the
dynamical performance ig obtained.

{5) A new fuzzy linearization technigue based or sum-min
Mamdani fuzzy model is proposed because of difficult to model and
¢ontrol of nonlingar systems. After constructing the fuzzy Mamdani
predictive model of nonlinear systems through resolution expression on
base of structure analysis expression of the fuzzy model, this fuzzy
model was applied in the nonlinear model predictive control as the
predictive model. Then the fuzzy linearization predictive models at &+
sampling time, P horizon predictive cutput are got and conventional
model predictive controtler {5 designed. The procedure to implement
thiz fuzzy linearization model! predictive contrel algerithm of nonlinear
system is intreduced. Tinally simulation test results shew that the
proposed fuzzy model based-on predictive eontrol approach is a robust
and effective control algoerithm. Compared with the conventional DMC
control approach, thiz approsch has the advantages of less overshoot
and shorter setting time ete.

{6) The proposed new fuzzy controller design has been applied into
temperature control of HVAC systems. After introducing energy
efficiency and contro] of HVAC systems, the basic structure and main
control loops are given. Then on base of the physical models of closed-
leop contrel system for air-handling units, the proposed fuzzy coatrol
algorithm is used to HYAC systems, that is, flow rate of chilied water
M, 15 to control off-coil air dry boil temperature T,,. The outstanding
characicristics of this proposed fuzzy controller is that it made good
use of mature technique of classieal PID contrailer, stmngﬁf- robust and
simple to design. Furthermore it is very convenient to be accepted by
common operatars in industrial plants, And then it changes the slatus
of the fuzzy controlier that is difficult to be applied in industrial

PIocass,

VIl
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Finally, a conciusion is made and the future research directions are

proposes in this field.

Key words: Fuzzy control; Structure analysis; PID contrel; variable

discourse; Model predictive control, HYAC systems
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Fik, REIEERL LETHREZRIAHRE I ER, B
FefmErBEeEFEHRAHETHT,. AHERRANT R
HENREEH—HFEAR. BEXAERMEHNRENERTY, &
BBEN, REAXELRCSNETRIAAE, BRUEAREE
BEAE, EIEWARIBTEHERNEHNZEE, ST TE
ik, BT, EEHMFES, HTEMESSEORA GRS
HHNEHENEETESEIT, THAXN F—RN mamdani &2
T-S EHE BB TERLE, HUHEHNESRANREZERBHE
&, EHEBHEHNBNETSANSERZREE, #Z 8
.

EEEsEREe, EFEFIENIERNNER, BRBT
PID SIS RBEML TUERFRLE D HIEZSWY, DFREA
AR THENE PID BFHHEANERE, BEHMAY, RIIERE
REREARELRE, TAMNT—RARE T AER LR
XANA—ERG, EEEHENERANEEERSEMMIALEREA
B, A —EEE LB TENER Y EE T TETREN
FE. AR PIDEHSAFESTERBNEL, HNETHRE
FF. TEEE, BEEEE, BREHS PID BHZEEERAN
FENTEARGRLEEEEATHFMXER, BELEAE PID
BRI i e af s B at ik~ S8 A ued gy PID B BARRE
FHEZRESEHARERTREY, A& FHR.
BEELESHRRAE —ENRRE, NTHAMEROERLER
GRE, AREMSHERLGRELHEBUIHER, —BH
RESHTESAHENAETL, DRSNS HENATRNF
T, HERERMETHEEE, aaNIARRTRILRE.
HEFERSH STUESANESRETERHRERMERR



WRIER LY

WA, MITENENNBERE, RESSIIATL R
FEMFENTNER, AR ENERIRERT JEERER
ZMTHERETRRER. ERECEFNENEIRNMBETR
F, REFAME T-S ERE, T T-SESENNSEPBRLE
HA, TRFEFEIEPORA.

(4) BPMESIMELHASHAZz AEABRALEE, BEARETHE
WHT AR, FInES S E RN EE T, BTN, BEkESRE
MEERNANRNSHNLTRIESRT, ERBLTARSE
Ay BENLEDLERPERMBR, MEMESHEEEZLUERE
AEFLVIRERRE RSN, MATEENEGAMNBLM AR
EXRATHENE S, BENEFNELATAREA NN,
EREEE P I Z NS EBE GG R, FIEESsam
HEPEE - EEEENTREE.

142 AXHRARNEBETR

HAUL ERHNEHNBH AP FEHAANE, FXEEHTH
BMRANEESFAFANFEHHT T SR IT4, RS LA iEN
EHRETATEEMER, B—FEl BSR4 TR BER P o
H. B EZ08RETAALEMERE, RET-EECHIM, BB
TUT-EEEUFHFEMTRARMER,

D) F—fFREWElEg T, AL TENRRN4HT SEENY
MEREREESRE, AEBENEEHI A BEEHRBMEHLH,
HARATEA. WHERRBYEXBHRMTF, £, HHE=A%N
—HTWMARLW D max-min B Mamdani HBHERBHEHREEX, HH
AMEMEH R OREEET AN, FUHER LHN LS TRENER N
B R A Mamdan] MBS MEEENHFEET THESHENE— 5N
W

2) U —HF B PID BHELLF, R4, MR TRITHEY
BHERHTMNFRENFE. A9RNNERTAREY PID UEHSEgmy
FEFETSEREMERSERTSEH, IR ERRNRITER
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LRAEM LS8

BIEPERES PID KRS HEZ HYBH XA, ATRAFH PID
EHENBERYERETEEESBRENACET, TMTESENRY
1 B Jk

3y METHHAMNENFTEHEER, HHE I ENFHRTRABRE
MEEAEMEREFHEE, AMERFENSEHTRERDHIE
MR TEREHNERBEREE PREANESEE, FEHX—3H
g g iR ek Rkl b ek oE AR Al e Lr K LA

4 BRE—WET sum-min HEH Mamdani REYSET
A4 BEt. soETENEHSESS2 TN EREREEAERDR
B Mamdani S¥WSHATIIER. RERBRSEN R E L8R
MER, BEEFRPAELTIESNERTRIUMNE R

5) BB MENENEEEEH AR TRETRFRTRLE
VENBEEHT. HAFEREIER, £TEMNEBNE2ELER
BEERAERL, BAMEEALBNENEHI AR TORER, T
E. HBEcR Y AERIEE R R AR AR B R KT R BT
g, EHERBAMRARTURSAAHRBEBNEETARSE PID
ZwE, ETOEM PID SHBER 2 MBERFEBEEME, AWX
KEETANYA, MBETRBRIEARFIAMER,

6) HENMEHANRTGHITR—RAMNFRHAE RN S
WEbSNFHmERTEEAT, RETHRENBEREERAMNES 585,
F-FERTREEEHREEERREBRH TN,

1.4.3 SWEH

SE#mmABsERiEtt, BEVRNEREIREENELR, &
F-LEEMPLRAAEERE. FNHTERFLTEENAEFRL
v, WIUBRFHEN. FEEASENERRMNRT R R, 8
WMEHBESARARMPIDEHNERHRAEHBE LRSS, THER
ERMRAHEFRHEEA . FRINEETHERTTFHBEBRE
MELHAREMA, K4AE, HHPE—E280, ERGUAARNE
RERHELHHTNE. BE-EMEHNIRERZENANTEYNE S
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HEHHEEEA, ERARENREERRANA, BEREESCRLS
FMAFRKIEGRE, 2TXNEHFAEERENT.

FoRBRTLRERRYEHRANTIRAERE, "E5RER
B, BHBEFANEFAR, EETATRRERRR, EFENLHR
GEEHNIEHRIAAE, BHENEFHEEWEETNEENE, BEE
AEMERHEIHFTERTHNENE T .

FLETANERWEHNEAANEREY, EHFENIEERR
. KRETSIA-FHUEENEREHE, R T max-min # Mamdani
B EH R AR, BERITHA. HURRREHFTASY
M. ERE. AR=AEN—EAPA L HHERENRNENRE
A BUZEERNEHESEEM PID FhIRzEMNRTXER, FBi#
T TREMRTH, LWETERTEEMIEEA & B 538 8o
EHIARAEN, WRBESRE LET TN, FEEBTAAE—F0
Wik, WA EG ENEALERT T FRATAEHAH,

FEREEMTALETAREHMSHBRNEREN, BT E8E
EFEFRANEREL, REAIHEATEN A TRPERSHESE
LR —FRTFIFEEN PID 24188, ATTETHRESFELENIEND
wak, SHENENSES PID SHBESR T EOEKTXE, B PID
MBSHABEFTERLFHBEHERSF, FIHES PID H&8B A
RIE R REEM PID 2RIENZNARE, REESEEFE R, BYT
—FAREEEHE, REAA M ERER BB RS ET S
MELZBY, #-PEAGENTIRE.

FHERL TETENKEMEENHFUEY AT R, #
HIFERLRABUEANTR, AR —FHET sum-min # 2 g5
Mamdan] HEMBRAMMEFIRE. ZHFEELETFEHERN
Mamdani BEHTMER, ATESHEWMETHTERT N, HEHFR
FR—FRBATMAER, ERERLEPREHRETNEDN, KEE
THEM KL HNEEE R MES B T, AMEE T ERERS
MEMEHEREY. IRCRERRTAT EE L —FHEEREERSF, B
., SEEENTERIERTE.
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W ARAE WS

BREHAT AXRTAFEEMRSFEATRETHTHRN
A. FEENARE TREFRAANTRSER, MFTEATRELRDN
B EERHER, BUREERRER —ITHFEEFIRE. 218
FIESNERESHRE. RBEANTAIAENANSHRAERITHE
BE, BEAXRHWENSHROFER G FHREANRET RO EY
H, EA4HAHMBETARLER I WEARS PID 2HR, RANEZHR
T PID HEZBNRARNYE, EBTRIFOEER, NE®TREGRAE
AREARMEE, TRECIRTEEEMENN S LERMA, HHN
FRERRETHHRBEIRR A TEERETWEH T HE WL,

FARRENESS BETAEAIMEELR, XM T -SHHEER
HEETTRE.
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WARRY MEERE T

SoE SRR ERER SRS N

2.1 3 &

ATEMESIGETITERANYELD, REERERRRYE, @
BSEEEHREMAL, EMEBRGATLABAMBGE. FHELRNES
fFRaME) EFRCBERRRAMTEXREREEOL G EEY -
MERFE, FEEATERTLERARSRFRREEHEH
F. BR, HEHNTERBHERSRNERERE. £HEMAERH
BERRENAYLE, TENEHESNE RS TR SR E
A WEEBEIRZELAFENTANATREANER, XEEE
WENFRENRERMMEBRNEASEF TN EERIT. ATREES
EHERGHFULERTEEMEREN, MNEFARSHEMIGFFER
S&REHAbEE+ 5 0EN, BB AEogsBrSEMERY
ENEY. ENEHNZERAFASI AT RINENERNREERNESR
MEEE MERSNFHHEMZHEEETINERERER, X—$TR
F8 0 1 B AR B R

1989 FXREMYE Ying, Siler FFMAEF LN RMERNER
RTHER, IR TAREEESE SRR 28 ENRHESSE
BRI, 8T v s 4 00 O 9T HE S 0 AR 0 R o 8B A IR R 1 N
G, h-tsERuR, A SEXTRANIFAERSHEOREE
E, ATRMIEGISE I SR EHR M, EHREARNEES
BEEWAINE—FHRRTRTA, FEEEB T - ERFHENH R
BE. BTN IECYENRENARASRTLESAFE A FH:
—7HREAERGENERBMEERAS, MRAHHER TS
VH, B-ARRESEANGETESEESHMSHBRMNBREIE
2, BHARRERTL EAEHENEAS T RERERE RN
~VEEHRNFE, MRAMEHEBETARMFRENEE 8095 R
T, WEFHNAESTENER RN S, SEMENERRENSE
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WZRKFER L ER Y

AL FRENE AR THREEMNTEOLYE, EREERBEAL
LTRNEEHSZEREKE BRI /LENTR, EREHMLH
AMERFHRSEHNFACSERBT —ZHRRCH- LI,

EHFERMBEHRRNEL. EAAEMESREAATHE
HiEs. EHREIBT-HESHAMLE, SARAMYNERE 7RIS
BA—NPZmRBE, BRABNEBETN _AXRFPCHOMRBLE
. BHEHEHRAAT T EMEER RN - EET AN @2
ERNTHNR. BEEMACERNZAA, fENERTENREE
HFTEEE. FRZMAA HANAAFSRAERETH NS F M
—RERELE. EEBAAERKE SR RERERNESE A
¥TE. BRUEFEMNHENABESTHER, CRISINENERK
TZEAXRNEFHEAZ ANKRZATERIREBR FERER,
FEMBHEF T CREEEENLESRAEART TR, AXEATR
FINETR\BTERERTEANEHER, XM186)HE T 2R EM
FEHTHUEHERETENESTHLSI6EFTANER, BRT EA]
FHELREENERE T RNER.

AMELFHEEWIES, EHEHNFLNHEEEERESFR
FRARETANZEEE, fTENFINENSES, s THERER
g FELN, ETHE, fEIENERATENTERRARBESS
SFERANED, EENTHERBEIEPMEANERZYE. dTHY
RREEEASMERE, SHEMERERNTIED. ENEREENIE
HAWEERN., AEEXSYRNERNENITIIRT, B THERER
EEAHAL, BWRERENEMESCAERARENES, AR2EHN
ERSHREY —RENSBNERAEY, LUEMERASNHRERX
AR SEMEer, RAESHBNERZIETER, nHdBLE
B FXHBR-EAE, HAREERSMMEEEEATLENER
HF, MabEmEgR IEsl, A8 TEAMeAENES, X
PR RNLEHINER R,

FEMNFTEAFEAEHUT: E229AETERBHEELNE
MR, BRRMEMNEENERSN, SRES, T HEMTERRE
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WARRFHEEARE

F, HOTE 23 W EAR TEEEMENMEIESR, JFH5HE AR
SR EBNEMITTR, BEWHAIEART mex-min BB RENE QS
HILE, TRESTHA. HHRERBHNAMASERNEN —HBTHA
PHHEMERBNSEHRES, THER FHFRTENRBERSETE,
i TEHEMERSREEL. BF 24 THRRARENER T EH
EWMENENSR S ETT RS, 4HETHEH max-min, sem-
praduct. sum-min, max-product S 7 [ ¥ FE B 7 5 0L AU RS T B
RAMFAOHEE, SHERESERPMEXERAN AT, ATAER
HHIEM SRR THREHNE SHEAHAM.

2.2 BEEHERRE
2.2.1 HHESRENELLH

- i
Tl BRHE D/A
) e | [ & 17
AlD 2 ; e | iy

B2 ENEN R

EMEMWRUANSHESBRELIEHNMARER, EYES. &
BESZERLUSENESEREFISHERNE*TH, AHENKRER
Ri—FERERH. TANZHAR -—BREETRREN, SEETRSE
RERAMNEEEHIIHNE., MUENTEGKENLES, “HX
RENEAEDHE, WIFAKE” . RF2RAMNNER EREN 45
HWHER, TURHBRENFTERER IR ERESERNENHRS
REMZEMRE, XAURELXPEMCERRENZOETRMNRN
EREMZERBN TR HEHNNEHE, SERBHEHFEANESR
i bt

HEEHNERE - ENEMNER, TAFEINITENENRAENSE
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R RFATERRT

Wi, B 20 Fin. EHMEHRAEERaENEDR. S RhE
0. Faa. RATHERESEMEETMSHN. XrENEFREEN
ERELENEL, HEGHENESENTKEEHNERRENTIER
E. GHEZHASETANEXRERR. SAEE—HIUARFHNIDHE
B, BN ERTLERRARENSTE, FASFRENERE
HHE, SUEMNERE M IRGHEHASNARE RESCH/EY
HBELNEWOERES, REFHRONNE, NTER T HEMZ MR
BEH.

2.2,2 BN AR EXA N

WS R XHENE RS EVERERTEMNER, Bj
ANEBHSHFMAN - MFRES, BEFAGENERSEAWNE 2.2
Frm, miEMdk, SN, ERRE, SEMNESEAR B-Ha8E
EFFTHRLBER, EPEMANMBY ZEMIERSBNEL, TEHL
BB -TEEMSHEERTERE.

M FE
Yoim B HE | 2

B A ¥ i
—  REH BREE > R e

B 2.2 ARt SRRl

2.2.2.1 1k
EMARSMTHASHAZRNEHERLIENE, AEEE
AEBETHRIEFLEES. SRR HRNENRK LibEHT
EERAEOEREEFFRIZELRE L, M TESRENRBEHNR,
BFGBEEEL], 1), BHLEHEHERENB A ERGERHEN
HETR, SEREELERALE LHENMEYEES, EREFRER
BToEHTEREAENRREYR. TEEAWHERTENLAZRI
THEEMEHEE. 4, ENMEATENERRE - THEMNA
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ARRFEREENE X

x=(x, 2 )eUBMMBRBU LA — I EEEE L, B —RETH
P
DR SEME: FANTTERARRERE, UME—Sx=xi, &
pe)=1, MMHBERFEAMA =2, xel, Fp (x)=0,
QP RBER N By <xW p (x)=1, BEXEFTH 0, p ()KLTF
H¥EE, THHNFRCREMLNEY RRREE - ARREEY. E&0
TREEE, SURBRRRZARRENS.
2.2.2.2 MEE

MAETHRTEAENAIETEFRENER BN — iR, 4T
REFREHERRER, RREMERENE.C, SMIREUEIEENNDIE
BHRTAR. EEEVFEE M RRANKRERYE, EALET, LHAET
LIRS d, MEREEE, RENEESHE: MRUNEREYTEHE
EMERTmiR, MABXEERMARAENZENENEFEER
RIEHFK, AWM ESENEHwE— R BN ES kTR, EHEH
AUBEELTAHFEETEULREH PR ENENESN RS GE.
EMEBAMNEXT - RAFPRARNEESTRERARNER. #—#F
H, FENMKETEANTHFUGENTHELRGE L, THEERIE4
AR, BHEATFHENEHRARGIEOASHENENBH RS,
—H W ABRRHNERERAMNEALEFUTRAO—FRA “m
Roveey Bdoo” EWEHBFEDEREM.
R: WP x% FF BExh Ff HoHxgl F

Fa vAHE, 1=12m
Efxx, x AU MABSETR, yAREBESTRE, £,
(=212, G AFTRANEEEMEAEYES, FETFEISEY
AN, mFE RS TA EAE

HHIRNR AT AR ERBHLREN T, ANELES
UEERHEE, AHENTER IR ERMGE, ERH B
HE-TERMAR. BRAZMIAVRSTRANBNEERE, RE— B¢
PEfR, BERABREEHTRMET, 2ANEENEN. Bk, @2
EESEREN EMEMEEEN, AAMREANBEIT AN R ET R
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RET —H#EREFNEE.
2223 BHEE
HMEEEEYMERTE RANENEH NG, AEREAZET

EmBEEMBEERINTA. eREENREMTATNENEERN, £
HERXFRSANEREEGRTEEEE, SHEMEEMPE ., B
PRHEARES XHEE, EEELERETREZETHEMERN
BRENRESANCEETH. ¥ENSA RGN — 68, HEulE
LA RAHE ) 4% AL I EE A

B: i x=4 ard y=B8 then z=C

R § x=4, and y=B, then z2=0,

R ¥ =x=4 and y=B then z=0(

MECMENEEBHRAR =4 R y=B", MRIEEN AR # AT
AU#EETAEMEERER A

C'= (A%B")o &
R={JR,
in]

RI =(Ar' xB.‘ xcﬁ]

Er4=fMFENBRNEEEE.:

(1> ¥ L. “and”
RAWSPEGZEGESLR, MEHBHABNES I GATREL BKER
FREE, BERVTERENRAECHNRE, EERMAON<O1]3
OiEN-TE T-HYkEE, $AMNKTHAUTIH.

B b xay=min{xoy

R ry=x

HREHA: Dy=mux{0x+y-1}

% y=l

Wmm (HEHY « xNy=4y, x=1 HFxye[]]
0, x-p=<l
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W TR A 3T

{(2) M. “or”
EABERAR, 2MFERAUNNERETHER, EEFRRAMO1)=[0,1]
N —rEm%, T-HEEREZE, FRANEFE U THM:

B K xvy=max{xy]

REH,  xry=xiy—xp
HAM: x&y=min{l,x+y)

(x, ¥=0
B (EH) . xuy=1[y, x=0 HFxye[0]
l, x-y>0
(3) MM AW: “implication”
ERUWFEAERNLLZENXE, TR REENEBRT T UHEY
SRREE. W TEEEEIEEETENSEMER R RENR
WA, FLUTEBE S, ENESRNMERESMERXE,
HABMRRHEHELFE, ENERANTHEERESFERE. KRAY
BYEEBXFRETTLT LA
HBHR A ERZH (Mamdani)

R=A—>B=AxB= [ p(x)nps(x)i(x,5)
Al

HFEREFHEN (Larsen)

R=d > B=AxB= [ p(x) pts(x))(x, )
Xeb

EWEAREREH (Zadeh)

R=A—3B=(AxV)®(XxB)= [ (AA(I-p00) = pty (O}, 30

Xx¥
EMB AR ERZE (Zadeh)

R=dA— B=(dx BJU(Ax V)= § ((a, (0) A gt Lo (1= g, (00D (2, 3)

Xzr

2.2.2.4 HAEHY
FEMTER RN, EHAENEREER LR
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A RFHEFHRE

FRAEEFBTFREMERR, ¥rERRNTHESRENTRAES
REENERE. ASBEFRECNFHESY AR THERREET®
BEMBESE. BAEZREST®, RENAEESRNETAREHY
#, EENERRRENEHEERE, TTZERME, A REWHN
EHRAENESMH AT HENS. FEMTFERFUTILYE
e
1) BARREE

EROENES C MERBRERT-TRE (REEBXHA A |
WERZEGHEEAAHAAHEEE, SMEENES C NRARKEFT
AN, WUREGK SE U6 BT 35 ) UM TR AR . LU E R R A TR
ok fich P

2) i
ERDEERY (O FABEED  HEKE. HE

[2 ooz = | (s

Wz, Uz, B5 R, p ()G AERBAGE. BH5H D HN
SLMRBRIEBE SREFRERATNFHEHBRLIREIHES
5.

3} BRI
P& SRR TR AR AR I, RN L E, HEFAR

REz EMRTEH, MBEHEz,. AR
ik; z,
Sk

2y

43 EL8E
AT A M SRA R EANEHA LREORMHEL, E
LB LRETBERNE R . AN

[ 2p, 20z

ar I:pc,{z)cfz
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AHMEREHELT, DFXHAWEZAN. BHEEIE L
AFAMHTERE, 8- 1MENERBFHENMTTHETARNER,
T8 —FRE A 8 A S R IR R R 3 Bl R

2.2.3 EHERSNEREH

EEERMATERAE T THEENEEMERALE, TiEERBH
REBMEREEEEN T - PMEFEN T LT EEHERL YENART—
SEEERAEATER SR BN RN EERENERNT
B, TR "EFBEL-IREMNENERHE" RALANRE, TERSR
R —TREMER SRR E AR,

(1) E—PARBEEER: S, REZGHAGRHER, &
FEHABHENRARHTE, BERMARHEEAEE: BX. RIEE
ESRSERELE, REE— MR \AUTENORENE, PEFEH
BENMTRARE: AR, SR MEARHTRICEHKEAN S, BE
EEHNEMESUREMESHBERCREY: SR CEENES R
AEAEA.

EX—ITENTE SRIXEEERETEN TEREREHRNE
¥, ERERAEN—AELRNR, #EREHEOBRBLNERT
ROoNEN, HHRRELERN, BARBREHEERESR, ShlfEH
WHRPE, RSy, E8FENE., RN EEMENERE—
MEERE, RAEENENREREUTLMENES, wRENESE
R—1EHNLE, THESHEHERIBMSEHL, BEGHEALY
REM, WARAMEREREYTE.

(2) FPEAEHBANE. B, BefWiNMAEFERS X
o ERFRARNESAW.: S5, SFEFRNAscEHE., HiEEURT
MAMEFR, BREEZEBINERAUE. EPERRNENTE—&
HUTHH.

o TRE R 2 T B AR R A0 IR AR R R Y

o RIETTFR A SRR BR 3 B A 338 R M R A 0] A A S A

o RBIFREEREMFTEMBANE L L RIRAD
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IR

BiEETRNGRNFAEEE RS,

(3) BE, ATEPEERENRANE, EROF
EIEMERETFHASREL
EXESmEEERE 57 MR MRBER
EXNESCHBEBEFHASEL:

HEBRAY T .

-

2.3 Mamdani MR EMMTE WS

EREsEnsns i EEEMAENEHSNEHREN, HT
ERRERERHBEAEHEENRE, FANRERERENEE.
HTHEMELHEBEENERE. AAEXRY, FEF P EEENN
B, REFAmAREREHENENSHT. BERERENXRAEY
BAE, HENEEIREHAENWRYRRAREIRE. KWEsKe
EMERETHENE ARTEESNHMKEHNEEZE, FEAFR
EEERANER ARSI LER SR ER, RETREH
2 Bl 1M G IR AR WAE & Mamdani BHESHBENSTTERNXRE
BET, TRTENENINHEA. REEREERERASEEMENR
M Mamdani ZEHEHEEHSE, ATES T EMEHRENTH
M.

231 —PHFERENEREN

ERESSRRmARHTEEEABRREHNEZE, BA0AET
R LTI, BMAEHRELAENE, MENEERAREAATRR
BHBNSESRRMNHNERE, ASAEHTEMERSENMERT
B, BEENEHREESAFENEANZE., ERHEENT, 88
ARETERETRLHEFERIMENLRER T EIREPRAILE.
e, FTERANHREMSSSHEGERST, TREMNZHERMES
REMAER, £PTH—MEMrNSEENMENNECEEARERY
EEZE, BPEHZERRE, EEEEBENEREESE, HHEEHR
. THHES—FEEENTETE.
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R AFH A X

HEHERIHIRMBNEME, A AKMAE [0 LHHEMEL
3 Ala,b].
2 X2 B b EEREEY
2i{x—a) xe[ﬂ,a+b]
Aab]={ 74 25, defold) 2.1)

2A(b—x) a+h
s LAy
b-a #el i ]

MW Ale ) AZRENM, d4& M.
LR AEESHAPNEER,
BEEEHMEMNZEESL 0T,

8 0,8, Ple.d] AF A S EER S, R
[a.b) e, d]=(e, /], * e {+—.x+},
A4

Hla.b)*Ple.d]= L (Flabl(x) AP e, dlx,) (2.2

LR R - [ ]

BB, BEZITELXRKEUMNEMEELSRIR: UTHEE 2.1 fH#
B MR ERnEEE.
s 20% ®WE Flablle,deR, MR [ab)+ed]=[e.f], B4
o]+ c,d] =1 [e, 1,
iF#H: hAEY 2.1 T4

2Ax-a) at+h

xela——
Plaby=] 2-8 "2
24(b-x) XE[ﬂ-h& 5]

b-a 2"
a2 et
Fledl=}) vdmn e[ d]’

. 2
S
A =1

I [E:J{]_ Eﬁ.(f—z:l xs[ﬂﬂ
F-e 27

4 I'a,b]+ I'e.d) = Ale, f], B XL de, F]=1e, f1a
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SEAE Ao, /1(2) = Pl S1(2) 2 z€] E,E-;f B R

£ B ze[e,ezf] o W e /U =A 404 . B B F E

nelattt]y, oot
Xpty, =z, Wz=xtyxel[ad],yelc,dl. Fx<x,, Myzy, Exzx,
Wy<y,, B4

Pladx)a e dl0) S Pl b)) s Fledl(v) =4,  5<x

PHa b1 A e dI0N s e bx) A P lediy) =4 ¥y

FE£

Ale, f1(z)
. U (I [a, b)) ». I [e,d1(¥))

FLELR NS F RN ] u.d].:u[:."%}

-

= Pla. b)Yz )y~ I e 10y

= &,ze[e,%i}

A 28 o i

] B Mablix)=1"edln)=4 . & &

Ale, fU(2)=1[e, fliz),z el Lr’?;"r,f] (2.3}

TRHzele, /10, BEBI Ae, Fliz)=1"[e, F)2) -
iF £

HTHEEEHENEERENHEAERENRSET, ELdER
2.1 WREE, #—SEFEEMEMRNER =D RN EREYN
BRMIER., ANTHERASEENENMMEERFEA - HHUAHEARR
TRHHABPRBTRES, BRI RRIEHFERA ARG — %
Mamdani ZEMSHBMEBAHME. TESBFERNEE,
ER 2.2 MB Pa.b1 a5 0 b e R RS EERE, n22,
g20i=12, - nRECHEH. B

fe. F1=¢la,.b)+c[a,. 5]+ +¢,[a,.8,] (2.4)
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A



WARRFEL P

e, f1=1ac, be )+ Plae,. be ]+ Flac,,b e ] (2.5)
M. RI#Zassieeg.
B TERNEETEERBE
(e, fl=¢la.b]+c,la. b0+ 4c [a,h ] =[acg, bgl+{ae. 50,1+ +Hac,, 5o ]
Wn=2 B, HIER 2 1 Mg LA
Ple.f1=Plaenbia )+ Plac, bl m Lo f1=lae.be ] +Haep, b
BRAn=kaTHiRHT, H
[/ I=[ac, B+ [a,c.,be, ]+ +[ac, B0, ],
e, 1= Plae be ] + P a1+ 4 a6, 0.0, ]
THEr=k+1Ff it R Ar,
EREn=kt+10
[acdie ] a0y .80 1+ +[EnCersDen€in |
Sl AW g B PR N, AV
=[ef]
B i,
e, f1= Loy be 1+ I aycy, 0, )4 - T [84 160000 B ]
=2, £+ 10000 B ti]

TER
Ple, fl1=1a0,be 1+ T 0,00, 5,0, 14 - T [0, €000 Pe 1€t )
BEEBRSN I HER 2.2 B,

HAHERMERSENE PR AR FOSE 22 WETH
g, EMAAER. NZLEREENHBAIRRER, THERAH—
HENXREH L ENRELHNARET, HEFEELRER, B
HAEWN - SEZMRHERRY, (HERTRA, WESMSHENSFM
WITERET—EFWR, FTEARHEHSENERE, FREDIEHE
EMHERETRGER, A28 LN &% AR T 0% EEN IS
BEIFAEMENE, A -FHNENEHRNERE T, RELEY
HMPaENEC S ENESZRNENXREE, BIEET—
HAEMELH A EN R Bl E T ETAENA.
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R AHEEFAeN

2.3.2 Z8 Mamdani P T RAREX R T84

FRE-PRMABREHOFEIR, FH T HE RS T
HELEE, RASHER W), FHERYEA N, BERA DD, t5
WEH AR, THERESEANH, AEEHZRENRANRENRED
#E), Bied=s—ve), riD=cit)-e(t-1), MHDw), BE L, HEN
SoRrg s LT EAEES PD 588, KSR ZEMISHERE—
ArtdEdEg v PD EHISE. BT R, RAOKATREHEF SRR
HATRESH, ERENELIRENSEHBENR PD BHEZMOE
M RMEK H .
FHNAEREBTFALBRAT GeGr,Gu, HHEMFHBNHAREYE
BIEAL,

¢ = Ge-elt)

r=Gr-r(f)

w(t) = Gurar
Heve',r e[-11], # €[-4,4].
HHEHBENGRIFTERTY =FE P IRNBATREIR. FLHALR
pEfRE2RENTRE.

(1) WA GRS S, SHREAAKT. B840, 2TRHZ
FRERAYN. “MWK® REEAPFUNBEENSE, “Yars” BES
FERENPLHAERRLEISN,. “2RE" REBEI=ZABRAN
BERFEANEA=ARNELE, A 2.3 Fx, FB Mamdani &
WEsRn—KE, HUEPRRBRNRATRE, HNENE N=21+]
A EE, Kb JARRA, JAARE, —NAF, AR ENR R

MEME RS LT RS HET 2V -1 =47 H 2 S MEEE, AUAKR.
AR BE R REAFN

v,}-{e‘ ~G-1)5] € eli-1)S,iS]

,u(z'}=1|"?1[e' _(i+1)§ & e[S, i +1S)
0 ¢ ¢ [G-DS.(G+1)5]
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RAFBL AR

é[r'-(j—I]S] r* e [(f-1S, 8]

ar )= -G DS 7 el DS)

0 r'e{(j- 1S, +1)S]
! (2.6)

E, E_ .,

B23 =A%, 2k HE, st Eg
BHRRABREAA,

%[u' —(k-D3] ¥ e[(k-1)8,48]

p{u‘]m-;—l[u‘ -(k+1)S] u (%S, (k+1)5] (2.7}
0 u' g [(k —1)8,(k+1)§5]

N1

J=2_

1
J’ 2
(2y RAGMHERNESEN. BT AFVEFENAEWE, Foui

BN FERBEAT . ERksmua—a=Rnh:
IF ¢ is E, and r'is R,

oS =

THEN « is [,
RGN ZEN S ENE 2 BEHEEXR
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iR A ML

Uy=E+R, .  k=i+]

ATHEHNNERPEROSFREHNELZEPREXER, Wik
U, =U,,=U,
(3) WHEFLE, KPR FENAERS:
HMANTEZ MK and EERAE ) min EF:
TRFRAZ @ or BEFARK max HF:
FHEpEREN, PhANENR A EEEIRBEMENERLE, %
Fr2H3i MBS RENSESVENNEEZE. RERA

W
Z mﬁ:.ﬂ'Ui
Uy, = E——=le.f],

I+ F

wu')=1'e, fl=1 2% , A=l (2.8)

H i of, ) =min{u(e),u, ()} RAME BOBHE, U, R8N NG 08

#
(4) HRABELHREN. KAXA

JEREOS (2.9)

{ ate" '

2.3.3 max-min BH B HBSHBEH TR

CEENZFEHEANALEE Y, HEUNHTREREEDN
B, EEHEARMBATR), WHEES =) -e@-1), ER
HBRUEANS S REHTHENAER, TRE-EHFE
Lji-Tgi, jeJ-1 ., B OR iSce <(i+DS, jS<rs(+ns, M #
¢ eE,E, s reR,R,, MALe WEMBLERNE,, WV HEMERMR,
B REES A
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AR R L F e

€Y= ST )= 5iE ~i8T;
;uﬁ=§k¥UHwkpﬁHk%F—ﬁl

Mme' ,r' AEERMEHERES S 0.
g8, #e(e-}q’#m(g.]:l' ﬂj(?“]+#'§-ﬂ[.’“}=1

F

i,
r
G+1)S Seeemee
-\L‘-\. Cy C;/’J/'
", e
C A C
GHO.5IS | M N R
Cﬁfﬁ . Gy \
#Ca 5\ i
i .,
.

fS ____________________ |x

5 M+0.55 ri+ 18
H2.4 WAERS P REmS 2(+1S, S5 s(y+)s. EESH

I
-

Hha e, et A LU I e ML
R:IF ¢ =E, and r =R, then u =U

1+ fadl fpad

Ry IF € =E, and r'=R then & =U

(L]

R:fF ¢ =8 and r =R, then & =U

T+ il

RIF ¢ <E and r'=R; then u =U

Fj

(2.10}

We'  MEMEEA - EARBRERER, #oANAMIES. T
M 2.4, FAHERUENDEHABEDE of, ) =min{g () g, AT R

2.1%.

CUFRAHRNERHLU, , or EFRA max EXHTES, 53

HERBC, ~C, LR ISR
CuCy: maxl () ple )= 2,0
CCoi maxl (r )i (€)= p(eD)
CouCot X, " Dot (€)= i ()
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W A F R A

IO 4 m[ﬂ_,.]":r‘]sﬂn](e-}}:ﬂm(‘?.)

F 2.1 WF A FEAS /] B A SIS
4 R1 R2 R3 R4 > oli, )
CHMC w0 a6 pE) wie’)  Lepleh)
GRC pale)  p07) ple) pry  Lapr)
CRCs pale’) aale) wa ) 'Y 1+u,(e)
CoRICa p, (F) pade’) pal7) ple)  Lep,l)

TEXBEEHEANENANMEEEZR ) off), FAITR2. 148
5. REXR 2., EXE 8 G L EAYERVHENINERTER

FEE:
N
> o, HU,,

U=
2 o))
=1
- JujH{r‘)Ui'-}jH + iuj{r‘)Uiﬂ'H + -Iui (E* )Ui'J-_,«'
1+ 4{e)

1
1+ 4,(e")
[(E+ =08, + F+ DS+ (N + S - 2)8, 6+ j+ 257 }

FEAEE 22MEE SHFERWENNERENESREYE, &

{ M MG+ DS, (4 J+ DS+ 21, ) (2.11)

PO { G i+ 8+, xG+ f=DS+ a0, (e W+ /-8 }
1+ p,(e)

ERERHELA BER

—{+0.58]+[e” - (i + 0.5)5]

%S—[e' - (i +0.5)5]

e=(i+i-15+5-
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WFRRERLF 8T

[#' — {7+ 0.5)8)+]e —({ +0.5)5]

%S—[e‘ —({ +0.5)5]

f=e+d45=(F+j+)5+§"
(2.12)

R, EXHC~CPETRBUNSESR. 24, FRXEMHFAH,
AR AZe f WDE, SHEWNBAEHLHERY

_l. . - E‘|‘f
a5 e sle— (2.13)

%[ﬂ'—f] u‘e[‘?;f,f]

Hi )=

HrF

[e' —(i+0.581+[" - {f +0.9)5]
%S—l e -i+055]  CuCulC)

(i+j-1S+S

£f=

1j(7,4_“;._1]@4“9_[&'—(;‘+||21.5)5]+[r‘ ~{} +0.5)5]

%S—[r'—(j+[}.5}8|

(€, 0,,C,,0)

I"

([ +0.5)8)+[r - (j+0.55]

2

{1'+j+?.u)S+EI-[JE _
ES—ie'—{Hﬂ.S}S’[ (€, C o5, G)

5 L ZCOISHI =0H098] ¢ e e ¢,y
ES_|,~- -(y+0.5)5]

(F+ f+ DS+

RAE LR 4
fﬂ{u‘]df
o { .t _]_
‘ [%r-ﬁ(r-—e}ah _[%r-ﬁ{f—f}df

= 7

| — ] B 1 j- _1
fl o5t 'L*Tfﬁ(r—ndr
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W 3R WSt

F ' _ende— [, 4 - f)de
': - - f -
| (#=e)dt L!_r[!‘ Fadt

_ Btf
-2
Ep
’(HJHDS+S'[€'—(i+ﬁ.5]|.5']+[r'—(j-f—ﬂ.j).i‘]'
Z5-je =(i+0.9)8| (SRR EN Y
¥ =4 2 (2.14)

U OSIHE —GHOIS] (0 o o
58=17 =(j+05)S|

G+ j+ns+s.LE

2.3.4 max-min EWEHIN S HER

Sl FRERER S, SR TEMERSWATR: T TGH
ARy Z EMHBEEMRIFRXR, MAK Q.14 TUES, M ERBELY
MARLFERZEAFETBENBENRE. AGSL, vEHWE LA

R
B G0N =+ +DS=((+0HF+{(7+0NS R — T HZHHEH

8, ENBESRATE:: Y IFURFEEXR, RERTINIHAEN
HYFEe; Kb, MEHEFA+0HSGHINAMNRE )
FrERE PG (ME 24, BP0 NNEMAZEEER, HRAL
Bf— LA md. MW MER, LfAEE, Wo G HHERTE
¥, BHONURFN

O, 0, 1=K .+ e - +0.55]+ K,(e ,rOlr - (G +0.5)8]
B

5
%S—re‘r(i+ﬂ.5]5| (.05, 5. Cgd
Ko(e' ,r =K e, r')=1 g

5—|r —(i+0.5)8|

{CEI’CIiCTlci}

3
2
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W RAF B EENE

EHBRERRETFHINRE ORI BBESGEAENEL P N
[(i+05)S,(+0S 1 MAMAE, wEAFERNEARSHEN. Kk
R EE, BE—NEM PD SEIE, ERET LK E )BT
ERMERY, M r BUMEL, RFERARECHEER DL
[(i+035)8,(j +0S)S)MBE R A, B K, K WEHEREL. Ao, 6)RE
AL T PD HEHER, FEEL

%sKF@ZH)=K5@3rﬁ51

S ERamUE 233 THESSHEAENTRE, AEH0T
e H
EW 23 MRS SHERE, 1A, HEFREFHEH (1) -
(4) , MAEFMNEIN Mamdani REREHANERENE—-TLRK
THEPESRES—REMFELE PD FHB KM, B

u =@ )+ D, (7, 5)

mﬂg;}:%:(ﬂjﬂ}& (-F<i,j<J=1) (2.15)

O, (L ) =Ku(e',r e ~(F+0.5)5)+ K (e, 0 )" - (G +0.5)8]

235 max-min WHFRBENBREE W

AL ZELARATTUED, EHEVBANENETLE 1o
TE2¥ PD HFBA—IMEBHMAN, ATH-FEATHEENSHENE
B, ETXRSEEOH I RRHEEA0NREE, FREREEBEET
PID ERFBZMMHATERSR., S ERTSBENS T NESERTER
a¥r, BE TSR
EHR2A WTR-PEMEFIERENSERRENPENR, BEEH2Y
(1) - {4) 89 Mamdan] AT BNEHPD BHSE O ERATE
A AFEMARNEEN.
1EBH .

X FRESFTFREERNE, RANTEAHRZ =r' =10,
TEEFEMHIAEFTEEL™EANE S,
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M r o Bat uhiws

10 & =0, >0 MEii= ;=03

gy SLE —055) +(7 - 0.55)]
2(S —0.55}

=S+1x[(e —0.58)+{r' —0.55)] =€ +7

2 e >0 <D HWi=0,j=—1HE

S[te’ —0.55)+{r" +0.58)]
A8 -0.58)
=(e" =05 +(r +0.55) =¢" 4+

u =0+

3] e <fr >0 HEi=-1,j=0K

N S[{e" +0.58)+(r" —0.53)]
2(5 -0.55)
= +0.551+ (" -058)=¢" +71

¥ ={

4) e <O <0 Mii=j=-1. HH

Slie’ +0.58)+(r +0.55)]
S -0.55)
=—8§+[(e +0.58)+(r +055)=¢" +r

TR

THEHIEBYN v, OGN0 NBRA - PD E
BBy =D =e +r

—1

::"3 S=‘l_r J-:_N

J Z
SN0l 0/ romB
mJ=0, ImS=0
F = Mo
T—&lmmcu,ﬂzlimﬁxi’-’é;u

5. 4m £ 3 _Ie |

. N (A ln JNETIN (L N S 1 TR S
!su-ﬂmc{l’j}_.lrﬂ ¥ _.]rjﬂ J+J’ J _.]r]ﬂ J+J

REHBiS<e s+D8, 8= s{J+1)5,

i+1

i1 il
J

[
Asr s
J J

Eﬂéﬂ&' <
el @F = lim @q (i, =€ ++
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A FEHEREX

Bmu’ = lim(®, /) + @, 00, )] = lim &, 6, )1 lim @, G, f=e +7"
EHRFH, A Nowoit, BB Mamdani BMBIEHRISZMR D — %

PD 2% 8.
#— R RNE W, RMEERANE Y 58 PD SHBOIHE

mamaxx%g. Eﬂju'—dﬁlzii%u

Hit, RB\FTEZRBELESR, EFFAS=r =0, AF Mamdani
EMRHRASERENAESAHALE PDRURANERE. E¥.

RIBLLEATREL R, FRERRER 25 M 24 BFTHY max-min
T Mamdani BHZHENEMELEFHEEASMAL PID SRR H
A, HieRY, EREHRSEE PID EHRBNEMETELRAXRE,
HEWER RN EETRAEN, REHIT MRS SERN
—AREHRPD S HESHAEFHRNZFTHHEIEER.

2.4 FAEEFERBERBSHITIRE

E—TEEIAFEEHENEE, EEHERR LRI TR, B
A Wl RBERESARXASESENY, AN THERITHESR
P, FESEER B, £ 23 WHTER EH max-min BIRBIEEN
VS 0 i J1 0 R R A R A B S R B R S A A
HEBECAHRE, Ed-2TRENSHBEEH EOEM.

2.4.1 FEEMHERTENER

AT ETANERSNENTHERENAENATLRITES,
A SCIERR BT BRI ) R SR 3 BT LR R S AT LR A

(1) MW EET and E-RUT FEZMEEXERE, BEREY
MRUTHEM=/AMNY

B b xay=min{x-y}

BARE (product) : x-y=axy

(2) RYWHEEF or EFRNEH R, BEAREMNELL TRHEMHD
ZHEH

37



RAFE L F T

B K xvy=max{zy)

A A x;y=x+y—xy

(3) WA FET implication TR H R 5 48 50 5538 2 (6] B 5
A MBREREATSIFNEEEMERMZEZRITHEER.

2.4.2 A EHEHE T K RS M A hr B R

W2 LB and FIFER or EFHTARAAEMERE, 2XBE T
g AR A A ER RN Mamdani BHEHEE, 5 R O EH
ERBHTRLUT 2.3 WHEN SIS SRR ITEE, AERTH
ARLE, RERABTHEREESE THLAEIRAFENARSGH TS
R. BTEHESHL, BATETEHMEEN and 71 or 7, EEE
AMEREFEERATHBTIEENYN,. FUEWIERSE, #BEHN
ZitWT
EE 2.5 WRS FYWERBE-1, V)W, EA sum-product FEEH 4 B K
WEHRSYEA 184 PD BHHK. FEXH max-min, sum-min,
max-product EEK A Mamdanl HHMERBRENE - M2RRN "%
EEHBBE— T RANEZYE PD SRS/ B

u' =0, )+ 9,6, 5)
¢G{f,_;')=3{%—jjil—}=(£+j+l)5, (T <t j<-T) (2.16)
D, (¢, )= K (e, ' ~(+0.5)81+ K, (e, 7 }e' - (i +0.5)5]

EFHARMREL =K, =K, AKH, TR 2.2 PTEHEGUNUMESHER
HEMBITSEWRER.

2.43 AAHMFEEMEHEEN IR SR

Wil bER 25 BR 22 ERET . BATITEFHELITIL
ME®:

(1) W3 22 AN EHERBENI TS RFRELEEE PD
BHBMEERELE)=KEEHHNREL#HITHH, AERD
Kle' P =Kpe r Y iSse S+S, S <(j+0SEEARM e, r B

L1



R RF T

LTUARTLS, TEERRBESL, NHARSENSREDG
[(G+095(/+05S1MEERA, MK, K, HERL. BEENMNIELE
HRHM, WAESERIENRE, EHEHEY LE =K 8
L. TREFHAR, AEMERETALE 2355,

FE2I BHERRNORIAAENSRER

HHEENT K=K,=K,
3 S (C'I‘.lcl}cj!'cﬁ]
Eshj e —(E+0.55]
Max-min <
3 (€. G GLG)
ES_l r—E+0.58]
ol (C,.C,.C,,C)
, 5-1e" —(i+0.58[] - P
Sum-Min s
A1y -Grans]
Max-Preduct o 287
%S’ + |[e' —{+05)8]-[" - (f + D,i}S]:S +2e = (F+05STF - (7 +0.5)8]
Sum-product 1

(2) MRREEE 2.5 TR BRRMELIER E X BT

om0 max]
| @ max | +| O, max |

TR FAEMREE S8 Mamdani 5 13538, RHELZ
Li=jod-18ij--I0, [®;max|=({++D}5=2-§
Yo' =iSr =S e =(i+)S. 7 =(j+1SHF, |, max]=S,

(2.17}

AHERMEY po—— S

&8 mAEREn B, FHEEE B, 3 N-3 T,
Lo =0.5, ES, REFHNBSLEEHSENEHMAE, I N 1N,

PBE D, REEMEERERES. MHEE THE max-min &
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L1 2 S M 322 Ry 3 o

Mamdani ¥UBREE, I8 s off. O1LN=0,TTOG ) BN~ 5
Tk PD 288 A" = DT =2 +7.
(3) #—28, MTATREWENBNSY 580 PD BH& 0
A& #) S8 % E
| du" =g [H D+, —DF |
= (F+j+DS+ K, (" r e~ +0.5)8]+
K (&' = (G +05)8]-(e" +r7)|
= e =i +03)8]- " —(f+0.5)5]+ K, (e",r)x
[€ = +0.55]+ K. (&', r)r —(f +0.5)8]|
K e, ) ~1][e" - (i +0.5)8] +
[(Kp(e'r)-1)r" —(j +0.5)5}| (2.18)
Tl K (e P ) =K (e, /Y EE M iS<e s(i+D)5, )8 <+ <(j+1)8 LR FE
FETHR, R« -0 | BEFELR, HTFRREMEESETHEY
HHSAFARNLR, BGpmEFRFE 23 PHR,
ATENE R M MBS AEE 5T RS EER NS e
BARREHNBEESRER, TENEREINSNBIERER, Hut

ML R R 23 MEXRF T X H,
H 2.3 HURGR RIS R TR T R R A A L

EWHENE K=K, =K, pOrgis PF A’ -07 |,
1 1 v F
Sum-Min 3 =K =1 yra {e ,r) 3
Sum-product K =1 0 (e',r"} 0
" 2 1 - 5
Max-min —-zK=l1 — (e .7 ) —
3 N-1 3
Max-Praduct 15K5§— ﬁ (e .r') -':-

ML LRBE SR, RO ERHE:

HFFEFAHADERERRE, 6THA. HETEHRXASS
S, 2FE. WHH=ZAERERY, ASERMY, HIEARES
AEATEESMHEAME, TMLURRHYER sum-min, max-min  max-
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i RAESLELBX

product HEEFER, HAEBREZEHRFALHNEN, HEEANIIE N
RIHE RS T PD SIS, RHERTENE, IFM sum-product
ERMEE AN RS REH T PD B%%, AFEFREHE
HEE T-RRERTAEENTHEAENEERREREESHS
PID HHIRBIXR .

2.4.4 $7 Mamdani ###2H B EH 37 RHLAT G

(D) LEHMUESRBRAERATAREANOATE, FHi
HEEAERESSHLTRMRKFA RS E Mamdani #3958 5 34T
FIESfTERST SHEAREXLSRYHERSHENRERAHM LS T2
B_ETHARS RIS PDEWMEMNN, FAMF NNRXERT
£ PD %53, WRIHAEBIN Mamdani EBPEHBNOGETEYE
BREFNRBERNELRZ AL, WATERRERE, 20 REAEGERR
RERLEASTERE, &i0EEN:

Au =00, )+ 0,0, ))

, 206+ j+1
‘Ps(r,j%—-—(:ﬁil )

Dy (5 )= Ko (e, = (7 +0.5)8]+ K, (¢, r )¢~ (1+0.5)5]

=i+ 7108, (=JSij<J-1) (2.19)

Kb Ban) B AR TFERENSE. T8O, GHORTH—1F
AP Pl BB, R, BN ok, OF NS0, Q0N
AT PIRSE AL =0 =" +1"

(2) M\ MAEHHEMTRBRETHEIHEMES, KBATE
A LLART 2.3 Weltit, MABMATEET U R e, 40,4, ) ¢ HIZER
T ERNES, BAWEMNE R REMENAL, ARTUEEMN
E TRFAEENHR MUTEAS MEFTRANENZERYR
A, FEHFETELERE, X —RAER Mamdani B R 685 10 & 447
R EE A RSN LA, TSRS N IR ESS, BIAEST—
2RCHSEXERESIFAEANREIELYE PI. PD & 1D EiHl2M

%nn
(1) MEREERSFERUEEHOFE SIS HEE R, Mamdani
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WRAFHLERER

BHEHBRNENSFEMEN PID BHENEATELRT M, KAHE
WERSNER ERET Mamdani BB RHIRHERE S IFAE N PID 3
FIRNNERR, MHAAREREAITNEERS, HERSSHER
MER M, HMERBNENENBE TR PID 518, SHME
RN ETRANLTEERELANGERCRERE R, ZREFHERES
BE—R/ESHPNHTE PID EHEHE.

(4) RERIHET —HABAEALTE Mamdani #0524 2%
BES T, AP FEETHEHLHR5EN PID SRR ZENE
HMENERER, FEEHL2TNEM, FENETELHE—FITEER
BB S®M PID EHREZRBAR, FEBX—EHEHNEMNE LT
HEBRSHESRPHEBENENERE4EX REERERERSN
AME455R.

2,5 & &

EyERRENE T EEN R R EE AN — T EET A,
ATENMEAHRTERE B 0AR, FII0THERTEHBYAER
#, FEEFMERNETASEDPBALAH. EHAEFETHNEHSE
W TR ER, EEREN G TR EREEERSHNEN
Lt FRAT (B ESMNH A ML EEENEENRATEEH T
Mamdani MM EHENEHIH. HARE THSEEMRNEER
FER—HERNEME-SE T3 #HE Mamdani EHEERIER IS,
HHER T max-min REMTEBENELHFERE, AETHFNAE
HIUTHA. DERATHIRASEEYNYE N —RWHA LR EY
EHBMNENERS, ZEEMEFRTEMNEBERTE, ST
MUEHANEEN. RENERTRENERFEAERSHBHALE
ST TR, 4WEET ¥4 max.min, sum-product, sum-min,
max-product SR FAEMBEEFEZHANENEHNRER T ARNRE G
b, BHEREBOMPXERANLERS. ATAHEMZFIRMEMEE
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HENTHFEHHSHAMANLDRE, RRTEMNPREENTIRERRE T
WO EE, ST RmEiE.

'y

ot £ > Rk 1 I

f/fﬁﬂg/fﬁﬂmm
Xt R HE

//fr__f '_r—_j_rJﬁmwﬂm%

1

— 1 i !

k)

kEk+1 kv M k+P

!
il

|
1
L ﬂﬁﬁﬁ |
| Tl

B 4.2 s s sl mEih i R

(2) EEAFEPFHXREEAIN R EEY, BRIiTwRE &K
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SERNHFTALEERER, BUREH e EMeRET, XK, *
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EESAHSHORHLIES, RUEREEEMEMFY. WX
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BRERKA.
RARMREAVBABRRNERBE I EEAERAMEENEES
g, BRFEETEAVEREASREMNME, ENREZENE
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FHERENRANENTH, XAYEREIH2E. HE, EREE
EBRLRARE, AT -SWRAMEER.
LELEWASHEHRERER, HURANBEERERER, AEFE
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BB, TR,
4.3 Mamdani B H] R4 K@ BB

PHRGE LV ERPHRTINA, R TEAENREAEEYSR
I, BREAN AR E AR R RRRT o
B, MEMANBFHNAEE, ENERETIKE NSRBI E A
s, SEHMRBENWENRNEDN, EHEIMNRETEETHE
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MM EXE-HA ENENFR, BEA-H A ETEL8A
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REZ, i=12--8R3 k), «@HEEHERMNLADS, BERAE 4.5,
LR BH AR SR REAT A,

Pulk +1) =G+ j + D8 + K [pk} - ( +0.5)51+ K (k) - (F+0.55]  (4.16}

BR, ATAHMEMN AL, (4L15) PR k). uwk), §j,.5HY
wH, BRRBFRENBITREANG IOTASRMTHELTER,

ok +1)= K plk}+ K u(k) +C(R)

ClkY=[(f+ j+1D- K, (i+0.5)5 - K,(j+0.5)5] (4.17)
Hooh Clky = p(le+ D) — (K, p{R)+ K, u()) B G B T LB 55 96 &8 1 2 iy o2
#. TREY Mamdani RERERL 4 14 BHTELEERS (4.13) L
HFRE(4.17).

TR, #WEIRA sum-mic EHEBX Mamdani BEHES
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TBMERN—BWTTE GAESHN, PHRETAER, REETA
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P=[p1;pzs'”;j?hr']?|r pI=K;., j=1:23"';.?'l"}.
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Structure Amalysis of Fozzy Controller Based on the Isosceles
Fuzzy number

Abstract: ‘T further shudy the essential of fuzey controtber of ciosed-loop dynamical system. A new isozceles
flizzy number memberchip function was applied to design the input and sutput variables in the chiucture analysis of
ke two inputs end ons autpa fusey controlier In a 3150 centrolled plant, three difierent fuzzy inferences sum-min,
max-min, max-product were used fo analyze steueture charaeteristic of i typical furzy contraller Io wis
anglytically prgved it a nenlinesr fuzey controller with Meesr cles I tha swm af ¢ globel two-dimenstonal
multikerel relay and a local nonlinert proportional-lntegral controler,

Eeywordy: Fuzzy control, Isosesles fuzzy number, Struetuns analysis

1 Introduetion

At the end of last century some international scholar such as Hao, ¥ing and J. J. Buckley ete,
began to analyze and study mathamatical expression of fuzzy controllers!’, They analyzed how
parameters of fuzzy coniroller affect conirol performance, and then the new theoretical research
direction “structure analysis of fuzzy controller” was formed. The research fruits consists of two
respects. On one hand, they deduced mathematical expression of the fuzzy contrellers, whick. is
named “analysis strugture”. The paper [2, 3] eot the resolution expressinn of typical furzy
contrler through the defuzzification and analyze the relationship betwsen the fuzzy operators and
fuzzy controller. On the other hand the Ifroit expression of the fuzzy controllers were deduced,
which is named “limit structure *. The paper [4] fitstly proved that the infinite expression of fuzzy
contralter was the Knear funciion when inputs were error and its different ordar denivatives and
outpyt was ¥, control mile was linear.

Because of the complexity of the fuzzy apemation, in the existing papers (M, there was & unitive
question, that is, output membership functions applied singleton sete in the fuzzy controbler design.
To further broad siudy the essential of fuzzy controfler, this paper introduces the cperations of
isoaceles fuzzy number into the structure analysis of typiesl furzy comtroller as implication

pperation. Accordingly the oulput membership functicn extands to isosceles fuzzy number. As 3

result the struciure analysis of fuzey controllers takes on mote universality.
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2 Preliminary

In this work, convex fuzzy set on real numbser set R is defined as fuzzy number. The fuzzy
number on universe of discourse [a, b] is dencted by Ala, b).

Definitlon 21 If [a,b]c K,[c,dj < R and e=min{x+y|xe[a,blyelcd}}.
f=max{x+y|xelablyeledl]},

then [, f]=[uo,&]4[¢,d] is named as the sum of interval [2.5] and [e,d].

Definition 2.2 Iffa,b) c R,ce B, c 20, [a,&)=cis named that [, &) multlply real number o,
denoted by [&,8]x ¢ =[ac, be]

Definjtion 2,37 If existing membership function

2Ax-ayp—ax eala b d]
2 x—0a-b.xele+ 5/ 28]

Aa.b](x} ={
A €[, 1]on the universe of discourse {a,b8], A[a, &) is named as isosceles fuzzy number, notzd
*la,b1.

The whole body of isosceles fuzzy number is noted | . Its operations are as follows:

Lemma 2.1 Assuming [*[a.8).0 [c.d)e®,and [a,b]+[c,d]=[e, [ ], there exists
Pa,b)+ e, d] = e, £]

Through exicnding, also existing

Lemma 2.2 If

Pla, b, [q, 0], g, b]eRnz2,c, 20 fsL2, 7 and

[e, Fl1=clm ]+ [a,. B )+ -+, a,.8,],

then  le, f1= 1 lag, b )+ age,, b6y )+ 10,6,08,¢,]

3 Stroctare design of the fuzzy controllers

In a SISC conirglled plany, the inpul variable is 2 and he oulpul is p, & disorete Lime ¢ demotes
sampling time, while in the fuzzy controller, the input are the emor ¢, and the rate change of emor
7, , the cutput Aw, is the rate change of u, , thatis,

g =5—=Y,5—8a —e —e 0y —u —u_

alter scaled, they become:

e =Gee,r =Grr, 5, =Gudu,

where e, e[-1,1],Au" =[—4,4].

Structure analysis of fuzzy controller is to discuss the resolution expression of fhe function
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between input and output variables of fuzzy comtreller The destgn parameters of the fuzzy

controller are listed in the followinp:

-2 k-1 1]

o D3 R 1 €

L

Figure.1 Lsasceles luzzy numbers membership functions
All membership functions of the fuzzy sets emor, rate and cutput are used isosceles fuzzy numbers
just on the fellowing figure 1. Assuming there are W=27+1 fuzzy numbers in the input of fuzzy
controller & (the same as in #° ), they are denoted E, {or Rj ). Assuming there are
IN-1=4F+123 fuzzy numbers in the owput of fuszy controller Aw' , they are denoted
Alf, .
Fuzzy control cules use following linear rules:

IPeis £, ad 7'is R, . THEN Au is AU, f7=12,-N

Fuzzy reasoning opergtors:

@ “and*

min x Ay =min{x-p}; produet: z- 3 =xp;
@ o

max: Xv ) =mex{x,y};
som: x® y=min{l,x+ y}.
@ “implication™
It denotes the relationship between condition and solution of a rule, The “plus”™ operutor of the
isosceles fuzzy numbers is used here, Together with the fuzzy reasoning with the operation “and™
and *or”, the general formulation of the fuzzy reasoning in whole fuzzy control process is got:

N

Z &i{f, j} ) "ﬂ'Uﬁ
ﬁUh—_.l = £, f=1 - = [E‘*fl .

>, o, 7)

WL ]

1y
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o'y = e, 1= zf _ .
LR

[Ax —€) m‘e[e.f;i]

1

Where A =1, w(f, /)= min{g{e"), u, ("} is activation degree of rules, AL, is the solution
firezy set of linear rule.

Defizsifieation uses the center of gravity algorithm (COG), that is

of + * »
. Au - p{ A ydAu
ﬁu =—'-[ f = E+f
I (s YdAy 2

Without losing generality, assuming: i§ se’ <{(i+ 18, iSsr s{j +1)5,~F 54, j<J~1, then

the member fimetions of & isin K, or £, and r'in R jor R
# (= G+ e )= 56 =I5

[] _1 [] - L] l a -
,u,[rJ=—S—[r = +1)8; ,-+.{rJ=*S—[r - j8]

The member finctions of e and ¥ ' in other fuzzy sets are all zero. As 8 resulf, we cnly obtain the

following four effective rules;

R:[F ¢ =E ,and ¥ =R,
Ry:fF & =E and 1" =R, then &' =U,
B IF € =Eand r" =R, then au =U, .,

R:IF &' =E and r' =R, then " =U,,

them Aw' =1/

i

Because the sclution in both £, and R; are same, we have 1o synthesize them using the operator

“or”, We configure a square and divide the square into eight regions as shown in the figuee 2.

,
&
. (S0
E‘S .~-"'I¢3
o Lrogs
.'-I.' *
s | wass s €
cs - ".Cl
e | e
e &

Figure.2 Eight regions of £, ¥
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4 Structure analysis of the typical fuzzy controllers
4.1 Structure analysis using sum-min reasoning

@{f, /)= (¢ 3.4, (#"), the resultant membership edopts and the “or” operator between R, , R,

uses sum. Through the fuzzy reasoning {D-(3), the mutput of fizzy controlfer is:

. 8 ¢ =(i=0.5)5]+ [ ~{J +0.5)5)

A’ o Grpams+y F-fe’ -+ 058 | (CnCanCsn Co)
{i+-_.r+1;|.5‘+£-["" -—[:‘+l}.5}‘3}+[r ={j +0.5)5]

z S-ir’ = (J+0.5)5 | {C,.C..C,,C,)

d.2 Structure analysls uslng max-min reasoning

i, jy= 4 (g ).t J{r'} in eight regiong s the same as the 4.1 + the ““or™ operation between
R, R, is max{x, ¥} Through the same fuzzy reasoning, the output of fuzzy controller is:

4 DS][ - ([ +0.5)8]

ES—IE —{i+ .55
—{i + 0585+ - (f+0.5)8]

i+ j+D5+5-E

A - (CUC:!CS!C-&}

(4 405 +8-
ES-_[,. —{j+0.5)%| (€ 0T )

d.3 Stroctore analysk gslng sum-prodoct reasoning

@(f, j) = g (e Y Jr[.i"]l iz the same in the whole universe of discourse, the “or” operation
batween &y, 2, is min{x+v 1}, Though the sams fusry reesgning we bave

Au" =g 4r’
4.4 Structure analysis using max-produet reasoning

i, FY= 4, (e']l.,u : (r*) iz ali the same, the “er” operution between £, & is max{x , v}. Through
the sarme fuzzy reasoning we have

A" =l 18+
28 [P =+ LHI[F —(+0.595] ]

%.5" +fle" ~ (1 +0.5NS1- " = [+ 0.5KSFS - +2[° 144 0581 - (4 +0.535]

§ Coemparisons of four fuzzry controllers
Theorem 5.1 if ¢, 7 are both in the universe of discourse [-1,1], a nonlinear fuzzy controller with

linear rules using fuzry reasoning sum-min, max-min, max-nroduct is the sum of & global two-

dimensional multilevel relay and a local nonlinear proportional-integral controller:
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au’ =B, 1+ 0,4, 1)
mﬁ{f,j]=z{r—;{Tﬂ-J- =i+ +1S, (—TF=ijsS-1)
@Y= Kl # e - +05)81+ K (e, ¢ e ~ (1 +0.5)18]

In sum-rn fuzzy reasoning

S (€,,C0,Cs o)
Kofery = K et 2571€ _F":”D'SJS']
(€3,C0CrnC3)

A3-tr =4 +0.55(]

In max——min fuzzy reasoming
&
I .
28-|e" —{i+0.5)3|
8
3517 =4+ 055

(CI FC!‘ C.Ivci}

K. e ri=E e+ )=
{0550 0 0y)

Tn max—pradict fuzey reasoning

257
gsl e~ {i+ 0.5)8T- [~ (j+ 0.55]8 — #2fe” - (74 G.I)ST(" —(F+D.5)]

It {s obvious thatAw’ is composed of twe parts. The first part is a two dimensional multilevel
relay @ ={f+ f+ DS ={{+0.5)8+ {(f+0.5)5 determingd by i, 7 and e center of spece,
point [(F+0.5)5,(J+0.5)5] where the input variables {e',»’) locate. So the action of
@, (i, /) is global and is named a global two-dimensionat multilevel relay,

The second part &, {7, f} i determined by the input variable {e”,r Yand comparative position
away the cenber of space [{i+ 0.5)5,(/ +0.5)5 ). S0 its action §s local,

Apparently, K (e',7" )}, K, (e',r") change along with the difference of &',7, the distancs
between e point (& ,r') and [(+0.5)8,{(j+0.5)8] becames bigger and K, K, also
become biggar.

| @, max |
|, max | +| &, max |

Based on degree of noniinearity of the typical fuzzy controller 5=

When f= f=J-lori,f==f, [, max|=(i+j+1}5=2-5,
Whene' =iS,¢ = j§ ar & =(i+1)8,r" = {+1)8, | D, max|=S.

£ 5 1
2-5+8 2 N-1

Se we can have o =
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It {ndicates that the degres of nonlinearity is propertional to the number of input fuzzy number.
When ¥ become bigger, & become smatler and the action of loeal controller becomes smaller too.
When /N — e become infimite, we have the following theorem:

Theprem 5.2 When N =00, @, (i, /] - Gand {0, /7 will become a Ilngar PT controller

Au' =D =¢ +7°
Theorem 53 The absclute value of the difference between the output An’ of the typical fuzzy

controller using fuzzy reasoning such 83 max-mix, max-product and il}z of lincar PI controller is

5 - w8
10 maore than 3 thatis | Au — @ |£?.
Theorem 5.4 The typical fuzzy controller using sum-product reasoning is egual to the linear PI

contraller.

Table I Structore comparizon of four different reasoning of fuzzy controller

farmyeasamingy K= B o E,  glorbwrgadsd #7 |40 =970,

. 1 1 * L} :

S Hm iﬁksi T fa’,r"} )
S pxadnd K =] [ (e i}
. 1 1 .. ¥
Mo Eirﬁi g ' e H
1 1 - &

Theorem 5.5 According to the determinate process (linear or nonlinear), the fypical fuzry
controller and the linear PI controller @7, has the same stability at the equilibrium {&" =" = (),
In order to further study the Tour fuzzy controller, their charssteristics are [sted in the table 1.

6 Conclusion

In this paper, we import & new {sosccles fuzry number memborship function and its eperation into
the strwcture analvsis of the typical fuzzy contraller. Through fuzzy reasening it has the similar
strocture when differsnt fuzzy reasoning such as suwm-min, max-min and max-product are used.
Furthermore it inteitds to & PI conteoller when the tember of vules intend to infinite. Esvecially,
when we use sum-product fuzzy reasoning is used, the typical fuzzy controller is equal to0.a P1
controller. So that fhe essential of flizry controller got further study and the structare analysis of

fuzzy controllers takes on more universality.
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Predictive Functional Control Based on Fuzzy T-S Model

For HYAC Systems Temperature Control

Abstract: In Heating, Venotilating, and Air-Conditioning systems {HYAC), there exist severs nonlinearity, tima-
yarying naturs, disturbances and unéenaintics, A new predictive functional contro| based oo Takagi-Sugena (T-5)
fuzry model was proposed o control HVAC systems, The T-58 fuzzy model of siabilized conteolled process was
oftainad using the leas sgearcs mechod, then on base of the global linear predictive medel from T-5 fuzzy model,
the process was cardrclled by the predictive functienal controlter. Exzpecially the feedbeck regulstinon pont wes
daveloped to compensate uncertainties of pradictive model. Finally simulation test resulis in HYAC systams
corTel applications showed that the propesed fuzzy mode: predicive functional contral improves tracking =fect
and robustness. Compered with the conventional P10 control, this conmol strategy has the advantages of (ess
overshoot and sherter seting time cte,

Key word: T-5 fuzzy modcl, predictive tuncdonal control; ieast sguares rethod; HYAC systams

1 Introduction

A typical Heating, Yentilating, ard Air-Conditioning (for short of HYAC) system consists of air
loop, chilled water loop, refrigerant loop. condenser water Inop ete. In each loop there exist many
dynamical variables which interact with each other such as pressure, flow-rate, temperaturs,
humidity. So the HVAC system iz a fypical nonlinear time-varighle systemn with disturbances and
uncertainties. It is very difficult to find a matharmatic model to describe the process aver wide
operating range. Recently, some comples control strategies based on the classical control concepts
have been proposed in otder to Imprave the system performance 'L Among those works, ¢lassical
eontrol techniques, such as on-off switching cortrallers {fharmaostats) and proportional-imegral-
derlvative (PID) controllers, are stll widely wsed m practics due to their casier implementation,
lower cost and higher reliability in harsh feld conditions. Howewver, the PID cnntm]le;r-i's designed
hazed on the specific cold lead while the practical load is varisble and its simple structure is
diffieult to overcome the effecl of uncerteinties. Then it i5 necessary to seek more sffective
strategies to contro. HVAC systems,

Predictive functional contegl (PFCY was a novel model predictive control stratepy proposed by
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Richalet and Kuntze at the end of 1980°s°L, At the same time it was applied into the indusirial
robots successfully and now it has been applied into the broad industrial processes [, Its
outstanding characteristic was simple algorithm, rapid following, decreasing computing and
cotcering srocture of control vanables.

In 2003, M. Lepetic et al applied a novel fuzzy medel based-on predictive funstional eantroller to
a pilot plant for magnetic bearing in the magnstic suspension systern . The a-periodical step
respomses to aviid the transfer of oscillations were fulfifl=d with the cazcade control vsing linear
lead compensator in inner loop and predictive functional controller in outer loop. However it
adopted the state space description of dynamical system which is difficult to model, $o in this
paper, we proposed a novel predictive functional confrol based Takagi-Sugeno (T-58) fuzzy model,
furtbermore the fesdback regulation part was designed to the general predictive functional control
0 compensate uneentainies of predictive model. Finally this fuzzy PFC strategy was used 10 air
bandling unit {for shert ABLD in HVAC systems to validate to its correction.

2 System description of Air Handling Unit in HYAC systems

The schematic diagram of AHU in HYAC system is shown as in Figure 1, which consists of
eooling coil, air dampers, faps, chilled water pumps and valves. There are two physical loops in
the gooling coil wnit; chilled waler loop and wir loop. Chilled waler Dows from inlet to cutlet
forced by the chilled water pump and rsgulating valves with chilled water inlet tempetature 7,

and flow vate s, . . Through heat transfer with on-coil air outside the cooling coll pipes, the
temperature of the chilled water rises 107, . Supply airflows from the air inlet to outlet of the
cooling coil forced by the supply air fan, The dry-bulb temperature, web-bulb temperature and
airflow rate of the on-coil air are T, T, andm, ., tespactively. Likewize, the off-coil dry-bulb
and wet-bull air temperatures descend o T and T, , through heat transfer with chilled water in
the cooling coil pipes 7,

The off-coil temperature T, and chilled water flow rate i, are the process output to he
controlled and manipulated varlables, respectively. The on-coil temperature of the chilled water is
assumed a5 g constant and the airflow rate #r, varies in comespending to ceoling load demand of
conditioned space, these two variables are considercd as disturbances 1o the process. Thus the
output T, can be described as

I;u;f[mc.ﬁu-ma-};ﬂ-ruhm} [”
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Fig.1 Air Handling Unit

where /5 a nonlinzar time varving fincticn betwsen the system output and the state variables. For
simplification at & sampling time, the off-col. dry-bulb temperature T, is noted as y(#4) and

chilled water flow rate fr,, is noted as (&), in steady-state equation (1) Ty, can be described as

L
_lmclme

g (— s
WKy =T, ~=

£ T T
u(k}ﬂ'ﬂiﬁﬁ:{ m dmu) {2}

3 ldentifieation of fuzzy T-8 model
In order to design predictive fimetional controllee, the T-5 fuzzy model of AHU system have to be
developed 2t first. Dynamic systems are wsually modeled by feeding back delayed input and
outpart signals. The fuzzy model represents a staric nonlinear mapping between input and output
variables. Fuzzy modeling or identification aims at finding & set of fuzzy [F-THEN rules with
weli-defined parameters that can describe the given input-output behavior of the process. [n 1983,
Tanggi and Sugenq proposed general structure expression and identification mathods of T-8 fuzzy
models ™. Considering the dynamical charagteristivs of AHU systems, the two-input one-output
fuzzy model was applied. And then we can gat up the fallowing T-8 furzy modal:
Rie Ty (8) is A and (k) is B, h

THEM )y, (k+1) =a, y, (k) + b (k) +7 f=1, 2, - ] (3)
Where d;, B, are the fuzzy sets of vuiput and input variables, ¢, (¥, (K))and g, (urk))denvte

the somesponding membership functions. { is the number of fuzzy rules. Using sum-product
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fieczy inference. center of gravity defuzzification, the following global linear model based on
local T-8 fitery model is obtained:
}
VoK) =3 B, (k)@ VoK) + Byulk) +r,) (&)
=l

t

O t)aty kY, 721 20 .o T, and it is obvious that Zﬁf =1.
i c!
R TRO &

f=l

where

b=
In this paper, the approach of T-5 fuzzy modeling was used to madel the AHU system. The
identification pracedure involves the structure identification of the plant and the astimation of the
unknown parameters. In this case, the structure {3 nsually chiosen ad boc and then improved by
some optimization procedurs. The estimation of the unknown parameters is divided into the
estimation of the paremeters of antecedent membership function and the estimation of the
consequence parameters. In the case of T-8 {ype models, the identification of antecedent
parameters was usually equal to the identification of fizsy aote 4 i BJ,. Moreover, gencrally the
fuzzy sets of qutput and input varianles used the triangular shaps membership functions and the
parameters in fuzzy et 4, , B, is directly decided by the universe of discourses in practical
pracess plant. Because the triangular shape membership functions are simple and practical in
industeial process control, The estimation of consequent parameters is simple since the problem is
linear in unknown parameters and the least squares technique can be used. Bt at first in order to
identify the model parameters &,,8. %, . F=1, 2, - [, the N+l input-output
sampling data have to be coltected firstly. Then the matrix of them is in the following;

By B} A0 B ya(2)
8,2y 2) F2Qu@y £,(2) yi_ 8,2y, 3)

¥,= : "
BNy, (N} B,(Nu(N) S{N) 2,0y, (N+1)
According 1o the feast squares techaique, (e model paranieter of /° rule is:

6 =¥ ¥,)y'¥, 7 ()
where-ﬂj=[aw E’m‘ r“u}?, J=1 2, « . In the zame way, we can got all the mode]
parameizrs, that is:

e=[g & - 4]
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So the following fuzry plobal linear predictive modet ot AHU system is obiained:
Yulk+1) = agy, U)+ bou(k) +r, (6}
i ' i
where @, = Zﬂj(k}amj , b= Eﬂj (Kb, + 1= Z.ﬁj{k]rmj .
=l =l =
4 Predictive functional controller design
The closed-loop AHU system conirolled by the T-5 Fuzzy model based-on FFC is showed in
Figure 2. For moade! predictive contral is a control strategy based on the explicit use of 2 dynamic
model of the process to predict the future behavior of the process output signel cver a certam finite
horizon and ta evaluate contral actions to minimize a certain cost function. The predictive control
law i3 in gencral obtamed by minimization of the following criterion:
H A
J(u, k) = Ea.;. (,{k+i)—p, (k+0) +§ﬁl.u(k+i—lja Q)
where H is output predictive herizan, N iz eontrol horizon, &, 8. are weights of output and
input variables, y,(k+7), p (k+i). u{k+i—1) stand for i-step ahead prediction of process
output signal, reference trajectary, and conbrol signal respectively. Here the model predictive
functional control is researched based oo the T-§ fzzy model (7).
Suppose the global first order linear mode] of tha AHTT process based on the T-% furzy model (7)
iz deseribed by the following difference equation with global linear parameters:
Y+ =a y (ky+b ulk)+r, (B)
where &, 8,7, are constants of globat linear T-5 fuzzy modei.
Variable o, = g =1 and #{k) =tk +1)="-roos =u(k+H) wete waken into account to
derive the contro! law and the constant future manipulated. According to the model (9}, The &-
step ahead prediction of the process ontput based on fuzry model is calculated by iteration

assuming constant plobal process patameters over the whale prediction horizon is given by
h-l L
JACE H}:apﬁyp{ﬁ:}+bPEn-,’u{kHEa;rF(k} &)
I J=a

Clozad-leop behavier of the AHU systemn is defmed by reference trajectary which iz given in the
form of reference modei. The control goal is to determine the futuve contrad actton so that the area

between predicted output 2nd reference trajectory ower a cettain prediction horizon & is
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minirmized. The reference moddl in the casc of first-order system s given by the following

difference equation;
y(ke+) =a,p () +bo(k) (10

b
where a..b are constants but shoulé be chosen to fulfill the equatiunI —=1, w(k)iza

r

constant zeference signal which enables the reference trafectory tracking. So it follows that:

y,[k+1)=u,y,{k]+{'l—a,}m(k} {]1}
The reference trajectory prediction in given by the following equation:
vkt Hy=a"y (k) +(1-a" Jok) (12)

The maim idea of Fuzry PFC it to maka equivalence of the objective increment of the process and
the mods! output increment. The objective increment is defined as the differepce betwean
predicled reference trajectary ¥, (k+ A7) and actuel prucess outpul signal (%), that is
A (ky=3 (k+ H)—y, (&), according to (13) it fallows that

B (k)= 2"y, ) +(1-a " Yak)-y, (k) (13}
The output ‘ncrement of predictive model is defined as follows:

A )=y (k+H)=y (%)

According to {10}, the model output ncrement is the following:

H-l H

-
Ak =ay (R)+5, D a ulk)+ ) o/ r(B)-y,(k) {14y
ol !

mi]
The optimal controller cutpul sequence can be found by minimizing the abeve cost functien (8). A
necessary condition for minimurimn Jf is

A,
(k)

I predictive functional control afgorithm, it cen be equal 10 A {£) = A (X} approximately.
From the above equations and the goal of Fuzzy PFC algorithm the conirol law of AHU system at

& sampling ime is obtained in explicit apalytival oo as:

w(k) = o fypfi'}hﬂ-"{i}_lj-’r (@)~ ya (kD) {1_:}- W, __El (15}
b?z aﬁ'l ’ ’
=i

5 Feedback regulation
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Although the feedback regulation is the essential part of peneral mode] predictive control, usually
in the PFC there is no feedback part. 5o wa add feedback te improve the contral performance of
the proposed fuzzy PFC comtroller, and make the AHU a closed-loop contrad system. When at &
sampling time the conteoller variable (&) opatates on the process, the predictive output variable
¥, {k +1} can be got by the predictive model (9}, Because of disturbance in predictive model and

uncertainties in the controlled process, it exists emor between practice cutput value y, (& +1) and

the pradictive moded output valoe at the k+-f sampling time. That is

ek} =y {k) -y, (k) (18}

The error reflects the uneertainties in the model, 5o it can be used to predict the fisture error of the
future predictive ourput variable. Then defining

Yo ()t (k) (17}
to modify the fture predictive output valze y, (£ +1), where modification coefficient & is
regulating vector. The procedure for implementing the proposed T-5 Ny based-on PFC can be
described in four steps;
@O Based on the experience and expert knowledpe construct the T-8 furzy model strieture {4)
fur AHU system and vse the least squares rechnique to determine its parameters;
& Obtain glabal one-step abead output predictive model (93 of the T-8 fuzzy model through
on-line fuzey infarence at & sampling time, then global H-step ahead curput predictive models (19}
are deduced;
& Reference trafectory prediction equetion at k+A sampling time y,.(% + H )15 calculated
based on the reference model (11}, then according to the formula {16) the optimization cutput at &
sampling time w(k) is obtained;
@ Examine the actual output value y. (£ + 1), through the equation (17) calculate the output
error, get the k47 sample time predietive cutput value through (18}, return to step 2.
6 Simulink result -
8.1 Veriflcation by simulatlons
At first, before the real process testing, the Toolbox in Matab7.0 software iz applied to simulate
the control of HYAC sysiems in order to validate the perforimance of the proposed T-3 fuzzy PFC

shatepy, Here Considering the complexity of dynamical characteristic of the AHU in the HVAC
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gystemy deseribed in section 2, according to the operation experiences together with expert
knowledge, based on the least squares technique, the global T-5 Fuzey model {7) was constructed,
Whend =1, /=20, N, =10, the proposad fizzy PFC controller is used to control the off-coil
dry-bulb temperature of AHU svstem. The simulztion rasult is plven in figuze 3.

The simulation result in figure 2 showed that it is available to apply the proposed T-5 fuzzy model
PFC straiggy fo contrei off-coil dry-bulb temperature T in AHU systems. From the original
vondition 1o the set point 26°C it only need about 12 minutes. Compared with the conventional
FID controller, the novel fuzzy PFC technology has advantageous dynamical performance of fess

owershoot and shorter setting time ete.

g
_g . : -
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5 e :
a 1
S :
P& .
5 A -
L] 1F e - i ———
- J| v
E asl |l kN -
1 .
i
a o o 18
tims= {min)
Fig, 2 the simulation reanlt of AHL system
(--~-—-conventional PID suipat.

propoied FMPC oautpuf }

6.2 Real process testing in IV AC system labs

A pilot centralized HYAC systems is showed as in fipure 4. The system has three chillers, thtes
Zones with three AHUs, three cooling towers and flexible partitions up to twelve rooms, All
mators {fang, pumps and compressors) ars equipped with Y5Ds. The system is made very Hexible
to configure these three units to form different schemes. The cooling coils for system are two rows
with the dimension of25 % 25x8 on®. The measurement signals for the experiment are the water
and airflow rates, on-coil air dry-bulb/web-bulb ternperaturs, CCLI inlct and catict water
temperaturs, The experiments ane canducted under the following conditions: The chilled water
supply ternparature is fixed; the cooling load variation is achisved throngh the air and water flow
rates.

The obtainzd T-5 models are shown below:
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LIF T (6T-1Ye A AN dy (KF-1)ed,, VHEN

Ty (RT) = 2.8982 + 0.3301T,,, (kT - 1)+ 20.2628,,, (4T -1}
LIF T.(AT~1}e 4 AND Wi (iT-1)€8,, THEV

Too [RT) = — 16188+ 1.22997,, [ KT — 1)+ 5.755 ity (X7 - 1)
LIF T (kT=1e A AND m, ((T-V)e A, THEN

Toe {47} 2 LBV 19+ 015897, (47 =1)-+28.2628=,, (KT -1)

(18}

Where, all the fizzy sets .‘i'j- » By F=12,3 wsed triangular membership functions, By using sum-
product fuzzy inferance, center of gravity defuzzificaticn, the plobel linear predictive madel can
be got. The figure 2 showed the control result of T-5 fuzzy PFC in AHU system. The vesult

showed it has better robusmess and tracking performance.
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Fig. ¥ Cnntrul rasult nf prnpuud fozzy PFC of AHU systems

7 Conclasion

In order to achisve benter contrel of HYAC systam, a nove] predictive functional conirol strategy
based T-5 forzy model was developed in this paper. The T-58 fuzzy model of stabilized controlled
proeess was cbtained using the least squares method, on base of the global linear predictive model
from T-& fuzzy local model, the process was controlled by the predictive functional control
strategy. Finally gimulation test in HVAL systerns control spplications reswlts showed that the
proposed fuzzy medsl PFC approach improves tracking effect and robustness,

The proposed T-8 furzy model baged-on PFC s successfully applied to the off-coil dry-bulb
tomperatre sontral of air handling wnit In HVAC systems laberatory, which showed the
practicability of this novel fuzzy PFC stratezy. As a result, it is possible that this fuzzy PFC is
applicable for the common nonlinear time-variable systems with uneertainties. Furthermore, the

two-degrae and higher degree fizzy pradictive will continue to be studying later.
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