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Abstract 
A broad range of topics concerning fuzzy logic systems. nonlinear system ident ifi-  

cation and adapt ive control are addressed in this thesic to achieve our main objective. 

rvliicli is to develop effective and reliable fuzzy logic approaches for identification and 

cont r d  of ill-defined. nonlinear dxnamic systems. 

First . improvements are made of esisting fuzzy logic systems. which include 

defining two on-line quantitative measures for IF-THET rule performance. and in- 

t roducing a st atist ical confidence measure for approsimat ion accurac?. of FLS es- 

timators. To facilitate on-line applications. a simplification is proposed of fuzzy 

infesetice compu tation. and the bounds of approsimat ion errors are derived. Ses t .  

a coniplete procedure is presented for formulating expert knowledge based fuzzy 

logic cont rollers. and esperimental results are demonstrated on a real mechanical 

system. The empirical FLC is also compared with PD controllers. and their respec- 

til-e properties discussed. Following is an optimal training scheme for fuzz!- logic 

sustems which combines a backpropagation algorit hm wit h a least square estimation 

technique. synergistically combining them. 

O bserving the fact that the fuzzy logic systems being used to date are static in 

nature vhile t he  ph~.sical systems of interest are generally dynamic. a novel fuzz!. 

logic system structure. the DFLS, ahich is characterized by inclusion of dynam- 

ics. is proposed. and its universal approximation property proved. Based on the 

DFLS. an identification algorit hm is further developed. and its stability proper- 



t ies analysed theoretically Its application to nonlinear. ill-defined dynamic systems 

is illustrated via a variety of examples, where the  significance of human expert . 
knowledge in improving system performance is demonstrated and a cornparison of 

performance between DFLS and FLS identifiers is presented. In addition. a novel 

DFLS based indirect adapti1.e control scherne is developed. and its closed loop sys- 

tem performance and st ability propert ies t heoret icallv analysed. Two approachec 

are presented to estirnate an  unknown control gain function. g. One  is based o n  a 

self- t uning scherne. the ot  her is a FLS approach. and t heir respective propert ies are 

discussed. The DFLS adaptive control algorithm is applied to a variety of nonlinear 

systems. including a real mechanical system. and satisfactory results are observed 

in al1 situations. which demonstrates the effectiveness of the proposed control ap- 

proach in dealing wi t h nonlinear. ill-defined systems. Finally. a recurrent DFLS. t he  

RDFLS. is inrroduced. i ts universal approsimation property proved. and a RDFLS 

based stable identification algorithm developed. The stability properties of the RD- 

FLS identifier are iheoreticaliy analysed. and its application to nonlinear systems is 

demonst rated via simulation esam ples. 
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Chapter 1 

Introduction 

1.1 General Background 

Evolution iri the  regime of automatic control has been fueled by three major needs 

[S. 6;: t h e  ueed to deal wi th  increasingly comples systems. the need to satisfy in- 

crrasingl!- drrnanding design requirernents. and the need to at tain t hese requii-enienti: 

ivi  t h less precise advanced knowledge of the  plant  and its environment. 

Çonrroi of rrill-defined linear iystems is a mature subject with a variet!. of p i \ . -  

erfiil riietliods aiid a long history of succes~ful  industrial applications [66. 120j. In  

C U I I ~  i.it>t I U  t h15. COILSI ructit.e procedures similar to  t hose available for Iinear SJ-items 

do not csiat for nonlinear SJ-stems [ l l j ] .  Even so. the  derelopment and application 

of control methodologies for nonlinear systems have their own merits which are not 

undermined by the existence of these well developed methodologies for linear sys- 

tems [ l j l ] .  For example: linear control methods rely on the key assumption of small 

range operation for the linear mode1 to be valid. When the required operation range 

is large. a linear controller is likely to perform very poorly or to be unstable. because 

the  iionlinearities in the system can not be properly compensated for. Nonlinear con- 



trollers. on the other hand. may handle the nonlinearities in large range operation 

direct 1 j e .  and result in improved control sys tems. .Uso. t here are rnany nonlineari t iel: 

whose discont inuous nature does not allow linear approximation. T hese so-called 

hard nonlin earities include Coulomb friction. saturation. dead-zones. backlash. and 

hysteresis. and are often found in control engineering. Their effects can not be dealt 

with by linear methods. and nonlinear analysis techniques must be developed to pre- 

dict a L;!-stem ' 5  performance in  the presence of t hese inherent noniineari t i e ~  n-hich 

freqiit*ritl!. cause undesirable behai-ior of the control systenis. such as instabilities or 

spurious limit cycles. 

Fundamental to system analysis and control is the characterization of the systeni 

of interest bj- mat  hematical expressions. or so called system modeling. S y t e m  mod- 

els can be obtained either by manipulating mathematical descriptions of ph>-sical 

lait-5 gui-criiing a particular sysrem or bp estractirig system mapping inforriiation 

frorii rspt~ririiriiial inpiit -output data sets of the sj-steni. The former approacli is 

oerierally relerred to as analgtical modtling. the latter as identification. i t  i i l l -  - 
defiiid. :iuriliriear systerns. the effectireness of the analyt ical modeling approacli is 

severel!. l i  nii r ed and consequently. identification approaches have been developed. 

.-\riiung i-arious actii-e research areas in the regirne of identification and c m -  

troi of ill-defiried. nonlinear systems. the fuzzy logic approach distinguished itseli 

bj- i ts inipressi ve successes in wide spectrum of pract ical applications. and b>. its 

capabili ty to systemat ically incorporat e human linguistic information into conr rol 

and identification system design. Nevertheless, the fuzzy logic approach st il1 faces 

many challenges. It has even not been viewed as a rigorous science by some people 

[M. 12'71 due to the lack of forma1 synthesis techniques in system design which 

guarantee the basic requirements of global stability and acceptable performance. 

Thr deaigri of fuzz!. logic systems has been ad hoc and their parameters often must 

be niaiiually adjusted on a trial and error basis. It is the purpose of this work to ad- 



dress some of the  challenges in the regime of identification and control of ill-defined. 

nonlinear systems using the fuzzy logic approach. 

1.2 Research Objective 

The objective of this research is to develop effective fuzzy logic approaches for iden- 

tification and control of nonlinear, ill-defined dynamical systems. This includes 

investigation of current fuzzg logic systems. identifying their xeaknesses. making 

necessary irnprovements. and developing fuzzy logic based identification and con- 

trol approaches that can Se more effective and reliable in dealing with nonlinear. 

ill-defined dynarnic systems to achieve better performance. 

1.3 Thesis Outline 

;\ri "ver\-ieiv of the issues related to this research is introduced in nest chapter. .4 

lirir.1 t lieor'- of fuzzy sets and f u z z ~ .  lojic is presented in chapter 3 .  Following thii .  

in  chaptrr 4 .  is a detailed introduction of fuzzy logic sj-stems (FLS)  that  is dirrctl!- 

related to our later development. 

In chapter 5 .  improvements to  current fuzzy logic systems are presented. Firsr. 

two simple quantitative measures are defined and integrated into fuzzy logic s>-s- 

tems. which can indicate certain difficulties with IF-THEL; rules and increase the 

reliability of the corresponding fuzzy logic systems. Sext  . a statistical confidence 

measure. the confidence interval. is introduced for fuzzy logic systems used in func- 

tional approsimation problems. and is used to indicate statistical confidence of t h e  

approsiiiiation accuracy of both overall FLS output and prediction of individual 

IF-THES rules. Following is a simplification of fuzzy inference compütation for an 

important type of FLS. This results in a significant increase of calculation speed. 



which is ver! important for on-iine control applications. The bounds of approsima- 

tion errors are derived in closed form and their values also tabulated for applications 

of potential practical interest. 

Chapter 6 investigates the application of the t heory of fuzzy sets and fuzzy logic 

to autoniat ic control. where a complete procedure to formulate espert knorrledge- 

based fuzzy logic controllers (FLC) is presented. It  is demonstrated that human 

knowledge can be effectively incorporated into fuzzy logic systems to  produce prac- 

tical controllers. In addition. the  rnathematically formulated fuzzy logic controllers 

are amenable to  treatment bu powerful analytical tools and can be subsequent 1'- ini- 

p r o ~ ~ e d  and anal!-sed t heoret ically. by using the approaches developed in t he  follotving 

chapi ers. T1iç enipirical FLC' and PD ( proport ional-derivat ive) control approachrs 

are corii pared arid esperiment al results are included. 

C'oniplenienting the selection of fuzzy logic system paraïneters by espert knoivl- 

edge or trial and error as in the  cases of chapter 6. an optimal fuzzx logic systcrn 

trainin- approach is introduced in chapter T which combines a backpropagation ( BP i 

t raiiiirig algorit hm rvit  h a least squares estimation technique. The resulting upr imal 

LSE-HP irairiiiig scheme al-oids the weaknesses of both LSE and BP approaches 

rvhilt. coriil~ining the strengt h of both. 

Following observation of the fact that the fuzzy logic systems being used t o  date 

are static in nature ivhile the physical systems of interest are generally dynamic. a 

novel fuzzy logic system structure, the DFLS, ahich  is characterized by inclusion of 

d~-namics.  is proposed in chapter 8. and its universal approximation property proved. 

Based on t h e  DFLS. an  identification algorithm is further de\.eloped and its s tabil i t~.  

propert ies anal!-sed theoretically. Its application to  nonlinear. ill-defined dynariiic 

s>.stenis is illustrated via a variety of examples in which the iignificance of human 

expert knowledge in improving system performance is made clear. and cornparisons 

of perforriiance between DFLS and FLS identifiers are also demonstrated. 



Following this in chapter 9, a novel DFLS based indirect adaptive control scheme 

is developed. and its closed loop system performance and stability properties theo- 

ret ically analpsed. Two approaches are presented to estimate an unknown cont rol 

gain function. g: one is based on a self-tuning scherne, the other is a FLS approach. 

The DFLS adaptive control dgorithm is applied to  a variety of nonlinear systems 

including a real mechanical system. and satisfactory results are observed in al1 sit- 

uations. which demonstrates the effectiveness of the proposed control approach in 

dealing \vit 11 nonlinear. ill-defined systems. The potential advantages of the  DFLS 

based controllers over static FLS based controllers are also discussed. 

A recurrent DFLS. the RDFLS. is introduced in chapter 10. and its universal 

apprusiniation property proved. Further. a RDFLS based stable identification algo- 

rit hiii is dei-eluped. its stability properties t heoretically analysed. and its applica t ior~ 

ro i ~ o ~ ~ l i ~ l e h r  ~ > . i ~ e m s  demonstrated \-ia simiilat ion esamples. 

1 - l i i -  rvurk is concluded in chapter i 1. ivhere the major contributions of this 

resrarcli are iiighlighted. and possible topics as a continuation of rhis work are 

suggested. 

A dj-riamic mode1 of a flexible single link robotic manipulator is developed in 

appendis -1. hlthough presented as an appendix. i i  is an integral portion of thia 

research because it provides not only an important vehicle for simulation and esper- 

irnerital deriionst rat ion of the theory. but the deri~*at  ion process itself also provides 

much insight into the mathematical mode1 and provides clues for the formulation of 

the research plan in the early stages of this work. 

The experimental setup, which is a flexible single link robotic manipulator. is 

described in appendix B. 

.A list of publications resulting from this research and up  to the date of prepara- 

t iuii ut' 1111, r i~a~~uscr ip t  i': presented in  apprridis C .  



Chapter 2 

A Brief Overview of Modeling and 

Control of Nonlinear Systems 

2.1 Conventional Methodologies 

2.1.1 Control Techniques for Nonlinear Systems 

Iii  r l i t .  <iiinl!->ii aiid control of nonlinear systenis. although there are curreritly rio 

mai iire. geiieral methods for obtaining reliable controllers. there is. nevert heless. a 

rich collrction of alternative and complementary techniques. each best applicable 

to part icular classes of nonlinear control problems [59. 119. 1511. These techriiqws 

ma>- t e  loosely classified into tivo groups. One includes conventional techriiquzs 

such as trial and error. feedback Iinearization. robust cont rol. adaptire cont rol. and 

gai11 3clitd:tliiig. The ot her covers the techniques in the realm of intelligent cont  rol 

sj-itenis. such as artificial neural network approaches. fuzzy logic approaches. genetic 

algurithiii methods. and so on. [130, 132, 187. 1981. In this section, we briefly review 

the basic convent ional cont rol techniques; the ot her type of control met hodologiec 

is revie\red in later sections. 

For the first group suggested above. Slotine and Li [ l j l ]  presented a coniprelien- 

s i ~ e .  çlas!- t u  follorv and up t o  date tutorial on various methods. which the interested 



reader can consult for more details. The brief introduction to  major nonlinear con- 

trol techniques we give here is primarily based on [131]. 

The idea of the trial and error approach is to use analysis tools. such as the phase 

plane method. the describing function method. and Lyapunov analysis to guide the 

search for a controller which can then be supported by analysis and simulations. 

Enperience and intuition are critical in t his process. However. for complex systems. 

trial and error often fails. 

The kedback linearization approach first transforms a nonlinear sysiem into a 

(full or partial) linear system. and then uses the powerful linear design technique.: 

to cvmpletr the control design. ;\lrhough successful in solving a number of practical 

~iuriliiiriii cui i t ro l  problenis. it is not applicable to non-minimum phase systenis arid 

doc.3 iiut gararitee robustness in the face of parameter uncertainty or disturbances. 

Ttie idea of robust nonlinear control is to design controllers based on the con- 

sideration of both the nominal model of the plant and some characterization of the 

model uncertainties (such as the knowledge that the load to  be picked up by a rohot 

is brtwren 2 kg and 10 kg).  This method has proven very effective in some practicai 

îorit 1-01 p i - ~ l ~ l t . n i ~ .  but is applicable to primarily specific classes of nonlinear systeriis 

arid is +iitject I O  weaknesses such as chattering and requirements for large control 

au t  hüri tj.. 

.\daptive control is an approach to deai wit h uncertain or time-varying systems. 

Although the term "adaptive" is broad in rneaning. current adaptive csntrol design' 

apply mainly to systems with known dynamic structure but unknown constant or 

slou.ly t.ai\.iiig paramerers. 

Gai 11 scheduling is a technique in which the well developed linear cont rol met hod- 

olog~. is applied to the control of nonlinear systerns. The idea is to select a number 

of operating points which cover the range of system operation. and at each of these. 

the designer makes a linear time invariant approximation t o  the plant dynamics and 



desigiic a linear controller for each linearized plant. Between operating points. the 

parameters of the compensators are interpolated. or scheduled' thus resulting in a 

global compensator. This met hod is conceptually simple. and also pract ically suc- 

cessful for a number of applications. But it has only limited theoretical guarantees 

of stability in nonIinear operation. and its computational burden is excessive. due 

to the necessity of computing many linear controllers. 

2.1 -2 Identification Approaches for Nonlinear Systems 

S~.srern modeling is fundamental to system analysis and high performance controller 

desisri ' . 
SJ-stem niodeling has two basic paradigms. analytical modeling and nonaiialyt- 

c l  c i  1 1 I I  analytical rnodeline. a system mode1 is obtained lrom equat ions. 

d e r i ~ d  Irurii ph>.sica. e.g.. using Iiirchhoff's laws to obtain the dynamic niodel of 

an  elpctrical 5)-stem. using Sewton's second law for a mechanical systeni. and s o  

on. H o ~ v e v r r .  it is well  known that analytical modeling can be severely hampered 

b!. coniplesitj. of the physical spstems to  be modeled. or by the physical processes 

underlj-ing a phenonienon being unavailable or even unknown. rendering analxt  i -  

cal niudeling impossible. The complesity may be due  to inherent norilinear and 

noii-31 i<t ioiini.?. aspects. and is dificult to  handle etfect ively \vi t  h current cont roller 

desigii aiid ,taLilitj- analysis techniques. To address t hese difficulties. identification 

approachej haive been developed. 

.A vast literature exists on the characterization of nonlinear functionals. Sonie 

excellent t utorial surveys are available for reference [S. 14. 46. 1061. 

The most systematic approach to nonlinear system identification is that of N'iener 

[ l  c) 1. 1921. n-hich invol\*es Laguerre and Hermite series expansions to mode1 the dy- 
-- 

' ~ h e r e  are some escellent comnients presented in [114. section 1.41 about the relationship 

betweii system modeling and control. which the interested reader m a l  refer to. 



namics and the  nonlinear aspects, respectively. The model outputs are formed as an 

infinite series of products of Hermite polynomials in the Laguerre coefficients of the 

past of the input. A problem wit h t his approach is the large number of coefficients 

to be  estimated. Actually. this is such an important restriction that the method is 

rarely implemented [65]. 

.A nonlinear system representation with potential for time domain as well as 

frequency domain applications is provided bu the Volterra kernel represent at  ion. 

wliich leads to rnultilinear estensions of t h e  transfer function notions used in linear 

S I  7 .  This met hod. holve\.er. is difficult to estend to sj-stems wit h feedback. 

aiid i >  fur t i i ic  reason of limited value [65 ] .  

For a!-stem control purposes. two classes of identification techniques hai-e beeri 

found particularly useful in practical applications. 

One class of identification techniques assumes a system dynamic structure with 

unkrioivn parameters. and then adjusts its parameters so as to minimize the errors 

h ~ t  i v r i i r i  t h t  ph'.ïical process and the model outputs in some optimal sense. The 

n iwr  ~~ic-wssful esamples of this kind are in the class of model reference adaptil-e 

coritiul aiid self-tuning regulators [T. 41. 114. 15lj. Howe\*er. it is also knorvn that 

thii  kiiid of approach generally suffers from such weaknesses as the requiremerit for 

esplicit a p r io r i  knowledge of mode1 structure. and ineffectiveness in dealing with 

int riilsic s!-stem nonlinearities [65. 1.511. 

. i i i o i  tiw r1a-s of popular identification techniques that has recently emersed is 

that iv i t t i  universal nonlinear approximation capabilities, such as Artificial Seural 

Networks (;\S.\') and Fuzzy Logic Systems (FLS). This class of approaches views a 

physical system as a black box and identifies unknown system mappings based only 

on input-output data sets, and thus neither requires a priori knowledge of systern 

structure. iior is impaired by the presence of nonlinearities and unknown interna1 

d~.iiaiiiica. Slrthodologies of this kind will be introduced in the following section>. 



2.2 Intelligent Techniques 

The concept of intelligent control w u  introduced close to two decades ago by Saridis 

[146]. and is recently gaining in recognition and visibility in the control systems es- 

tablishmmt [187. 19s. 2071. According to . & , t r ~ r n  and VcAvoy [187. Chapter I j :  an 

intelllgr rit controi system has the abzlity to comprehend. reason. and learn about pro- 

cessrs. disturbances. and operation conditions. Factors that have t o  be understood 

and Icar-rred urc prirnary process characteristics like static and dynamic behacior. 

charact~ristics of disturbances. and equipment-operating practices.. It wou[d hc de- 

sirablc if lhis knowkdge uqas acquired a n d  stored in such a icay that it con bc used 

a n d  i - r t r ~ t  r t d .  It wouid also be dt.sirable that a systern can autonornously impr-ocr 

u p o n  it.. pr rfoi.rrcancc as e x p e r i ~  nce is gathered. 

;\ltliough it appears that current control systems have a long way to go before 

t hey can qualiiy for the tit le of "intelligent control systems" . impressive progres' 

has been made due to the emergence of such methodolo@es as fuzzy logic. artificial 

neural rietn-orks. geiietic algorithms. and so on [110. 130. 132. 187. 1%. 20;'. In t h e  

2.3.1 Art ificial Neural Networks 

The idva of a neural network was originally conceived as an attempt to model t h e  

biophysiology of the brain. Le.. to  understand and explain how the brain operatec 

and functions. The goal was to create a model capable of human thought processes 

[4. IOJj. Today. there are two different, not always disjoint, groups of people es- 

ploririg neural networks. The first group is composed of biologists. physicists and 

scientific psychologists who work toward developing a neural mode1 that accurately 

mimics r he behavior of the brain. The second group consists of engineers who are 

concerried wi t h how artificial neurons can be int erconnected to form net workç wi t h 



interest ing and powerful computat ional capabilities [39. lO8,112]. This second 

treats the biological rnodels as a functional starting point for research. which 

ap proach of int.erest for cont rol engineers. 

11 

group 

is the 

T wo classes of neural networks have received considerable attention in recen t 

years. One is multilayer feedforward neural networks [32. 40. 5 2 .  10s. 121. 144. 

1 S j j .  the other is feedback. or recurrent. neural networks [49. 50. 76. 77 .  73. 95!. 

In a feedfortcard network. the output of any given neuron can not be fed back 

to itself direc.tl~. or indirectly. and so its present output does not influence future 

outpttt'. \\'ben an input pattern is presented to the input terminals of a nettvork. 

the neurons in the first Iayer compute output values and pass these values onto 

the nest l a ~ e r .  Each layer in turn receives input values frorn the previous la>.er. 

cornputes output values and passes these values on to the nest layer. if-hen the 

outptit 1-alws of the final la!-er are determined. t he  comptitation ends. This rulc 

can I N .  t-iolatrd only during the training phase. when the output of a neuron caii 

be u w l  ru ndjust its weights. thus influencing future outputs of the neuron. In a 

feedl,acli rietwork. an)- given neuron is allowed to influence its own output direct]>- 

througli self-feedback or indirectly through the influence it has on other netirun-: 

froni n-hicli i t  receives inputs. Classically. rnultilaj-er feedfortvard networks ha1.e 

pru\tBii t.st i ~ ~ i i i t ~ I ! -  juccessful in pattern recognition problems 173. 43. 1-1s. 1901 n-hile 

recuriwit riet ~vorks have been used in associative memories as well as for solut ion of 

optiniization problems (-49. .Y , 1-40. 1621. 

The ASS possesses some important characteristics (39, 56. 1121. First. a number 

of resul ts have been pu blished showing t hat a multilayer feedforward neural net ivork 

can approsimate arbitrarily well a continuous function [32.40.52]. Second. -451- has 

a higlil!. parallel structure which lends itself immediately to parallel implementatioii. 

while t lie hasic processing element in a neural network has a ver' simple st rucr ure 

so tliat i v i i l i  these together. fast overall processing can be achieved for a neural 



network. Third. ANN has learning and adaptation ability. 

.\.\'Ys have either fixed weights or adaptable weights. Xetworks with adaptable 

weiglit5 use learning laws to adjust the values of the interconnection strengths. If  

the rieural neticork is to use fised 1.veights. then the tasli to be accomplished must 

be ive11 def  ned a prion'. The weights are determined explicitly from the description 

of the problem. Adaptable weights are essential if it is not known a priori what the 

correct wights should be. 

Thrre are t r w  types  of learning: supervised and unsupervised. Supervised learn- 

ing occui-a wheri the network is supplied with both the  input values and the  correct 

output values. and the network adjusts its weights based upon the error of the com- 

puted output. Unsupervised learning occurs when the network is only provided with 

input values. and the network adjusts the interconnection strengt hs based solely on 

the iriput values and the  current network output. Details of rarious learning algo- 

rithni' nia!- be found in 139. 10s. I l?] .  

I I I  t l i t )  r < ~ ~ i i i i r  of control engineering. i f  an .AS': is used to mode1 an urikrioii.ii 

plaiil. I I  i' ari identifier in the conventional sense. and il it is used to gerierate cuii- 

t rol .isiial? direct ly. it assumes the role of a controller. Bot h multilaj-er feedforxard 

neural iit1tivorlii and recurrent neural netu-orks ha\-e shoirn great potential in deal- 

ing u - i r l i  ~ionlinear systems [29. 30. 70. i l .  S3.  110. 115. 116. 133. 135. 145. 155;. 

Arnorig iarious types of neural networks and training approaches. the mul t i l ay -  

feedforn-ard neural network equipped with a backpropagation training algorithni 

has been particularly enthusiastically received among researchers for being simple 

yet effectii-e. 

The backpropagation algorithm. which is gradient based learning in general. 

was de\-eloped by Werbos in 1974 [la$] but was not rnuch noticed until i t  iras 

rediscov~rrd and popularized bi- Rurnelhart et al. in 1986 [144]. It  is noiv probably 

t hr ~ i i ~ ~ - t  iiidel!* used training strategy for artificial neural networks. This met hod 



computes local errors from the global errors. and in turn uses the local errors for 

local adaptation by means of gradient search techniques. 

The basic approaches reported in the literature for applying .4STs in control 

include supervised control. direct inverse control. neural adapt ive cont rol. back- 

propagatiiin t hrough rime. and adaptive critic methods 1110. 1871. 

Iri supervised control. AXNs are trained on a database that contains t h e  correct 

con t ro 

cont ro 

inputs 

1 signais to use in sample situations. i.e.' A S S s  are trained to  copy an esisting 

ller j110. 1871. But t his approach requires the  existence of a database of sensor 

and desired actions. 

Iri  direct inverse control. .ASSs directly learn the mapping from desired trajec- 

tarie3 ich.c. of a robot arm) to the  control signals u-hich yield these trajectories (e .g.  

o n  1 4 .  O .  1 This approach iras originally proposed by Kidrow et al. 

9 1 %  S .  1891 for the adaptive control of linear systems. and wac demon- 

straiçd tu Le applicable to the control of nonlinear systems bj. Psaltis et al. ( 19dSi 

[lSi:. -4 major prohlem with inverse identification arises when man!- piant i n p i i t ~  

p r d i i ( . t ~  t l i v  sariie output. i.e.. when the plant's inverse ie not well defined. In thi' 

ca-cm. t i i t b  w nurk  tri11 arrernpt to map the same netiiork input to many difirent 

targt.1 i-t.>puriws. 

I I I  rieural adapti~mr control. neural networks are used to identifj- the unlaon-n 

nonlinear q-stems. and adaptive control schemes are synthesized based on the  iden- 

tified system models [ ;O.  71. 110. 115. 116. 1871. 

I r i  backpropagation t hrough time. the user specifies a utili ty function or perfor- 

maiictl iiivasure to be maximized. and a model of the esternal environment. Back- 

propagaiiuii is used to calculate a *derivative of utility" summed across al1 future  

tinie' wit l i  respect to  current actions. These derivatives are then used to adapt the  

.\S.\' i\.liich outputs the actions. or to adapt a scheduie of actions [ H Z .  1861. But 

this approach requires a model of the external environment which must be noise- 



free arid esact. -41~0. it requires calculations backwardc through time. nhich is not 

consistent with true real-time learning (110, Chap.?]. 

In adaptive critic methods. t h e  user supplies a function or measure to  be mas- 

imized. The long term optimization problem is solved by adapting an additional 

ASS. cailed a critic network. which emluates the progress that the system is mak- 

ing. The network which outputs the  actions is adapted to maximize this secondary 

utility funcrion in the immediate future [110. 1871. 

Although successful. the AN?! suffers from such weaknesses as its parameters 

generally lacking explicit physical meaning. and it can not effectively utilize linguistic 

information about the behavior of the systems of interest that may be provided by 

field espert S. 

The u-rakilesses of the ASS are esactly the strong points of another approach 

in r h t .  ( . l i < ~  of intelligent cofitrol techniques - t h e  fuzzy logic approach. 

2.2.2 Fuzzy Sets and F'uzzy Logic 

The idea of the  fuzzy set Ras introduced by L..\. Zadeh in 196.5 [204] as a general- 

ization of t h e  idea of an ordinary or  crisp set. Crisp sets allow ooiy full memtership 

or rio rrirriiljrrship at all. while fuzzy sets alion- partial membership. i.e.. fuzzj. sets 

allow for the description of concepts in ahich the boundary between having or not 

having a certain property is not sharp. The application of the fuzzy set concept in 

traditional logic resulted in the development of fuzzy logic. which was first outlined 

in the seminal paper [206] by Zadeh in 1973. Since then, the theory of fuzzv sets and 

fuzzy logic (or fuzzy logic in short) has iound many applications in a variety of sub- 

jcct fields. auch as in control engineering. artificial intelligence. management,%oçiety. 

and  o i i  !101. 130. 132. 156. 163. 1s;. 197. 1981. 

;\s puirited out by Pedrycz [130]: Thc rolc o / f u z z y  sets as a general a n d  Jurc- 

dainer i tu[  princtplr of processing of nonnumerical (nonpointwise) information ~s no! 



restricttd io a specific field and .  essentially. can  be ernbedded. t o  a certain ~ r t m t .  

i n t o  nirrio.it a n y  area requiring h u m a n  expertise o r  calling for  the  forntalization o/ 

l inguls f ic  sptci f icat ions and that  of referant  knotcledge. Terano et al. [163] presented 

an escellerit orerview of applications of the theory of fuzzy sets and fuzzy logic in 

various fields. which the interested reader ma)* consult for more details. 

In this work, Our primary interest lies in the regime of control engineering and 

we restrict out scope of discussion accordingly. 

For niust engineering systems. there are trvo important information sources: sen- 

sors n-liich pro~side numerical measurements of variables. and human espertc who 

pro\-ide liriguist ic instructions and descriptions of the systems. The informai ion of 

the  first type is called numerical information. and the second is called linguiitic 

inforri-iat ion. wliich is usually represented in fuzzy terms. Conventional engineer- 

ing curiti~ul approaches and .\SXs. can make use of onlj- the numerical inforniatioii 

and lin\.tb ~ l i i f i ( - i i l t > -  incorporating linzuist ic information. In contrast to t hi-. the 

fuzz? I I  itppi-uac h provides a syst emat ic and efficient framework for incorporat - 

irig li i igi i isi ic descriptions of human expert knoivledge into t h e  design of autoniatic 

con t r-ollerc. 

The literature on fuzzy logic based identification and control has been groiving 

rapidly. niaking it unfeasible to present a comprehensive review of this \.ast field. 

Here. sa th r r  than a comprehensive review. ive synthesize the published works and 

give ;i I,rit4 int ioduction to the history and applications of fuzzy logic based iden- 

tificatioii and control. More detailed surveys and commentaries ma- be iound in 

[60. 61. Sb. 97. 102: 109. 164, 1661. 

Generally. if a fuzzy logic system is used to mode1 an unknown plant. it is an  

identifier i n  the conventional sense. and if i t  is used to generate control signal.; for 

the plaiir. i t  assumes the role of a controller. 

F I  lugir. 1.ontrol systems were proposed in the earlj. seventies 127. 203. 2061. 



Credit is due mainly to the seminal article by Zadeh in 1973 [206] on a new approach 

to the arialysis of complex systems that the basic theory upon ahich fuzzy logic con- 

trollers ivould be built was formulated. The first fuzzy logic controller ( FLC) rvac 

deïeluprd and published by 'rlarndani and .\ssilian the following year [99. 103. 10-1;. 

to cont rol a laborator? model steam engine. Since then. FLC has been succes~fu1l~- 

applied to control various complex and il1 defined systems and industrial processes. 

such as aircraft Bight control (861, automobile speed control [113]. train operation 

systern control [201]. continuous casting plants control [l O]. polymer extrusion pro- 

duction control [45]. cernent kiln control [169]. water purification process control 

1 .  1 iiiari!. o t he r~  1 S .  104. 13.3. 1.56. 2101. The successful application of 

FLc' 1 0  ti \ - ; i i - iv~~ .  of consumer products i1-29. Chap.4] such as: FLC tunrd  telr\-i- 

siotis. f w - i i ~ ~ I  aiid stabilized camcorders. washing machines. defrosting refrigeratùr.. 

and sclircluled traffic lights. has impressed the general public and contributed to the 

ctirrerit iriterest in f u z z ~ -  logic t heory. 

The. iriipres.;ive successes of the fuzz~. logic control approach is basrd on i n t  rinsic 

aclr.iiiira~t~- of t l i i  approach O\-er conl-entional control approachez for man!. applica- 

tiu11'. .'-\Y iitdiczted by LIamdani. et al. 

The m a i n  merit of a FLC is that it gices the mosf  eficient knowledgc rtp- 

rcsentation method that can be derised for rule based systems that deal  rith 

contiriuous rwriables (10'21. 

7'llr bt~.,ir. idea  bchind this approach vas  to incorporat~ the "ezperiencc " of  n 

huilirirr pi.ocess operator in the design of the controller. From a sct of lingui.+ 

tic rults which describe the operator's control strategy a control algorithm 1s 

c-oristructcd uhere the words are dejincd as fuszy sets. The m a i n  a d r a n  f n g r s  

Lij' t h i ~  approach seem to be the possibility of implementing "rule  of thumb" 

experirnct. intuition, heuristics, and the fact that it does not need a model of 



For exaniple. human operators can very successfully control complex, highly uncer- 

tain sgstems. such as aircraft, without reference to a precise (or any) mathematical 

model. If aslied what control strategies t hey followed, the- describe t heir expertise 

linguistically. in a fashion which can be summarized into a set of fuzzy control rules 

in liiioiiist ic terms. e.g.. 

IF SPEED IS TOO SLOhe. THEX ISCRE-\SE FCEL. ... 

-4lthough these linguistic descriptions and fuzzy control rules are not precise and 

ma). e\,en not be sufficient for constructing a successful automatic cont roiler. t he). 

certairi1~- proi.ide very important information about the systern behavior and t lie 

traj-s r 0 cont rol the systern. which can be effectively integrated into controller dv- 

si-II- I l i  r l i t .  I'uzi!- logic approach. 

I 'ruiii  a i iu thrr  point of vieit-. in man!. situations i f  precise solurion~ are sought 

the pruljleiiii niay become intractable. A typical esample of this type is t h e  prob- 

lem of parking a car [207j. \Ve solve this problern every day without making any 

measurements. \je can do this because the final position of the car is not specified 

with precision. If it were. the cost of solution ivould be prohibitii-e. As pointed ou t  

e t  i)! %adeh : 

a I i r  t f l t t t .  t t  is the human  ability t o  ezploit the tolerance for imprccision t h n f  

r i i u k t ~  it possible to achie re tractability. robustness, and  loic solution cost. This 

is cchut the concentional methods of system analysis and control jail to do.  

This is esactly what the fuzzy logic approach is al1 about. 

F r u n ~  t hr aspect of control engineering. linguistic information from human es- 

p e r t ~  C ' i i I i  hr classified into tn-O classes [130. Chap.S].;ld& Chap.S] : 

1. Urscribe control actions from given system States. For example. consider the 

situation of driving a car in which the linguistic information of this kind is in 



the form of - IF  the speed of the car is slow. THET give more gas" . 

2. Debcribe the  behavior of the unknown plant. With the car again, the linguistic 

information of this second kind is given as "IF more gas is given. THES the 

speed of the car will increase". 

Classically. fuzzy logic controllers have been designed by direct ly ut ilizinp lin- 

guistic information of the first type. and an overwhelming body of literatiire deals 

rvit 11 a C) i - i i i  uf nonlinear fuzzy proportional-derivat ive-intesral cont rol for set point 

resuiitt i o i i  p ~ b l z n i s .  such as t h e  applications presented. among ot hers. in [Sc). Y,\. 

99. I O  1. 1U:J. 156. 164. 196. 2091. But this kind of fuzzy logic control approach 

generally iacks forma1 synthesis techniques which guarantee the basic requirenienti 

of glubal stabiliij- and acceptable performance. The design has been ad hoc. and 

controller parameters often must be manually adjusted by trial and error. Theie 

rvealirit.asr*+ have drawn some criticism of the fuzzy logic approach as not beirig a 

rigoroi.1' .cieiice [1%. i 2 i j .  

1'" adcires5 t hese difficult ies. efforts have been made to develop stabili t y  anal~-sis  

techiiiqiiea for fuzzy logic systems. to integrate training algorit hms into fuzzj- logic 

systeniz to automatically adjust their parameters (and structures, based on nurnpr- 

ical irifurniat ion. and to integrate conventional synt hesis and design techniques in to  

t h e  de+ drid analysis of fuzzy logic control systems. 

TU -riid!+ ihr stability of fuzzy logic systems. various approaches have been de- 

v e l o l ~ c d .  \i.liich iriclude. among ot hers. the following examples. 

0 Iiickert and Mamdani (1978) [73] developed a multilevel relay mode1 of t heir 

proposed fuzzy controller and used classical describing function techniques to 

study the stability problem. But the describing function method is generally 

used to determine the existence of periodic oscillations in nonlinear systems. 

I t  is an approximate met hod at  best and does not directly address the issue 



of stability. 

Braae and Rutherford (1979) [22] developed the notion of the so called gran- 

ularized state-space. and proposed a method of analysis based on systematic 

niapping of the process state. using control rules as transition functions. 

liiszka et al. (19S.j) [ 74  proposed an energistic approach which was based 

o n  a measure of the energy of a closed loop fuzzy dynamic system. In thi i  

ap~roach .  the notions of stability and robustness are intertwined. and t tic 

closed loop system is considered robustly stable if a fuzzy energ). function can 

I W  i'~,iiiid (.onsistentl?- decreasing along the solution trajectories of the system. 

0 ( ' l i t - A I L  1 I Y S S  i j31: applied the concept of cell-to-ce11 mapping to  t he  anal~ssis of 

stabilit>. cd fuzzy control systems. See also Kang (1993) [68]. This approach. 

however. requires an accurate mathematical mode1 of the process. which cori- 

tradicts the basic premise of the fuzzy logic control approach. i.e.. to deal \vit h 

a coniples andior ill-defined system without knowing a priori its precise math- 

~ i i i i t r  i(-al niodel. r\lso. well defined s~-stems niay be dealt \ri t h more efficient 1 ~ -  

\ri111 t h e  niany potverful and well dereloped conventional identification and 

t - u i i ~  ru1 approaches. 

0 Larigari and Tomizuka (1990) [SZ] presented a stability analysis approach for 

fuzz!- control systems by applying Lyapunov's direct met hod. -4 technique of 

i I l i -  kir icl  \vas also seen in (1611 bj. Tanaka and Sugeno ( 1992). 

0 \ \ 'a~ip ( 1993) [ l S ]  proposed an adaptive fuzzy logic system design scheme fol- 

lotring the Lyapunov synt hesis approach. and the  resulting closed loop syst em 

was stable in Lyapunov sense. Similar adaptive FLS design procedures have 

also been reported in [l%] by Su and Stepanenko (1994). and [152] by Spooner 

and Passino (1996). 



.A fuzzy logic system equipped with a training algorithm is called a self-organizing 

fuzzy logic system by Pedrycz [129], Procyk and Mamdani [134]. Langari and Berenji 

[ l S i .  Chap.4] et al.. and cdled an adaptive fuzzy system by Wang [184]. This kind of 

fuzzy logic system is constructed from a set of linguistic IF-THE?; rules using fuzzy 

lozic principles. and the training algorithm adjusts the parameters (and structures i 

based o i i  numerical information. As outlined by Wang (1994) [la-1. Chap. l] .  there 

are t~vo stratedies for combining numerical and linguistic information using adaptive 

[*.sr linguistic information t o  construct an initial fuz-y logic system. a n d  then 

ndjii.\t th t  parameters of the initial fu izy  logic systern based on numerical in- 

t i o r  The finalj'uzzy logic system is. therefore. c o n s t r u c t ~ d  bascd on bolh 

nnrntricul and linguistic information. 

5 ri uru t rical information and  linguistic information to construct t u 0  s e p -  

1-uti fuzzy logic systerns. and  then average thern to obtain the final fuzzy loytr 

.s y31c I I I .  

In t h i ?  i \ .~ri<. ive are only concerned wi th  the first s t  r a t eg .  

I i i  I l i i -  l i i r ra ture .  various techniques for adjusting fuzzj- logic system parameters 

have I ~ t ~ i i  proposed. The popular approaches include gradient based approachei 

sirnilai. t u  t t i c  backpropagat ion algorithm for artificial neural net works [6 1. 62. 17s;. 

least squares estimation techniques [64. 159. 18 11. Lyapunov s y t  hesis approaches 

[IM. 182. ldd]. and a fuzzy version of the signal Hebbian learning law [130. 1731. 

Other training techniques include? among others, nonlinear programming techniques 

[l59]. ail orthogonal Ieast squares technique [179]. nearest neighborhood clustering 

(184. Chap. 61. a table-loop up scheme [lSO], heuristic stochastic optimization 

algorit l i i i i  j 1.51. and convex programming techniques for linear matrix inequalit y 

probleiii? i l  761. 



R~w~i;i.i:li on integrat ing convent ional design techniques into direct fuzzx logic 

contrul sxstem design utilizing the first type of linguistic information. include. arnong 

man- ot hers. the following examples: 

0 Palm (1992) [123]. Kung and Liao (1994) [84] combined fuzzy logic control 

systems with sliding mode control techniques to form fuzzy-sliding mode con- 

trollers for tracking control of nonlinear systems. 

\'acIit~<i\-anos et al. ( 1992. 1993) [171. 19" presented a fuzzy logic controller 

design approach which was based on a partitioning of the state space into small 

rectangles called cell-groups. and quant izat ion of t he  st ates and the  a~ai lab le  

cont rols into finite levels or bins. Membership functions were t hen assigned 

for t h e  state and controls. The transition from one conditional subspace to 

i i l i ~ t  iirr tvas accomplished via a center-point rnappinz of the ceIl groups. under 

1 l i t ,  .tl,itlir(l action of each IF-THES rule. But there \vas no c tab i l i t> -  analysi.; 

1, r t w i  I t r d  in t hei r ivor ks. 

I't4r~.c;. [ 1993. 1995 1 [1'29. 1301 proposed a controller structure called t h e  ..h>-- 

III-id fuzzl-  controller" which blended fuzzy and PID controllers. The main 

idza was that the fuzzy controller was superb for a far aiva? control irhere 

its nonlinear characteristics could generate a fast dynamic response. \\-hen 

apprvaching to the  set point. the role of the fuzzy controller diminished and 

the control action was taken over by the PID element . The switching between 

îar airay and nearby control was perforrned by an additional fuzzy controller 

making a relevant selection between the corresponding control action of the 

fuzzy and PID controller. 

Katic 11993) [ IY'L]  presented a stable direct adaptive fuzzy controller hy fol- 

I ~ ~ t v i t i :  a LJ-apunov synthesis approach. for tracking control of a gerieral Iiigh 

utdt~r ciuiilinear continuous system. 



O Birdwell and Wang (1994) [15] presented a so-called fuzz>--PID controller in 

which a fuzzy logic system was used to tune the gains of a conventional PID 

curii ruller where the fuzzy rule base was tuned using a heuristic stochastic 

opt iiiiizat ion algorithm. Sufficient conditions for system stability were given. 

O Qin and Borders (1994) [137] proposed a multiregion fuzzy logic controller 

for nonlinear process control. ahere  the process to be controlled was divided 

into fuzzy regions such as high-gain,, low-gain. . . . , based on prior knowledge. 

.A f u z z ~  controller was then designed based on this regional information. and 

(liii.iiig operation an ausiliary process variable was used to detect the  proces  

optbratirig regions. 

Hivaiig and Tomizuka ( 1994) [53] presented a fuzzy variable structure control 

systeni. For this type of control system. which implements different cont rol 

l a w  in different regions of the state space divided by a set of boundary ninri- 

it;lll~. t l i t .  control input switches from one control law to another when i h e  

-i . I I  t .  1 I,'.Y- r lie boiiridar~. manifolds. H ivarig and Tomizuka proposed fuzz!. 

rilit. I~iised algorithrns for smoothing the  control input when sivitchin:, at tlic 

bol: iidarj. manifolds to avoid e x i t  ing high frequency dynamics. 

The second type of linguistic information is analogous to conventional identifi- 

cation problems. and is called f u z y  modeling or fu-y identification [1'29. 159. 16.51. 

Most fuzzy modeling problems seen in the literature are concerned wi th repre- 

sent i i i g  "1 üpprosirnating relationships between input and output variables in the 

form of surne functional dependencies [131], and are more or less based on the sem- 

inal work-. t y  Zadeh in 1973 [-O61 and Takagi et al. in 1985 [l59]. -4 notable 

exception cornes in the form of fuzzy relational models proposed by Pedrycz ( 1984. 

l9Y3 j 11'28. 1291. which is more general than the concept of function and is to charac-  

f e r c c  l td3 /ris.,ociations) betuven some objects distributed in se ceral d i f f ~ r e n f  spacra 



or defincd in  Q Cartesian product of the same space [130. .-2pp. BI. Recently. a new 

modeling framework termed fuzzy mult imodels was presented in 113 11 by Pedrj-cz 

(1 996). which produces an environment assuring successful interaction ( when func- 

tion oriented or relation focuseci models are not sufficient ) between several relat ional 

or functional constructs and allows for their efficient utilization. 

In this work. we restrict our scope of fuzzy modeling. or fuzzy identification. to  

functional models. and leave the study of fuzzy relational models and fuzzy muiti- 

models. as well as development of correspondent control strategies to future consid- 

erat ion. 

\\'hrii linguistic information of the  second type is used in control applirar ions. 

i t  i >  - t , ~ i i t ~ i  i i i i e a  called fuzzj- model based control [6- l ] .  where t h e  plant is modeler1 

or idriit i t i t d  w i  t h a fuzzy logic system and a controller is constructed based u n  t lie 

fuzz~-  i i i~dr l .  uften with t h e  help of conventional controller 5)-nthesis and design 

t e c l i i i i q i i t ~ - .  There have been several approaches reported to fuzzy model based 

control. 

-4 51 rnteg?. where at each discrete time step a linear cont roller \vas designeci on 

t l i t .  1,;isii of a linearization of t he  fuzzy mode1 at the current operating point. 

u.a' ticed in (94. (1992)l. [157. (1986)]. [l.jS. (1992)]. This ga\-e a nnonlinear 

corit rolles which is conceptually simple. but suffered from drawbacks sirnilar 

to t fiose of conventional gain scheduling approaches outlined in section 2.1. 

0 \\aiig and Vachtsevanos (1992) [1T3] presented a methodology for the design 

uf i i  Irariiing fuzzy logic control system which was based on the concept of 

i i i ( l i i - r c t  cont rol approach where selection of control parameters relied on t lie 

tb>i i i i i i i t e s  of process parameters. The control law consisted of an on-line f u z z ~ .  

i d c b i i t  ifier. desired transition model and fuzzy controller. The fuzzy version of 

t l i c b  signal Hebbian learning law was introduced for identifying the  unknown 



plaiit . There was no system stability analysis associated ivith this approach. 

Jarig 1 1993) [63! proposed an adaptive-network-based fuzzy inference system. 

ivhich was a fuzzy inference system implernented in the framework of adapti~ve 

networks. By using a hybrid learning procedure. the proposed fuzzy system 

could construct an input-output mapping based on both human knowledge 

and  stipuiated input-output data pairs. and could be used to identify nonlinear 

roiiiponents on-line in a control system. Again. there nas no system stabilit!. 

aial! si3 presented in this work. 

Johai iwn ( 1994 j !64] presented a nonlinear cont roller design and anal>-sis ap- 

proach which was based on a fuzzy model of M I l I O  dynamical systerns. and 

t h e  closed loop system was claimed to be globally stable and robust w i t h  re- 

- 1  t O unstriict ured uncert ainty such as modeling error and dist urbances. 

U i i i  t I l i -  approach was not applicable to systerni tvith strong non-minimum 

piiaat* Irai ures. or in which the unstructured uncertainty was large. 

.-\II indirect adaptive tracking control s t r a t e g ~  was proposed bj- Li-ang ( 1994 1 

!1 S. Chap.81 and Su et  al. (1994) [ IX]  separately. where fuzzy logic systerns 

were used to mode1 the  unknown plants. In both works. the global stabilities 

of r l i t b  closed loop systems were established in the Lyapunor sense. 

t g  et al. [ 1 2 .  175. ( l%.j)]. 1176. ( l996)I presented a design methodology 

h i .  stabilization of a class of nonlinear systems. where a nonlinear plant \vas 

riiodeled by a fuzzj* logic system and then a model based fuzzy controller 

design utilizing the so-called "parallel distributed compensation" technique 

wac employed. The main idea of the controller design was to derive each 

catit 1 -01  rule so as to  account for each rule of a fuzzy system. The stabilit!. 

aiiirl~.sis and control design problems were reduced to linear matris inequalitx 

i L .\ 1 1 ) problems. which could be solved by convex programming techniques. 



Apart from the above applications where fuzzy logic systems have been used 

basically for iow level. set-point-oriented problerns. they also can be applied to high- 

level. task-oriented control functions. A sirriple yet clear example of this kind is a 

met hod called supervisoîy control proposed by Pedrycz (l993,l995) [129. 1301. where 

the iunction of a fuzzy controller was to switch between several local controllers. 

Each of these local controllers was tuned to perform well only in a limited range 

of its input variables. .An industrial application of this control methodology at 

"Genrsai Elrrtric" Kas also reported in 1995 bu Bonissone et al. [ l T ] .  where  fiizz!. 

logic ?! - - - t tb i i i >  w r e  used in high-levei. supervisory roles to complement loiv-lei-el 

con\-erit ioiidl cont rollers. 

2.2.3 Remarks 

1. Fùzzy Logic System vs. Artificial Neural Network 

Frorri 1 l i t3 pwi-iüus discussion. it is seen that sirnilarities esist between fuzzy logic 

systerii- i i i i d  artificial neural networks. They share a common objective. which is to 

emulatc t t ic .  operation of the hurnan brain. I n  some sense, artificznl neural nrtuwrk2 

t r y  tu t 11, iilutt the  *hardlcure" of thc h u m a n  brain. uh.hereas adapt ice  fuzzy sy.~!c nt.. 

t ry t o  citiulate the "softu.arc" in the human 

handie estrerne nonlinearities in the system. 

reaaori ~ i r y .  \\.liicli frees us from the true/false 

t hosr iii.rcl i I I  sym bolic art ificial intelligence 

brain [lS4. Chap.71. They can both 

Bot h techniques allow znte rpolaticé 

restriction of logical systenis scch as 

187. Chap.41. For example. once an 

AS3 liaa 1,rt.n trained for a set of data. it can interpolate and produce ansivers for 

cases i i ~ t  present in the training data set. Similar properties hold for a FLS. Also. 

the wighted average scheme of FLSs and the sum of products of the A S S s  are 

similar in principle. 

H w i - c i - c ~ .  the two methodologies have a fundamental difference. which is that 



the fuzz:. logic system takes linguistic information explicitly into consideration and 

makes use of it  in a systematic way. whereas the artificial neural netw-ork does not. 

Also. adaptive fuzzy systems are said to  constitute a much larger functional space 

than art ificial neural networks [184, Chap.71. More details of cornparison between 

FLS and .-\Yi may be found in [M. 1871. 

In rectbrit years. there has been a growing interest in integrating FLS with .\TS. 

such as the esamples presented. among many others. in [25. 129. 130. 1.52. 187. . 195;. . 

This fusiori allows use of a humanlp comprehensible expression of the kno\vledge 

used in control in terms of fuzzy control rules: the fuzzy controiler learns to adjust 

its pert'orrriance automaticallj. using an .\SS structure [187. Chap.41. 

2. Fùzzy Logic System vs. Evolutionary Computation 

Duriiig the last trvo decades. there has been a growing interest in algorit hins whicli 

are based on the principle of evolut ion (survivai of the fittest ). which are general1~- 

referred to  as -evolut ionary comput at ion'. . The best known algorit hms in t his class 

include gt%rirt ic algori t hms. evolutionary programming. evolut ion s t  rategies. and j e -  

neriî pt+~-r.lll~nlir~g [13:!. Chap.l.11. Since the best known evolutionary computat iori 

techiiiqiitb- a re  grnet ic algorithms. ver!. often the term ecolutionary cornputufrori and 

g f  nr irc .  «Iyorrthrn are used interchangeably in the literature. 

As pointed out  by Davis and Steenstrup [35. Chap.11 (see also [132. Chap.l]) .  

. . . the nietuphor underlying gen~ t i c  algorithms is that of natural ecolution. In €1.0- 

lution. tltt prvblem each species laces is one of searching for bcnScia l  adaptations 

to  a cori ipl ,mtcd and changing encironment. The %nowledge" that each sptoes has 

gaintd k enrbodird in the makeup of the chromosomes of i f s  members. 

Genetic computations are aimed at finding a global maximum of a function 

of man) variables through performing a genetic-inclined search of the space (130. 

Chap.31. This methodology has been integrated with FLS and A N S  to increase 



compu t at ional efficiency [130. 132, 1941, ahere  [132] (Pedrycz ed.. 1997) presented 

a comprehensive and updated collection of both fundamental tutorials and cut t ing 

edge research of the fusion of fuzzy logic system and evolutionary computation. 

w-hich interested readers may consult for more details. 

2.3 Modeling and Control of Flexible Link Ma- 

nipulat ors 

Because of their potential use in space applications as well as in nerv generationi 

of indusi i.iiil robots. there has been increasing interest in designing lighr ~veight 

robot ic >ysrrnis. which usuallj* possess flexible links. Flesural beha\-ior in an already 

hiphl~. rioiiiiritbar robotic system considerably cornplicates analysis and design. and 

demanda elal~orat e cont rol schemes wit h attendant requirements for sophist icated 

hard~vart. 3oft ~vare.  

Ir i  t l i i-  ivusk. flexible link manipulators are considered as esamples of challeriging 

anci i i i i l > ~ r ~  "111 psact ical systems on which Our fuzz~. logic based identification aiitl 

cont sol riirt liudologies can demonst rate t heir rnerits. 

A Hexil~lr  l ink manipulator was constructed to serve as the  esperimental testbed 

for the theoretical developments. In addition. the dynamic mode1 of a flesible link 

manipulator is developed and used as, among others, an important numerical es-  

ample for simulation studies of our theoretical developments. Specifically. the end 

point puci t ion control of the robotic manipulator is of interest in this research. 

.As iiit,clt~lirig and control of flexible link manipulators are not the core subjects 

of this irx:arch. only a ver- brief review will  be presented in the following. 



2.3.1 Introduction 

Today 'i commercial robots share the common feat ures of being heavy and bulky. 

The? operate at low speed. have low Ioad to weight ratio and high energ? consump- 

tion. whiïh lead to low productivity and low efficiency. and therefore. are inapplica- 

ble for situations requiring light weight structures. l o r  energy consurnption. high ma- 

neuverabili t?. easy transportability. and smaller. lighter actuators. such as in space 

applicat iuii'. To replace the heavy structure with light weight structure is generall). 

desiriil>lr t u  advance the state of the art of robotics. The use of light rveioht '-truc-- 

turt.3 \ v i l \  (-{.ri ai [il! lead to the  use of flesible links. This is one of the reasoiis for t hz 

initiat iuii in the se\-enties [Id.  191 of work in this area and there has been increasing 

interest " L w  the past decade in the analysis and control of flexible link robotic manip- 

ulators j16.20.26.34.47.48.82. 111. 117.136. 112. 143.168. 170. 193.200.203.2OSj. 

Soriir ul  the undesirable features of current robots originate frum their control 

s c h t ~ i  

ioca t il 

assu11 

speci t 

irl+. I:(jr. esample. to position the end point of a manipulator. t h e  desired 

L I  i -  i i;iiislorriied into equi\-alent angles that each of the robot joirita m w i  

i t -  i v i t i i  real tinir kinematic computation. and ei-ery joint is then drii-en to the 

i < b ( l  i i i~g lr  sirnultaneouslj- by employing a PI servo loop which is made u p  of 

a t o r q ~ i < ~ i  nrid a cdlocated sensor. e.g.. an encoder. The accuracy of the end point 

is b a w l  uii the rigidit!. of the robot links which muct be guaranteed with stiff and 

t herefort-. h ~ i  t k structures. 

C ' U I I ~ I ~ L . ~ ~  n-ith their rigid link counterparts. flexible link manipulators are much 

lighter arid have many desirable properties, such as low energy consumption. high 

maneuverability. easier transportability. and smaller. lighter actuators. But these 

desired features are somewhat vitiated by the much more stringent requirements 

on theii- control system design imposed by the flexibilitj-. The end point accurac!. 

of a Hrsil,lr link is severely degraded due to structural deformation and movenient 

i n d u c d  1 iljrat ioti.. Tu achieve maximum accuracy in posit ioning a manipulator": 



working end (i-e.. the tip). sensors often must be used t o  measure the tip position. 

while the control torque that is based on the measurernents of the tip position is 

applied at the  other end of the link. This scheme results in  noncollocated sensorr and 

actuators. which greatly complicates the controller design compared to the situation 

of collocatrd sensors and actuators where stable servo control is guaranteed by the 

collocatioii [26]. In addition. the mathematical models of a flexible link robotic 

systeiii caii be highly nonlinear. This has resulted in increased research activit>- into 

met ho& of actively influencing flexible manipulator behavior. as ment ioned abore. 

-4 pi-actical manipulator ma!. be multidimensional with multiple links. Biit such 

a roboti< ~!-steiii which is additionall~ elastic is too cornplex to be dealt w i t h  t h i i a  

far. T h  basic analysis and control issues can be exposed and should be solred in  

the coiit rbsi of a one dimensional case. i.e., a single link planar manipulatijr case. 

I t  is o b ~ t n c d  that. currently. most published works are basically at this stage. t r i  

this ivork. ive restrict our scope to the single link planar manipulator. This sycteni 

is iridrr~l ufficieiitly comples. with unknown and nonlinear elements. to pose a real 

challriict. 10  i hr most advanced control strategies. a i  ive shall sec. 

2.3.2 Dynamics of Flexible Link Manipulator 

.-\ Resi t , l t b  l ink is a distributed parameter system. and rigorous represent at ion of 

such a s!-stem usually requires a set of partial differential equations, which can be 

derived using one of many available approaches (described in standard dynarnics 

test books). such as the Hamilton Principle and Lagrangian Dynamics. 

The derived partial differential equations (PDEs) must be solved. Generall!. 

speakirig. t liese are only a few simple and special forms of PDEs which can be solved 

explicitl~.. i.e.. to obtain their closed form solutions [ 1 2 .  1411. In most practical situ- 

ations. T hi3 is no1 possible. and the PDEs are discretized and solved in approsimate 

forrn. 17zafestas presented a good survey on various discretization rnethods [K. 



Chaptrr 11. such as modal expansion methods. the Green's function method '. the 

finite eleriient method. and so on. 

Modal Expansion Method 

The modal expansion method has been widely used in solving dynamic problems. 

The ~oilir iuii is espanded with system eigenvalues and eigenvectors. and result s in 

a serie5 ut' irihnite order. Thus t he  PDEs can be transformed inro set of ordinar? 

differerit ial equations (ODES) of infinite order. But due to limitations of cornputer 

power. sensor inaccuraqr and system noise (not to mention physical reali tj-! ). the 

solution is approximated by truncating the infinite series and retaining oniy some 

of t h e  ternis. that is. t he  solution is approsimated with a series of finite order. 

Thus. t l ie  P DES can be transformed into a set of ODES of finite order. Furt her. the 

ODE-  i i i i i \  IK- searranged into state space expression or transfer function. ~rhich  artb 

conve~iit:iir fui cont rol purposes. 

Tlir a l u t - r  ~ r o c e d u r e  is one of the most popular approaches to the modeliiie 

of flesil~lv ruboi links [16. Id .  19. 20. '26. 34. 41. 48. 82. 11 1. 1361. In moit c a m .  

a flesil,lt~ liiik is modeled as a clarnped-free or pinned-free Euler-Bernoulli bcani 

supt~i l ,< , - t . ( l  ~ \ - i ~ l i  a rigid hadj- rotation. Hastings and Book indicated :-IY! tiiat tlir 

claniprht i -  t r t n r  Euler-Bernoulli beam model agreed bet ter wit h measured resporiwi 

than that of a pinned-free beam model. Also. the? believed that the first two 

vibratioii modes dominated the system responses. a view which was also shared by 

Zaki [?OS]. 

To avoid nonlinearities which cause immense difficulties in appiying coni-ent ional 

cont i.ollt*~- (Ivsign techniques. radical simplifications have commonly been made in 

publi~lit~l l i \ . t i i -ks. irhich generally include the assumptions of small deflect ions of  th^ 

'Grwii C i i i i ~ - t i o i i  approach gives closed form solutions of PDE's. But  in general situation. Crwn  

functio~i i t ~ l f  Iiiay be espanded with system eigenvalues and eigenfunctions [go]. 



flexi hle bearris. small angular velocit ies. ignoring rotary inert ia of the  beam cross- 

sectioii k i i i < I  end-point payload. ignoring shear deformation effects. and nonlinear 

friction. 

Finite EIement Method 

Anot her approach to the discretization of distributed parameter systems is the finite 

element nietliod (FEM) [Xl]. This method has been primarily used to solve prob- 

lems of largts -cale and complex systems. but i t  has seen occasional use in application 

to  the niodeling of flesible links. e.g.. [13. 1701. in nhich each flexible link is assumed 

to be coiiil>osed of beam type finite elements attached to each other with the first 

and t lit. la-t sat isfying corresponding system boundary condit ions. The deformed 

shapes of the link are described by using a set of perturbation coordinates for t h e  

entirr l i i ik  and  a set of shape functions t hat characterize the displacements of l ink 

puiiits l t i i - r t t < . ( l  l,etueeri the finite elemrnt nocies. The main draivback of a FE11 

rnijciel i -  i r  i ~ i  hcrent cornputation burden. 

Lunlped Paraineter Method 

In coiit ra't i u  the dist ri buted parameter system rr-hich is assurned to occup>- a certain 

spatial doniain. the lumped parameter system is assumed to be concentrated at a 

spatial p i i i t .  For this kind of systern. ordinary differential equations ma?- be directly 

obtaiiied. . \ri  esample of this approach is in [117]. in which Nelson. et al. modeled 

a flexible l i r ik  as a lumped mass-spring-rnass system and obtained the ODES of the 

system directlj-. This mode1 ignored some significant features of real flesible robot 

arms. For esample. the distributed flexibility and the delay effects associated \vit h 

wavr propagation along the length of the beam are neglected. This ma!. be one 

reasuri t t i i i f  1 kir lumped parameter system ha5 not been widel>. applied in modelirig 

flesibIt~ 1 i i i L -  



There are more approaches 

of which mention is not made 

for dynarnic modeling of flexible link manipulators. 

here. Interested readers may consuit an excellent 

review on t his subject in [ y ] .  For the purpose of the proposed research. the modal 

espaiiiuii o f  ni1 Euler-Bernoulli beam is deemed to be an adequate first approach 

to serve as a cornputer simulation tool. 

2.3.3 Position Control of Flexible Link Manipulators 

The objective of position control is ta cornmand the end-effector of t h e  robotic 

manipulaior to follow a desired trajectory. or simply to rnaintain a desired position. 

i'ariui:: I . O ~ ~ I  i.01 xhemes have been developed for t h i i  purpose. 

S l ~ t  ~>iil,lishcd works linearized dvnamic models of t h e  manipulators. and ap- 

plied liiirar iwrit rol techniques. 

Fur riuiil-arying and known payloads. Book and Sfajette (1983) [ZOj used a pole 

placeriicnt (liriear state feedback) method to design a linear controller. Cannon and 

Sctiriiirz ( i i i - 1 1  [26! introduced an experimental approach to identify the coefficients 

of r l i t .  - \  - 1  t . 1  I i ' .  iioii-riiiniriiuni phase transfer function basrd ori frequency response 

anal~.ai.-. ail LI Iurt her de~.eloped a linear quadrat ic Gaussian cont roller. T hej- also 

obseri-ed t h  if the system mathematical mode1 did not match the system's actual 

behavior well. the control system could be unstable. Other examples of this kind 

may be found in [16. 47. 821. 

To coinprnsate for unknown/varying payload. adaptive control techniques haive 

beeii usrd 1 0  rstiniate the payload. such as in [ l l T .  142. 143. 200. 2031. Rovner et 

al. ( 1 . 1  [ l 4 L  1-13] proposed load adaptive control algorithms based on the 

self- t utiirig r idinique. where dynarnic models of the  flexible links were identified wit ti 

a recursiw Irast squares algorithm. and controllers were obtained based on linear 

quadrar i ( .  Ciaussian synthesis procedures. Yurkovich et al. ( 1989) [?O31 proposed 

a siniilas a(  lapiive control scheme. where. in contrast to  others. t hey incorporat ed 



end- poirii acreleration (instead of position) into control laws. 

In order to use conventional inverse tracking controi techniques. Davis ( 19Sd) [NI 

proposed a nianipulator mechanism characterized by a collocated position sensor and 

force actuator. which resulted in a minimum phase dynamic model. Similar efforts 

have also been made in [ I l l .  l5Oj. 

Robust control techniques have also been used. For example. Qian and I l a  

(199- ) [ 136: proposed a variable structure sliding mode control scheme for end-point 

tracki n_o corit rol. Franke ( 1986) (381 proposed a robust variable structure cont roller 

in the presence of plant uncertainties for a distributed parameter system. 

I k a l l y  the controller of a flexible structure is designed based on its rediireri 

order niode1 n-i t h  the potent ial for excitation of the residual modes b!- control zigal.. 

teriiit*[l . - p t l l ~ r <  1-. which can cause unwanted. noise-like vibration in the s?-srrrii. Tu 

avoid r Ili.- ~,iul,lein. Lin ( 1%- j [y?] proposed a robust controller based on addition 

of a pira1lt.l o r  cascade connected residual mode fiiter with an obsen-er. 

III  recrlit >-ears. the ASS has been used in position control of flesible link ma- 

nipulators. For example. Semton and X u  (1993) [ l l S ]  introduced an ASS based 

on on-liiie Imrning control for a flexible space rnanipulator. A similar scheme \vas 

also pi.csCiii (4 in [160]. Donne and Ozgüner ( 1994) [37] proposed a control schernr 

for Hrsihlc iiiaiiipulator with partially known dynamics. where an .4SS was used to 

ident ify t l i t .  u~ikriown flexible dynamics. See also [93] for a similar cont roi st rategy. 

The fuzzy logic approach has been found to be effective in control of flesible link 

manipulators. For example. Tzes and Kyriakides (1993) 11681 proposed a cont roi 

scheiiie for flexible link manipulators, where the region of the eipenvalue space \vas 

part i t iorii-&cl i n r o  fuzzy cells and membership functions were assigned to t h e  fuzz~- set 5 

of tlic eigitiii-alrie uni\.erse of discourse rvhich iras utilized by a fuzzy controller to 

in fer <,"rit i.01 actions. Ak barzadeh-Totonchi ( 1994) jl] proposed a knowledge baseti. 

modrl free fuzz~. control scheme with a two level hierarchical structure. where the 



higher level mooitored link behavior and extracted features in fuzzy terms. d - d e  

the lower Ir.\.el used this information to control the  system. Lee et al. ( 1994 J 1911 

also p r o p o s 4  a knowledge based. mode1 free fuzzy cont roller for end-point position 

cont rol. 

Alasty (1997) (-1 presented a detailed review of modeling and control of flexible 

link manipulators. which interested readers may consult for more details. 



Chapter 3 

Brief Review of Fuzzy Sets and Fuzzy 

Logic 

3.1 Introduction 

The idra ul' t Iic luzz? set \vas introduced by L.;\. Zadeh in 196.5 [204j. to a l l ~ n -  

iniprr<-i>c. i i i i i l  qualitative information to be espressed and used in a n  esact ii.a>-. 

and i- .  ah tlir name implies. a generalization of t h e  ordinary notion of a set. .\ri 

esarii[)lr i c  iipprupriate to illustrate this 11641: Suppose it is required to sprcif?. 

lingui-i i i  iiitBasures of teniperat ure on t h e  closed interval [lOOGC'. 200GCj. and t hat 
O 

such ;t iiir*ii.iii .t.  ic 7 =(temperatures about l5OüC}. .in ordinary set ~vhich definec 

this (-an Le rspressed in terms of a membership function. p r ( T ) .  which can take 

values of eitlier O or 1. If a temperature T is not  a member of the set 7. Le.. T e  7 .  

then pr(T)=O: if it is a member of 7. i.e., TE 7. then pT(T)=l .  Graphically. p z  

may be defined as the rectangular function shown in fig.3.l (a). .A fuzzy set ivhich 

expresses t l i t .  corresponding idea has a membership function which has a continuum 

of grades of membership. i.e.. it takes all ~ a l u e s  in [O. 11. and rnight thus bc as 

s r  i l  i l (  b .  The ordinary set has an  abrupt transition from membership 

to  non-me~iibership, i.e.. an item is either a mernter or not a member of a set. 
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Figure 3.1: The Concept of Fuzzy Set 

The fuzzy set. on the ot her hand. allow the qualitat iveness of t h e  meajure to be 

reflt&(-t r d  i i i  i< gradua1 membership transition. i.e.. an item is allou-ed to belorig 

a set ru ii (wtain  degree. For esample. consider T= 135'C'. in the case of t h r  

ordiiiiii.!- - t l t .  tliis temperature is not a meniber of the set 7. i.e.. p r (  135°C') = 0: 

in t h r  case of t lie fuzzy set. it is a member of 7 with grade of membership 0.25. 

Le.. p.T( 13.j'C') = 0.25. Using this idea, qualitative information can be represented 

mathematically and handled in a systematic and rigorous rnanner. 

The application of the fuzzy set concept to traditional logic resulted in the del-el- 

opnierit of luzzy logic. ~vhich was first outlined in the seminal paper [?O61 by Zadeh 

r i  1 j i i , ,  t b  t h e n .  the theor?. of fuzzj- sets and f u z z ~ ,  logic (or fuzzy Iogic in i h u r i  i 

ha3 l ; , i i i i d  i i i i i i i ! .  applications in a variet). of subject fields. such as in  control engi-  



neering. artificial intelligence, management/society. and so on [l63]. I n  fact. an y 

field .Y can bc fux i f i ed  and Iabeled fuzzy X by replacing the concept of a set  in .\' by 

the concept of a fuz:y set (184. in the Foreword by Zadeh]. 

Bacause the primary goal of this development is in t he  regime of control en$- 

neering. ive are interested only in the theory of fuzzy sets and fuzzy logic as the>- 

pertain t u  this area. and which is introduced in the  following. 

3.2 Basics of Fuzzy Sets  and Fuzzy Logic 

In thii section. we present only a very brief introduction to those aspects of the 

theory of fuzzy sets and fuzzy logic which are relevant to the  development of this 

nork. Ho~vrver. ive will indicate references in which more comprehensive and in- 

dept h iriforiiiation is to be found. Following now is a collection of basic conceprs 

sumriiarizetl froni [Se. 129. 18.1. 20-1. 206. 2121. 

3.2.1 Fuzzy Sets 

i i .  4' 01.-course: Let U be a collection of objects denoted generical1~- by { u } .  

ivhicli c-aii I)e discrete or continuous. U is called the  unirtrac of discour.~c and ir 

reprrseiii a gerieric elernent of U .  

F u z q  Set: With U a universe of discourse. a fuzzy set L,- in U is a set of ordered 

pairs 

A L: = {(u? p r ; ( u ) )  1 u E U }  . 

in ivhich is called the membership function of 6 and takes values in the  interval 

[O. 11. and ,uL.(u)  represents the grade of membership of u in L'. Let and 11 be 

two fuzzy sets in U with membership functions PL;, and P r ; .  respectively These are 

equul. irrit i eii as 1; = L i .  if and only if P r ;  ( u )  = ( u )  for al1 u E U .  

S u p p o r t :  Tlir support of a fuzzy set I -  is the crisp. i.e.. non-fuzzy. set of al1 points 



u in U such t h a t  pLr(u)  > 0. 

Fuzzy Siilglcton: A fuzzy set whose support is a single point in U is referred to as a 

fuzzj- singleton. 

The Extension Principle: Let U and V be t r o  universes of discourse and f a mapping 

from U to L'. For a fuzzy set I -  in 2.4. the estension principle allows us to define a 

fuzz>- s e t  \ i ~ i  V by 

w here 

v e r  t ' 1 -  t lit. in\-erw of f .  

1-Iic rztt*il-iori principle is one of t h e  most basic concepts of fuzz?- set theor!.. and  

is uitv i t O gtwralize crisp mat hemat ical concepts to fuzzy sets. 

Interseciiot~: The intersection of two fuzzy sets LrI and l> is a fuzzy set I ; .  w r i ~ t e n  

A 
as I J  = L ' ,  1-1 I?. whose membership function is point~vise defined for al1 u E U b ~ -  

Complrr~w, / :  The complement of fuzzy set I' is denoted by and is pointwise 



defined for iill u E U bj- 

t-norm: .i t-norrn. denoted by -*". is a two place function from [O. 11 x [O. II to [O. 

11. which [ l x  Chap.11 

is nondecreasing in each argument. Le.. if x 5 r'. y 5 y'. then r * y 5 r'* y': 

a is coniniutative. Le.. s * y = y *r: 

is associative. i-e.. ( x  * y )  t z = z * (y t 2): 

sat isfir. t h e  boundary conditions. r * O  = O. r * I = x: 

whrrr  1.. .i-'. J .  y'. z E [O. 11. Typical t-norms are defined as folloivs I'111'. C'hap.3:. 

min{x. y }  . if mas{x. y) = 1 . 
(drastic product I . 

O .  ot h er.u?zsc , 

s-norrir: .A s-riorm. denoted bu -+" is a two place function from [O. l] x [O. 11 to [O. 

11. rvliicl! [1-1!-). chap. l] 

is noriclecreasing in each argument: 

is commutative: 

-niistit- ~ l i r  boundary conditions. x i 0  = r .  r l  = 1: 



Typical s-norms are defined as follows [212. Chap.31. 

zTY 2 rnin{l. r + y} . (bounded s u m )  

max{x. y} if min{x, y }  = 1 . 
(drastic m m )  . 

1 ,  otherwise . 

where r. y E [ O . l ] .  

3.2.3 Fuzzy Relations and Compositions 

F u z z y  H t  l n / < n ~ r  : -4 fuzzy relation F is a fuzz!. set in t he  Cartesian product LI A V .  

and i i  ciiar;tcirrized b!- a membership function p F ( u .  c ) .  u E Li. Y E V .  where  LI and 

V are two uriiverses of discourse. Formallu. 

- - m .  Li,, . iitd is cliaracterized by a membership function. p ~ ( u ~ .  .... u,) .  u ,  E Lf,. 

Sup-star Composition : If F and S are fuzzy relations in U x V and L' x W .  

respt~rti\-el!. [lie fuzzy relation in U x n' is given by the  composition of F and -5. 

whicli i ?  deiiot c d  by F 0 5 and is characterized by a membership funct ion / L F , ~ (  ( 1 .  ~ 1 .  

1.e. 

A 
F 0 S = {((u, w). p ~ o ~ ( u ,  w)) 1 (u. W )  E X w }  . ( 3 . 1 1  1 



where u E U. r E V .  w E W. The symbol "i represents the t-norm. The most com- 

rnoni~. used sup-star compositions are the sup-min and sup-product compositions. 

which replace the -*" in eq.(3.12) by "minn and algebraic product. respectivei~.. i-e.. 

A 
pFoS(u.  1ü) = s ~ p { m i n { ~ ~ ( u ,  c.): I rS (v .  w)}} . jsup - min) (3.13) 

uE V 

A special case of this is a i t h  S. instead of being a fuzzy relation. is a fuzzy set in 
a 

1;. In this case. F 0 S = { ( u . ~ ~ & ) )  1 u E U}. and in eq.(3.12). the p ~ , s i  u .  u.i 

becomes F F ~ ~ ( U  ). the p s ( r .  w )  becomes ps(tv). and the others remain the sanie. 

3.2.4 Linguistic Variables and Approximate Reasoning 

Liuy  ri 1 3 f i r -  I iir./nblt : .-\ linguistic variable is a generalized real-valued variable whose 

valut&> i-ari tbiilier be real numbers or be linguistic terms. Formally. a linguistic 

varialjle is cliaracterized by a quintuple. ( u .  T (  u) .U.  C. .CI ). in ~vhich u is the  nanie 

of a 1-ariablr: T (  u )  is the term set of u.  which includes the set of permissible real 

values of u in U and the set of names of linguistic values of u tri t h each value being a 

fuzzy set d<\tiried in the universe of discourse U: G is a syntactic rule for generating 

the rianiri: u l  linguistic values of u :  and .\I is a semantic rule for associating wirh 

eacli liiiguisiic value its meaning [212]. 

For esample. if speed is a linguistic variable defined in a universe of discourse 

U [O. 1001. t hen its term set T(speed) r n q  be defined as 

a 
T(speed) = {IO. 5.5. . . or {slou:. medium. fast. . . .) . (13- 1.5 ) 

wherr  rach trrni in T ( s p t e d )  is either a real number in U or a linguistic value ( a  

fuzz!- set I i i i  U .  The rneaning of the linguistic value. medium. could be defined as. 

sa'. 

A 
M(rnedium) = {(spted. p,,di,,(~peed)) 1 speed E U }  . (3.16) 



where 

Generaliztd Modus Ponens (GMP): It has been suggested in [88, 100. 2121 that 

from the perspective of control engineering, the main tool of reasoning for fuzzy 

logic control systems is the general ized modus p o n e n s  rule : 

where u and I .  are linguistic variables in the universes of discourse U and V .  respeç- 

tivel?.. I *  and I " are fuzzy sets in U .  I.- and I'' are fuzzy sets in V .  If the fuzz?- sets 

are repla<-t.(l \ v i t  li non-fuzz?-. or crisp sets. and ( -  = IV'. 1.' = I -'. this beconies t h e  

muilii? p ~ t i t . 1 1 -  rulr of traditional logic i-12. Chap.S]. \vhich is the  reasun t l ia t  i t  is 

cal lrcl  t lie y t r r  t i u l i x d  modus pone m. 

. h i  esaiiiple of the GMP is [Z!. Chap.91. 

p r c r n i s c  1 : This tomato is very red 

prçrr1isc2 : I F a t o r n a t o i s r t d  THE.\. the torna to i s r ipc  

ru/,-t .querzce : Th i s  tomato is cery ripe 

In thi? t.saii~l,lr. . . ~ . ~ i . g "  is called a linguistic hedge or a modifier. a concepi n.hich 

will iiut lw rsplored here in more detail. as it is not to be used explicitly in th is  

work. Iiiteirsted readers may refer to [$Y. 206. 2121 for more details. 

Fuzzy I~nplication: Let L: and V be fuzzy sets in U and V .  respectively. rvit h 

u i U and t q  E V linguistic variables: a f u x y  implication. denoted by I -  + 1'. is a 

special k i i d  OF fuzzy relation in U x L' defined as[l$-l] 

a l -  - i' = {((il, C). / ~ L . - I ' ( u .  C)) / (u. L') E U x V }  . 



where the membership function pu-v(u. v )  conforms to a number of possible inter- 

pret at ions: 

in eq.1 :{."O 1 (.urresporid to different interpretations or implementations of f u z z ~  IF- 

* 
,u[--\-( u. 1 .  ! = { 

THES rule' that are based on intuitive criteria or generalizations of classical logic 

[ia-lj. 

Sup-atnr  ( 'on~positional Rule of Infe rtnce : The GMP. or sometimes called fuzzu 

/ 

 du) * P V ( ~ ) ,  (f uzzy  conjunction): 

PC-(u)+pv(v)-  (fuzzy disjunction): 

pr(~b&+$ (mater ia l  irnplicat ion ): 

pr( U ) + / W ~ V ( ~ ) *  (proportional calculus): 

SUP{C E [O. 11 1 p U ( u )  c c  5 pL-(17)}. ( g e n e r a l i z ~ d  modw 

\ 
ponms) .  

condi~iuiiiii iiifereiice (212. Chap.9]. is implemented via t he  composifional rulr of 

( 3.20 j 

In CA1 P. rq.l:l. 1s 1 .  the fuzzy IF-THES rule in prernisc 2 can be implemented \vit  h 

a f I O  - 1 .  The different definitions of the  membership functi"n 

i n f c t . t ~ ~ t .  I.'uriiially. for universes of discourse U and V .  let u f U. c f V be 

linguisr ic \*itriabIes. 1.. I '  be fuzzy sets in U and V .  respectively. and I '  - 1- t e  

a fuzz!- iniplication in LI x V. Then for a given fuzzy set I-' in U the sup-star 

compositional rule of inference asserts tha t  the fuzzy set Y' in V induced by L-'  is 

given by the sup-star composition of l." and I '  + V .  i.e.. 

w here 

A 
PL*'~(L*-v)(u)  = sup{pL-t(u) * p c 4 (  U' c)} ( : 3 2  

u€U 

This brief review of fuzzy sets and fuzzy set operations is sufficient for the pur  

poses of thi5 work. Further details can be found in t he  indicated references. 



Chapter 4 

Fuzzy Logic Systems 

4.1 Introduction 

In the generiil literature. the term **fuzzy logic sj-stem" is not always precisely defined 

and frequenilj. refers to almost any system mhich has something to do with the 

concepts of fuzzy sets and fuzzy logic. In this work. the scope is restricted to the 

regime of control engineering. and the meaning and structure of the fuzzy logic 

systeni is rrst ricted to t his application. 

T11<3 I ia>i(  -tructurc of a fuzzy logic systern in control engineering is as zhowi 

in fig.4.l. l iii-uughout tliis ~vork. a fuzzy logic systeni with this structure will bt. 

abbrel-iatetl i t i  FLS. .A FLS is composed of four major components. namely. a juzzi- 

ficatioir interface. a fu:q  ruie base. a f u x y  inference engine and a defufu-zificaiion 

in ter fuc t .  The input and output  variables of a FLS are linguistic variables. which 

assume real values preceding the  fuzzification interface and folloiving the defuzzi- 

ficatiun interface. and take linguistic terms (fuzzy sets) in between. and this FLS 

can naturally fit into engineering systems. It works as follows: real values of the 

input linguist ic variables are fuzzified into corresponding fuzzy input sets according 

to certain fuzzification strategies. These fuzzy input sets are then fed into a fuzzy 

inference engine which. by triggering relevant fuzzy rules in the  ruie base. maps the 



fuzzy input sets to a fuzzy output set which is in turn defuzzified to  a real valued 

output signal. 

Since a multi-input. multi-output (MIMO) systern can often be decomposed 

into a group of multi-input. single-output (MISO) systems. only MISO f u z q  logic 

systernj will b e  considered in this work. as illustrated in fig.4.l. 

1 I 

Fuzzification 

r , 
Fuzzy Rule 

Interface 

- 1 

. . 

Figure 4.1:  Basic Structure of Fuzzy Logic Systern 

Thr i!.iii 1~01s in  fig.4.l are defined as fol1o~-s: for p = 1. . . . . P.  z ,  f Z, c R 

a r e  1iiigiii-iti~- input variables. y E 4' c R is linguistic output variable. 3, is t h e  

unil-er-r of cli~course of the linguistic 1-ariable z, .  J' is t he  uni[-erse of discourse of 

t h e  l i r i - i i i > i i c -  l-ariable y .  R is the  set of real nunibers. 2, is the fuzzy set geiierated 

froni t l i v  i i i 1 ) i i t  lirigistic variable z, by a corresponding fuzzifier. and Y is t h e  fuzzy 

set induccd II!. t h e  fuzzy inference engine. In the following. ive discuss each of these 

cornprierit cj i i i  more detail. 

I J 

--P r( Fuujfier P) Defuzzification 
In terface 

Base 

w( Fuuifier 1) " 

4.2 Fuzzification Interface 

The f ~ i z z i ~ ~ c w t i o n  interface is a collection of fuzzifiers. each of rvhich corresponds t O a n  

input 1iiigui.t i i .  variable and performs a mapping from a crisp number ireal nuniber i 

to a f u z z ~ .  s t t t .  Two types of these mappings commonly seen in the literature are: 

Defurzifier)-- 

* 
nce 

rn Engine -< 



(a) Fuzzzfzer .1 ( F A )  - Singleton Fuzzzfier : FA is defined as a mapping from a 

crisp number. zo E 2. to a fuzzy singleton. Z E 2. where 2 is a universe of 

di KOU r5e  j 1 041 . Formally. 

( b  i I.'uzzi'it 1 -  B ( FB - General Fuzzifier : Fg is a mapping from a crisp number.  

- - 
z, ,  7 2 .  tu a fuzz!. set. Z F 7. 

where p z ( z o )  = 1 and p z ( ; )  is some function defined subjectively which de- 

creasrs from a maximum of 1 as : separates from % [El. 

-4 3ra1) hi ( -nI  i l l i i a t  rat ion of t hese two fuzzifiers is shown in fig.4.2. Of these t vvo t~-pea  

' , '  > 

I 

20 -" - 
(a) Fuzzifier A 

zo .. w 

(b) Fuzzifier B 

Figure 4.2: Illustration of Fuzzifiers 

of fuzzifiers. ml!- the  singleton fuzzifier. Fb4. is commonly used. The other type ma!- 

be n i w A  i i ~ . i i i l  for i n p ~ i t s  corrupted b!- noise 1181. C'hap.?]. 



4.3 Fuzzy Rule Base 

A fuzz?- rule base is a repository of expert knowledge. which consists of a collection 

of fuzzy IF-THES rules in the form. 

C" : I F  ( z l  is .4; and  . . .  and z p  is ..le) THE.\- ( y  is BI) . ( 4 . 3 )  

where Cv' .  i E { 1. .... I }. represents the ith fuzzy rule. I is the total number of fuzzy 

discourse y.  

For p = 

fuzzy rule base. 2,. p = 1.. . . . P. are input linguistic variables in the 

discourse S. and y is the output linguistic variable in the universe of 

kvherr .4p,p art. yr lmai .y fuzzy se ts  defined in universes of discourse Z,. Bk are p r r m < i r ! i  

fuzry J V / -  cloliiied in universe of discourse y. J p  and Ii represent the  nuniber oi' 

prinioi.\- I'tczz!- sets defined in Z p  and y. respectively. 

11, r l i i -  \v\>rli. the term pr imary fu rq  se t  indicates those fuzzy sets defirit-(1 1 0  

e sp r r ->  liiiriii-tic IF-THES rules. as distinguished froni the fuzzy sets generated 

bj- fuzzifieri .  I I I  the IF part of expression (4.3 1. there are masimally Ji r. . . J p  

different conibinations of the primary fuzzy sets. { A , ,  . . . . which is the max- 

imum possible number of IF-THEN rules in t h e  fuzzy rule base. 

The sentence connective "and" is usually implemented as a fuzzy conjunction. 

defined i r i  eq.(3.20). in the Cartesian product space S1 x . . x Sp. in which the 

undei.l!-iiig l-ariabies take values in different universes of discourse [SI. Le.. the IF 
A 

part of rq.( 4.:3) is a fuzzy relation F' = .4; x - - x Ab defined as 



In control erigirieering. the rnost aidely seen fuzzy conjunction operators for defini- 

tion ( 4 . i  i are t h e  .'min'- and dgebraic product. i.e.. 

Eacli IF--1-HE5 rule of expression (4.3) defines a fuzzy implication: 

where 

The [ i i t l i i i  t,tai.-iiip fiinction. pFt-Bt (z .  9 ). is de~ermined via eq.( 3.ZO) in terni. of 

p ~ ~ i  a i id   ph,^ y ) .  where the former is defined in ( 4 . 5 , .  

In t I I < .  lirerature. i f  the  THES part of an IF-THES rule is defined as a Iinear 

combiiiiition of input variables. i.e.. 

where ci. j = O. 1. . . . . P. are real parameters. the corresponding FLS is known 

as a FLS of the Takagi and Sugeno type [159]. As indicated in [184, Chap. 11. an 

advantage of this kind of FLS is that it can provide a compact FLS equation. and 

parameter estimation and order determination methods can be used to estimate the 

parameters c, and the order I. Its weakness is tha t  the THES part of t h e  rule is 

no1 Clizz\-. aiitl i t  does not. therefore. provide a nat ural framework for incorporation 

of ~ U L L ?  r u I r -  1.rorli human esperts. This type of FLS irill not be considerad in t h 1 5  

wor k . 



4.4 Fuzzy Inference Engine 

The  fuzzy inference engine is a fuzzy logic based decision making scheme which. 

by conibining the IF-THES rules in t h e  fuzzy rule base in certain rnanner. induces 

output luzzy sets in J' from input fuzzy sets in Z = 21 x - - - x Zp. 

With a inpu t  fuzzy set Z f 2. where 

and hj- iisirip t h e  sup-star compositional rule of inference. eq.(3.21). each individual 

IF-THES rtilr. C'. induces a component. denoted as 1". of the output fuzzj- jet 

I ' E  3.'. I.c.. f u i -  L = 1 . . . . .  1. 

The i i i t . i i i l ~ t * i - l i i p  fiinction of the  fuzzj. implication. / ~ F I - ~ I  (2. y ). is defined in eq.i :1.2O J 

in tel-111- oi' p1.. i z 1 ar i r l  r c ~ ,  i y ). and the membership funct ions for t h e  fuzz~.  relar ions 

p p ( z  i itu<l Z J  are drfined in eqs. (4 .5 )  and (4 .11  ). respectivel?.. 

Tht. o u t  p u t  fuzz!. set 1' is the collection of the I components. Y'. i = 1. . . . -1. 

induced bu the  IF-THES rules in the fuzzy rule base. i.e.. 

A 1' = {Y' j Y' E y, 2 = 1.. . . , I }  . 

4.5 Defuzzificat ion Interface 

T h e  dejurzification interface is a collection of defuzzifiers. or a single defuzzifier in 

the  casr of siiigle output.  each of ah ich  corresponds to an output  linguistic variable 

and perfornic: a mapping from a fuzzy set. 1'. t o  a crisp number.  y. There are three 

kind' o f  ( l t~fl i~zifiers commonly seen in the  literatuie. 



(a) The fi rst type. called the Least-Maximum M~thod ( L W 4  ) [306]. is defined as 

where y,,, . rn = 1.. . . . M. are the  supports in fuzzy set Y that have the (same ,I 

i i  i n z i i i i i i ~ i ~  grades of membership. i.e. 

The L.\I.\I defuzzifier generates a crisp number, y., which is t h e  support point 

t ha t  has the maximum grade of membership in the  fuzzy set. Y .  or. in case 

t h e r r  is niore t h a n  one support corresponding to the same maximum grade 

i iii<biiilwi.+hip. i-e.. .\' > 1. y, takes the  support t h a t  ha' t h e  least absoliitt~ 

\.kt il ltb. 

( b  1 Tlir sr~.oiid t>-pe. called the J lean  O/ .Uaximum Method (SI011 ) (101]. is defined 

as 

\ I ~ * I Y  11. i-; t lie niean of the supports y,. m = 1. . . . . -11. If J I  = 1. t hi' t!-pe of 

<it.l'iizziiit~r seneraies t h e  same crisp numher as t ha t  of the first t-pe defuzzifier. 

( c )  l.he tliird type. called Centroid iCIEthod (CM) [Z]. is defined as 

n-hcre v .  i = 1.2. ... .1, are the centers of the primary fuzzy sets. Ba.  i.e.. 

niid p l . )  i y )  can be obtained with eq(4.l.'). y, represents t h e  centroid of tlic 

s i i p p r t b  y'. which is the reason that this approach is called the  Centroid 

.\If th  od. 



The C'Li is tlir most popular defuzzification strategu. as it is said to yield generally 

smoot t i t ~ i -  responses and better steady state performance than the MO>I [147]. Sim- 

ilar ob~ervatioiis were made in an aircraft flight control study [86] .  where it  is found 

that although both the MOM and CM yielded satisfactory performance. the results 

with the Clil were superior. 

The SIO.\l demonstrated better performance than the LMM in certain experi- 

ment5 [Ï5] and frequently yielded better transient performance than the C'il [ l - ly] .  

The L I 1 1 1  strateg-. unlike the other ttvo strategies. has not been seen much in 

pract ira1 appiicat ions. 

Thi-uughuut this work. the centroid defuzzification method will be uied. becau'e 

its esprt~~sioti  is niathematically more tractable than the others. 

4.6 Overall Mappings of Fuzzy Logic Systems 

\\é h i i \ . ( b  set.11 t hüt t here are many possible combinat ions of fuzzifiers. defuzzifirrs. 

fuzzy iiiiplicatiun operations and fuzzy inference mechanisms. which result in niail!- 

differerit fuzzy logic system configurations. or overall mappings. This providei a 

great dral of freedorn of choices of a specific FLS configuration ~vhich fits the  con- 

straint iirid r~quirement of a particular task. 

r\niuiig ttit. two fuzzifiers mentioned in section 4.2. the singleton fuzzifier pro- 

duces t h r  iiliiplrst FLS. and only this kind of fuzzifiers will be used in this work. 

Formall?-. for the FLS shown in fig.4.1. p = 1, .  . . , P. 

nherr  :,,, is a i r i sp  value of the variable z,. 



In the following. we derive two overall rnappings which are particularly useful in 

later drveloptnent of this work: 

0 "min" operation for fuzzy reIation: 

Equation (4.5) is written as 

0 .*i i i ir i"  q ~ e r a t  ion for fuzzy irnplicat ion: 

Equat ion (4.8) is written as 

---ilp-nii I I "  composit ional rule of fuzzy inference: 

Equation (4.12) is written as 

Siiice i v e  use the b*min'' operation for fuzzy relations. the membership function 

p z (  z )  i' espressed as 



11) vieri. of eqs. (4.20) and (4.21). eq.(4.23) can be rewrit ten as 

A 
Given a crisp input.  zo = {rio. . . . . rpo}T .  use of eq.(1.19) in eq.(1.2.5) results 

L'siiip t l i t .  C' l I  defuzzifier. eq.(-l.l'ï). the crisp output signal of t h e  FLS is 

1lt.i.e. F .  t = 1.2. .... I .  are defined as [Sd. 91 j 

This i i . i l l  be esplained in more detail in chapter 6 through esamples  

The t'LS spc*,.itit.~l abor-e is referred to as FLS-1 in this rvork. 

4.6.2 FLS-II 

0 -1lgebraic product operation for fuzzy relation: 

Equat iuii ( 4 . 5 )  is rcritten as 



0 ;\lgebi-aic product operat ion for fuzzy implication: 

Equation (4.d)  is written as 

0 *-?iip- pi.oduct" cornposi t ional rule of fuzzy in ference: 

Eqiiat i c , i i  I -1.12 1 is written as 

silice n . t .  use  the  algebraic product operation for fuzzy relations. t h e  meniher- 

sh ip  lu:ii-tion p z ( z )  is espressed as 

I n  vie\\. of eqs. (4.29) and (4.33).  eq.l-1.32) can be rewritten as 

A 
I-ur a ci-iap input. z0 = {slo. .  . . . r p o j T .  use of eq.(4.19) in eq44.34) results in 

0 L i n g  t h e  CM defuzzifier. eqs.(4.17-4.18). the crisp output signal. y. of the 

FLS is 



For simplicity. it may be assumed tha t  

Vsc of 4 4 . 3 5 )  in eq.(4.36) and considering eq.(4.3S) yield 

ivhere. for simplicity. y, is abbreviated as y. and :,O is abbreviated as z, .  

The FLS u-liirh satisfies these conditions is hereafter referred to as FLS- i I  in this 

work, 

4.6.3 Membership Functions and an Overall FLS Mapping 

In fuzzj- logir sj-stems. it is necessary to specify membership functions for primar!- 

fuzzj- sets. In practice. two types of membership functions have been popular. 

narne1.i I t i t*  ( ;aussian and triangular type membership functions. 

Foi- a gi\.tsii l inguistic variable. u. in universe of discourse. 24. a Gauszian r>-pe 

rneniLt~rsliip I'uiiction of u in a fuzzp set I '  E U is espressed as 

I U - U  2 ,  
p L - ( u )  = exp[--(- 1 1 .  

'2 r7 

where ri i i  [lie center of t h e  fuzzy set I -  and O ic a parameter tha t  characterizei 

the  sliitlw o f  1 I , t .  menibership function. Lower values of O produce narro~ving of t h e  

funct iuri. a> Iiuivn in fig.4.3(a). 

T hi* 1 ri arigular rnem bership function is expressed as 

where ü is t l i e  center of the fuzzy set L - .  and a controls the shape of the  funct ion. 

as shuwii i i i  tio,.-~:)(bj. 



- 
U 

i O = O..?) 

(a) Gaussian Type Membership Functions 

- - 
u - O  u U + a  

(b) Triangular Type Membership Function 

Fiçure 4.3: Gaussian and Triangular Membership Funct ions 

C;iiii>-iati t y p e  menibership funct ion will be  used t hroughout t hi- work for 

i r i  i i t t  i i i m a t  ical expression and ease of manipiilat ion. 

i i l  ( ; c i~~?3 ia~ i  t!-pe nienibership lunction. eq . i l . 40 ) .  in FLS-II. eq.iA.39 I hr- 

s h w - r i  in [lS4! tha t  for any given real continuous function g on a compacr 

set I ' .  t t i t w  rsists a fuzzy logic system / in the form of eq.(4.49). such tha t  g can 

be approsiniated by f over li t o  an- desired degree of accuracy. 

Ue simplify our notation by defining 



which is called a fuzzy basis function in the  literature [ l ig ] .  Let 

Equation (-1.42) can then be rewritten as 

In eq.( -l.4:3 i. i t  is clear t hat O is characterized by the nurnber of primary f u z z ~  

sets. J,. i i i  rach universe of discourse 2,. p = 1.. . . . P.  as well as the position 5; 

and shape o; of the  membership function of each primary fuzzy set. where  

- E {a,,, j j , -  1 . - - - J , } .  

I [ T , ; ~  are centers aiid shape parameters of the primary fuzzy sets. 

. I f  ive fis t hese parameters and leave only Y,. i = 1. . . . . 1. as adjusrable 

I 1ic~1i expression (4 .45)  is linear in its parameters. 



Chapter 5 

More On Fuzzy Logic Systems 

5.1 Quantitative Measures of IF-THEN Rule Per- 

formance 

The fuzz!. riilt. Lase. which consists of IF-THES ruies. is the heart of a f u z z ~ -  !o@c 

sj-steni i i i  t 1 1 t h  sense that al1 other components of the FLS are used to interpret t hese 

rules aiid niiike t h e  rules usable for specific problems [lS-lj. Difficultiec wit h iogical 

propeti ir3 of t h e  rules. their cornpleteness. consistenc~*. etc.. may lead to unsatii- 

factor!. rwu l t  5 k!!dj. These problems ma? be caused either by poor initial design 

or because of changing operating environmerit and system parameters. Therefore. 

it is desirable to monitor the performance of the IF-THEN rules on-line and warn 

system operators of any problems so that corrective measures can be made in time. 

and sat iifact ury system performance maintained. 

In r [ I V  fol lc,ii-irig. ive define quantitative criteria t ha t  can re\-eal certain pi.ohleni- 

witli I l i t .  r i i l t ~ . .  , i ~ i d  denionstrate their application through numerical esariiplc-. 



5.1.2 Quantitative Measures 

The cornpleteness of a fuzzy rule base is defined by Pedrycz [129] as 

Definition 5.1 Cornpleteness of Furq Rule Base: 

Consldt r (I / r c y  rule base consisting of IF- THE:\,- rules of the forrn of ~rprcasion 

(4.9j niid o j  ..ix I .  It is said to be complett. if 

tr z E S. 3 i E [l. I l .  such that p F . ( z )  2 E : 5 E (0.11 . (.!i.l 1 

where z = { z i . .  . ..ip}= is a crisp input uector, F'.  d~ j îned  in eq.(4.5). is a fuizy 

relation in thc IF part of the ith IF-THELV rule. a n d  c is a subjecfice positice con- 

s tant .  

LC'e nuii- i i i t  rocliice a quantitative index t hat indicates the degree of completeness ûf 

a fuzz)  n i l i t  hasr. I r  should be kept in mind that as this quantitative indes is for 

on-line applicat ioris. i t  should be as simple as possible and not generate a signifirant 

extra c u i ~ i p ~ i t  aiional burden. 

whhert z = {zi. . . . . zp)' E 2 is a crisp input oector. and F' . defin cd in eq.  (4.5). ,,- 
a f u z y  rtlafion in  the IF part of the ith IF-THE.V rule. 

\Ve noir apl,l?- r he completeness index to test the completeness of fuzzy rule base. 

Lemma 5.1 .-1 f u x y  rule base of six I is incornplde if for i = 1. .  . . . 1. a n d  V z E 

2. 

C I 1 ( z f  < ,=. E E (O. 11. ( .J . :3 i 



Proof: L)ii.rct from the definition of completeness of fuzzv rule bases and t h e  

defini t iuii of t 1 1 t h  completeness index. 

Remarks: 

The completeness of a fuzzy rule base. i.e.. e q ( 5 . l ) .  means that j130. Chap.6j 

( i i t 1 1 t h  primary fuzzy sets defined in the input universes of discourse overlap: 

i i i  i r a c h  primary fuzzy set is used in a t  !east one rule. 

C'oriiparing eq.(5.3) with eq.(5.1), it is clear that  the index C I  can indicate 

pot ent ial problems in t hese aspects. 

0 i ( ' I is defined as p ~ .  . it does not generate much additional cornpiita- 

1 I O [ I ; ~ !  I , i . l r r l t b ~ i  and is therefore suitable fm on-line applications. The o n l ~ .  es t ra  

( .d l (  i i l i i i  iuii required is its cornparison wi th  the predefined t hreshold paranietrr 

t 2 ] .  I )  / t i r  (11-lthrnetic orerage of the  complcteness inder  of the ith rule is dcjîned 

as th c L r t  -L)t ~ i s i t y  Inder in [tl. t J .  Formally. 

The indes F D I '  . i = 1. . . . 1. indicates the share of usage of individual rules. If 

F DI'  dist ri butes ver)- unevenly with respect to i over a designated period of t ime. 

e.g.. as r l i i ,~ i . i i  i r i  fig.5.1. it means that some rules are heavily used. such as the 

fifth aiid ~ist l i  rules. whiIe others. such as the  first and tenth. are little used. This 

indiroi tl* i I i i i  r i he input universes of discourse may have been ill-partit ioried. and 

there i' ; i t  I t h i i . * t  a room to improve the fuzzy partition. 



Figure 5.1: Distribution of Fire-Density Indices 

5.1.3 Numerical Examples 

Example 1 .  Completeness of Fuzzy Rule Base 

A Consider a linguistic variable. u E U = [-3.31. whose values are random numbrrs 

normall>- diat rihuted with mean O and variance 1. Its demit!- function i ~ :  j124l 

whirii  i.- qi-;i l , l i ici i l l~.  illustrated in fig.Z.?(a). Defirie fire priniarj- fuzzy sets. {Y?. 

S 1. Z K .  P 1. 1'2 j U .  whose membership functions are Gaussian type niembership 

n 
functiuiia. lcc1.i 4 . 4 0 ) ) .  centered at {-2. -1. 0. 1. 2 )  with shape parameters. o = 0.3. 

for all the priniary fuzzp sets. as shown in fig.S.?(b). The corresponding fuzzj- rule 

base ive assign to  have five IF-THES rules as shown in table 5.1. Li-ith t h e  desired 

threshüld parameter. E ,  set at 0.05. i.e. 

for crisp iriptir if = 2.735 f Li. 

< 

/ 

C I ' ( 2 . 7 3 5 )  = O < E :  

C12(2.735) = O < c :  

C13(2.735) = O < E :  

C . 3 )  = O < E: 

C15(2.;35) = 0.0497 < E .  



Table 5.1: IF-THEN Rules for Linguistic Variable u 

1 C3: IF ( u  ia ZR) THEZ . . . : 

1 C4: IF (u is P i )  THES . . .: 

T h e r e i i ~ r c  awording to lemma 5.1. this fuzzy rule base is incomplete. For t his simple 

esamplt*.  i i  1 -  u l > \ - i u u ~  t hat t h e  fuzzy partition must b r  improved. \Cé ma>- redrfirir 

the  niriiilwr-iiip lunctions for the fuzzy sets -52'- and .*PZ" as. 

The i i t w  pi-iiiiary fuzzy sets are  shown in fig.5.'2(c). and t h e  corresponding complete- 

ness indices lt)r u = 2.735 are 

It is clcar that the  problem of incompleteness of the  fuzq- rule base has been cor- 

rected. 



U 

(a) Density Function of a ?;ormal Distribution 

u 
( b )  Primary Fuzzy Sets 

U 

( c )  Xew Primary Fuzzy Sets 

Figure 5 .2 :  Completer,ess of Fuzzy Rule Base 

Exampie 2. Distribution of Fire-Density Index 

L l  
Consider the same linguistic variable u E U = [-3,3] as in example 1. whose density 

function is plotted in fig.5.3(a) again. Define five primary fuzzy sets. {S?. SI. ZR. 

PI. P ~ } E  U. whose membership functions are Gaussian. (eq.( l . lO)) .  centered at { - 2 .  
A -1. O. i. 'L} with shape parameter o = 0.35 for al1 t he  primary fuzzy sets. as shown 

in fi g.i.3( b) .  where 



The corresponding fuzzy rule base has five IF-THEN rules. the same as those in 

table 5.1. We take 2000 samples of variable u. Correspondingly. the fuzzy rule base 

is triggered .U = 2000 times. The fire density indices for the five rules over the  '2000 

sarnples. are shown in fig.5.3(c). where F D I ~ .  F D I ~  and F D I ~  are significantly 

larger than FDI'  and FD15.  This uneven share of the IF-THES rules is due to  the 

fact t liat saniples are riot e17enly dist ri buted. and most of t h e  samplei are in j- 1. 1:. 

whert* the density funct ion of variable u has high values. 

\\F can define more primary fuzzy sets in the  region where the density function 

is large. and define fewer primary fuzzy sets where the density function has lower 

values. ti.hich is intuitively more appealing. \4,é now define seven pr imar-  fuzzl-  

sets. (53. S2 .  51. Z,R. P l .  PZ. P3}€ U. whose membership functions are Gaussiaii 

ceritri-ed at {-1.5. - 1.0. -0.5. 0. 0.5. 1.0. 1.51 a i t h  corresponding shape paranieters. 

The corresponding fuzzj- rule base has seven IF-THES rules. ivhich are similar to  

thosr in table -5.1. Csing the same 2000 samples mentioned above. the fire-dencity 

- 
indices for the seven rules are s h o w  in fig.5.3(e). where F D I ' ,  i = 1.. . . . i . are 

quite evenly distributed. 
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(a )  Density Function of a Sorrnal Distribution 
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(d )  New Primarv Fuzzy Sets 
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(e) Xew FDI' Distribution 

Figure 5.3: Data Distribution. Fuzzv Partition and  Fire-Dençity Indes 



5.1.4 Concluding Remarks 

Two quantitative measures, completeness index and fire density index. for 

IF-THES rule performance are proposed here. They can indicate certain difi- 

culties in a particular fuzzy rule base. such as incompleteness and uneven share 

of usage of individual rules. and these indices were illustrated via numerical 

esarn p les. 

With t hese indices integrated into a fuzzy rule base. the reliability of the cor- 

responding fuzzl- logic system is likelg to be enhanced. since system operators 

can be tvarned of certain weaknesses of the FLS and take remedial measures 

in tirne. 

These indices are obtained wi th  lit tle additional computational burden. since 

CI' is defined as p p .  F D I 1  is defined as the arithmetic average of C'I l  over a 

certain period of time. 

-4 full understanding of these indices. as well as their values for sysrern perfor- 

mance are yet to be investigated. There is no solid t heory a~ai lable  at present. 

and ihrir meriri n i w  thereiore be understood and esplained based on esperi- 

erice aiid trith regard to specific problems. In addition. there is no autoniat ic 

means a\?ailabIe to correct the problems the! uncover - another subject For 

further investigatiori. 



5.2 Statistical Confidence Measure of Fuzzy Logic 

S ystem Performance 

When a fuzzy logic system is used in function approximation problems. it is desirahle 

to knoiv both the approximation accuracy of the FLS approximators and the qualit!- 

of performance of the individual IF-THEX rules. In this section. by applying interleal 

estiiiiatiori techniques of statist ics. we del-elop a stat istical index ivhich can be used 

to atidress this. Specifically. ive present statistical estimates of confidence liniits on 

bot11 the overall FLS outputs  and predictions of individual IF-THES rules. 

5.2.1 Interval Estimation Problem 

Thr interval estimation of a paranieter q is a n  interval ( 1 1 1 .  riz 1. the endpoints of 

~ v l i i ( . l ~  are functions of an obsen-ation vector x. Le.. = g l ( x )  and r f i  = g?(x i .  

\\+ -hall sa?. that ( q , .  r p )  is a 7 confidence interval of r i .  if the probability that 

q E 1 111. r j 2 ]  is -: L12-I. C'hap-9l. i.e.. 

Thtb coiistant ; is the coiifidence coefficient of the estimate and thus is a subject i\-e 

measure of our confidence that the unknoivn q is in the interval ( T I , .  q ? ) .  The 

estimate is expected to be correct in 1007 percent of cases. If 7 is close to 1. ive 

can expect with near certainty that 7 is in (qi,  q 2 ) .  but the difference. 72 - 71. is 

usually large. Wit h -, reduced. 72 - qi is reduced but the estimate is less reliable. I r  

is clear t hat. for given ;. smaller 02 - q1 indicates better performance of the rystem. 

Th(. objectiw of interval estimation is to determine t h e  functions g t ( x )  and g, (x)  

for given 7 .  



5.2.2 Confidence Interval for the Mean of FLS Approxi- 

mation Errors 

For a function approsimat ion problem. assume ive have -11 input-output data pairs. 

d D ((2,. y,) 1 rn = 1.. . . . .M). where z, = {zlm..  . . . ZpmlT is t h e  rnth input vector. 

P is the number of input variables. and is the mth output of t he  function to  

be approsimated. Let y be the output of t h e  FLS approsimator. 3. i.e.. for rn = 

1.. - .  .*LI. 

Let t be t he  approsirnation error. 

Assume the approximation error. E. to be a random variable normallx distributed 

wi th  mean. 7.. and variance. of. Our objective is to determine the  confidence linlits. 

EL dnd E'. of the confidence interval. (EL.  E") .  for gii-en confidence coeffi&rir. 

. .  - i ic . t i  that t h e  prohahilit>- of q, E ( E ~ .  E ' . I  is 7 .  i.e.. 

The sample variance of t h e  random variable. E .  is 

A 
where e, = e(z, 1. This is an unbiased estimate of the variance a:. and i t  tends to 

o: as .II - CG [124. Chap.91. Therefore. for large A I ,  

The sample mean. ÈIr of the random variable. c. is 



For norrnally distributed random variable. e. the  confidence iimirs for its espected 

value. rl.. can be obtained as 1174. Chap.91 

That is 

where  O; 1 - 7 . and is the 1 - f percentilel of a Student-t distribution w i t h  

M - 1 degrees of freedom. which can be obtained from tables such as table 9-2 in 

[ l x ] .  

5.2.3 Confidence Interval for the Mean of Prediction Er- 

rors of Individual IF-THEN Rules 

In die follo\ving. for a gii-en oi-erall FLS output error. c .  the confidence inter[-al- fur 

the means of the  prediction errors of individual rules are determined. 

With a FLS using the CM defuzzifier. eq.(-l.l; 1. t h e  output of the FLS is 

wherc 1". given in eq.( l . l2) .  are the components of output fuzzy set induced b?- 

t he  ith rule. is the  center of a primary fuzzy set. B'. in the output universe of 

discourse. and I is the size of the fuzzy rule base. Let 

The output  of the  FLS. eq.(5.24 1. can be ren~ritten as 

'The 1 - 4 percentiie of a random variable, t .  is the srnaIlest nurnber. t * - S .  such thot 

1 , S =  2 p{ts ' i-f}.  



which is the weighted sum of the centers of the primary fuzzy sets in the output 

uni\*erse of discourse. 

Assume. for the moment. that the total FLS output error. e. can be distributed 

unambiguously among individual rules. Formally. 

where E' is the  fraction of e  cont~ibuted by the ith rule. and can be unambiguously 

determined given the total output error. e. 

One aay t.o distribute the output error is to assume that the  contribution of the 

ith rule to the total output error is proportional to the weighting coefficient. 8,. i.e.. 

For i = 1. . . . . I .  assume the e' to be random 1-ariables normaIli. distributed ivit l i  

nitaiiiii. TI:. arid variaxicr'. a:. SON-. our objecti1.e is to find the confidence linlit-. 

( L'L I '  and i E')'. of t h e  confidence int erval. ( ( j L .  I E ~ -  ) i  1.  for gi1-en confitlcriw 

cwtficients. 7 ' .  suc11 thai the probability of 7: E ( (  E~ 1'. i E'. ) ' )  is 7 ' .  i.e.. for I = 

1. . . . .1 .  

The saniple variances of the  randorn variables. cl. are 

A 
where e h  = e l ( z ,  ). The sample means. Zw, of the e x  are 

Thr confidence lirnits for normally dist ributed variables. e l .  are obt ained as 



That is 

n 
nhere 6' = 1 - y' . and t ,, is the  1 - $ percentile of a Student-t distribution wi th  

31 - 1 degrees of freedom. 

5.2.4 Numerical Examples 

Consider a discrete nonlinear system 

whrre c is Ciaussian noise with mean. 7, = 0. and standard deviat ion. a, = 0.05. z is 

a random variable uniformly distributed in (-1. 1). z ( k )  and z f k )  represent sarnpled 

values of randorn variables 2 and r.  respectively. at tirne step k. 

.4 FLS in the form of' eq.(.5.24) is used to approsiniate f 1 z 1. whose st ruciure  i.i 

a5 .-Iiùivii in fig.5.4 wir t i  a single input and single output.  Fifteen prirnary fuzzx  sets. 

Fuzzy Rule Base w 

Figure -5.4: Structure of FLS Approximator 

A A,. j = 1, . . . . l 5 .  are defined in the  input universe of discourse. 2 = ( - 1 .1  j .  and 

Gaussian type membership functions are used for al1 the primary fuzzy sets. Le.. 



a 
where z' = K z .  and I< = ï is a scaling parameter. Initiallu. the parameters., and 

a,. are assigned the following values. 

Fifteen primary fuzzy sets. Bl. 1 = 1.. . . . 15. in output universe of discourse. J' c R. 

arr tised and Y,. 1 = 1.. . . . 1.5. are the centers of the Bi. which are initiaIl>- assigned 

raiidom values unifornily distributed in ! -1. 1 ). 

The o u t p u t  of this FLS is espressed as 

1 .-II E 2. J = 1 ..... ls}.  and Y' E {y! 

A Confidence Interval for the Mean of FLS Approximation Errors 

For purposes of cornparison we use tivo training approaches to train the FLS: the 

bark-propagation approach ( BP). and a combined least squares estimation and back- 

propagation approach (LSE-BP). The BP approach uses the back-propagation al- 

- gorithm to train parameters. 2,. 0,. and y,. j. l = 1. . . . . 1.5. The LSE-BP apprvach 

uses BP training to train parameters y,. a, and when LSE training is not ap- 

plicable. and it uses LSE training to train ahenever LSE training is applicable. 



The two training approaches are presented in detail in chapter 7. and here. ive 

concentrate only on the statistical confidence rneasures of FLS performance. 

Figure 5.5(a-b) shows the outputs of the FLS trained by LSE-BP and BP. re- 

spectively. In both BP and LSE-BP training. the learning gains for parameters z3. 

O] and yl are al1 set to 0.1: i.e.. for j.Z = 1,. . .. 15. 

In  both cases. training terminates at k = 37. It is observed that the LSE-BP 

trained FLS has superior performance. 

Let t he  approsimation error of the  FLS be E .  Le.. 

ueliic-11 is assumed nornially distributed with niean. r),. and variance. a:. Gi\-en a 

coii tidence coefficient. 

theri 6 = 0.1. and tl-o = toess toass can be obtained from tables 9-1 and 9-2 in [lz-li. 

and t herefore the confidence lirnits for the means of FLS approsimat ion errors. E" 

and  E ~ .  can be obtained with eq.tJ.ZZi. Figure 5.5(c)  shows the 0.9 confidence 

intervals of 7,. for the FLS trained by LSE-BP and BP. respecti~ely. 

In fig.5.5(c). the bias of the confidence interval from horizontal axis represents 

the sample mean of FLS output error. and the width of the confidence interval is pro- 

p ~ r t i o n a l  to the estimated standard deviation of the  output error. For both LSE-BP 

and BP trained FLS. the confidence intervals narrow down ver- quickly as training 

corit inues. which indicates the effectiveness of bot h training approaches. Hox-el-er. 

aftrr the conclusion of training. the confidence interval of the LSE-BP trained FLS 

coritinues converging. and at a certain point has smaller width and smaller bias 

from the horizontal axis than that of the  BP trained FLS. which indicates superior 



performance of the LSE-BP trained FLS. This  coincides wi th  the observation made 

earlier on figs.j.S(a-b). 

B Confidence Interval for the Mean of Prediction Errors of Individual 

Rules 

Assume the contribution of t h e  i th  rule to t h e  total output  error is proportional to 

t hr ri-eight ing coefficient. 8;.  i-e.. 

whosit values a re  assunied normally distributed with mean. 7: and variance. (0: 1'. 

- .\sain. set confidence coefficients. 7'. i = 1.. . . .15 a t  0.9. so that t , - ,  - tari. 

Tlir confidence l imits for the espected values of E ' .  ( E" )' and ( E~ )'. can be obi a in td  

wi t h eq. ( 5 . 3 2 ) .  Considering only the FLS t rained with the LSE- BP approach. figure 

5.6. 5howi t h e  confidence interlaals for the odd numbered rules with respect to tiriie 

s t t h o  k .  Figure 5 . 7  sho~vc t h e  confidence intervals of al1 the rules at time steps. k=.iO. 

100. and 'LOO. 

Tlie error distribution approach used here is subjective. and hoiv best to  uii- 

dersrarid and make  use of t h e  confidence intervals of indii-idual rules i i  >-et to Iw 

iri\wtigated. \\é leal-e this as  future work. 
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Figure 5.5: FLS Outputs  and Confidence Intervals for Expected Values of -4pprosi- 

mat ion Errors 
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Figure 3.6: Confidence Intervals for Espected Yalues of Prediction Errors of Indi- 

vidual Rules 
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5.3 O n  Computational Issues of Fuzzy Logic Sys- 

Introduction 

Consider t h e  FLS-II of section 4.6.2. which is a FLS n i t h  singleton fuzzifier. CS1 

defuzzifier. sup-product compositional rule of inference. algebraic product operation 

for fuzzy implications and t -norms. If furt her Gaussian type membershi p funct ions 

for primarx fuzzy sets are used. the output of this FLS is given by eq.(4.42) as 

This FLS will be estensi~.el!- used later in this n-ork. In the  follon-ing. we present an 

appruücti for simplifj-ing the calculation of eq(3.44 j and increasing speed of coiiipu- 

ta t  iuii. n-hich is mucli desired for on-line FLS control algorit hms where  calculai ion 

spr rd  is oiten critical for success. To address the  concern of the  error resulting froni 

thi j  siinplification. t he  bounds of the errors will also be specified and tabulated for 

certain situations. 

5.3.2 Approximation in FLS Computation 

Let 

where 2, E %. p = 1.. . . . P. are input variables. Yp are the  centers of the primary 

fuzzx sets in the universes of discourse 2, and appear in the i th  rule. Rewrite 



where O, is a coefficient determined by the IF part of the ith rule. and yl is the center 

of t h e  pr ima? fuzzy set in the output universe of discourse used in the THES part 

of t h e  ith rule. The term. (0,B 1. represents the contribution of t h e  ith rule to the 

total output. 

Consider a fuzzy partition for a given universe of discourse. 2,. as illustrated in 
- fig.5.8. For p = 1. . . . . P: and j, = 1. . . . , J p ,  z,, E Z, represent the centers of the 

Figure 5.8: A FUZZJ- Partition 

- " - 
priiiiiir!. f u z z ~ .  seri. .-IF,, E 2,. and E {TPJp , - 1.. . . . JL ,} .  

For a gii-eri crisp input E 3,. the grade of membership of -,O in .-1,,, is 

which decreases exponent ially wit h increasing separation between and T p l p .  In- 
- 

tuitii-ely. for p E {l . .  . . . P} and j, E {l . .  . . . Jp). if ( - z,,, 1 is large c n o u g h  

such tha t  (+O) is srnail ER OU^^. then the corresponding coefficients. O , .  i f 

{ 1. . . . . I}. which contain p p J p  ( z P O )  are sufficiently small that the effect~ of the rel- 

el-a111 IF-THES rules are negligible. If a relatively large number of fuzzy rulei  can 

be rieglected for each input without causing significant error. the calculation speed 

can increase significantly with acceptable output accuracy. 

Dei~eloping this notion further. w e  noir assume that only those primary fuzz?. 

set 3 i i i  the neighbourhood of the crisp input. z p ~ .  Say from .4pi,,o-A,, , ta .qpi ,,-+ 

arr  i-equired in calculatirig the FLS output. as shown in fig.5.S. and the resulting 



approsimation error of the overall FLS output from neglecting the rest of the primary 

fuzzy sets. i.e.. t hose outside the indicated neighbourhood. is negligible. 

From observing fig.5.Y. it is clear that t he  range of the indicated neighbourhood. 

A,,. and the shape of the membership functions. determine the FLS output 

accuracy (or approximation error). 

Xext. we investigate the bounds of the approximation errors for different ranges 

of neighbourhood and different shapes of membership functions, (i.e.. for different 

values of A,, and oWp ). which provide some guidance in determining which ruieï  

caii be neglected in calculations while still maintaining acceptable output acriirnc!.. 

5.3.3 Bounds of Approximation Errors 

.ln expression for the bounds of the approsimation errors for general fuzz!. logic 

syht etils is difficult to derilme. i \é  confine our derivation to a two-input single-output 

FLS. i.e.. 

a P = l .  -5.45 I 

hecaiiae. first. this type of systerns has been n-idely used in various application ( e . g . .  

with inputs being "errer" and .'change of error" ). and second. in the case of niore 

thari two inputs the analysis procedure here is still applicable (escept the procesi is 

much more tedious). 

Another restriction on our scope is that it is assumed for al1 the universes of 

discourse that the centers of the membership functions of the  primary fuzzy sets are 

eveiil!. spaced   ri th unit distances. i.e.. for p E i l . ?}  and j, E { ? .  . . . J p } .  

Again. this is for sirnplicity of derivation. The derived results are directly applicable 

to rriuat situations in this work. for which the centers of t h e  primarj. fuzz~- sets in 

inpur space are u sua l l~  evenly spaced. For situations other than these. alt hough the 



numerical results may not be directly applicable. the? can nevertheless reveal the 

level of the approximation errors. At the very least. the analysis procedure here is 

still valid and may be applied in specific situations to  rederive the numerical result S. 

Define primary fuzzy sets. {Al,, 1 jl = 1. . . . , Ji} and {Az, ,  1 jz = 1. . . . . J2}. in 

input universes of discourse. 2 1  and Z2. respectivelv. The IF-THES rules have  the 

IF zi is .-IlJi and :, is .q2,: THES y is B ,,,, . 

where B,,,, E 3: is an output primary fuzzy set. whose center is denoteci a ï  y,,lJ2. 

arid J' is the  output universe of discourse. This fuzzy rule base ic illustrated i r i  table 

5.2. ivhicli is composed of .JI .A rules. 

Table 5 . 2 :  Fuzzy Rule  Base 

- For given crisp input. rzo} we assume {T~,,, . rz,,, } to be the closest centers 



of rnembership functions of primary fuzzy sets. {rli,,, . riz,,, 1 .  M e  also assume t hat 

only the primary fuzzy sets between .4,( ,H-~i,  and Ap(J,+aJp 1 .  p = 1.2. are used in 

calculations for this input. The relevant IF-THEN rules correspond to the shaded 

area in table 5.2, and other rules are then neglected. It should be noted that t h e  

subscripts. jpo and l j p ,  must satisfy the following conditions. for p = 1.2. 

and nialie the folloiring defini t ions: 

p = l  " P l p  



Csing these spmbols in eq.(5.51) results in 

Froni table 5.2 it is clear that Sn and Sd are relevant to the rules in the shaded area. 

while 1, and Ad are relevant to the rules outside the shaded area and represent the 

residual values of the numerator and denominator of eq. ( j .X) .  respectively. which 

resiil t ed from the approsimat ions. 

which is the output approsimated bj? using only those rules in the  shaded area in 

table) 5.2. The approximation error is 

\lé t lien ha\-e the followirig t heorem. 

Theorem 5.1 Considtr the FLS of rq. (5 .44/  subject to the restrictions of eqs. ! . j . j8- 

5.49) .  Foi a given c i s p  input {qo. r zo} ,  if onZy the rules in the shaded area i n  table 



5.2 arc used in calculating the corresponding output. y .  the absolute valu€ of thr  

&- m.\r apprwrirnation error. l y  . is bo,unded b y  2y,, , z.c., sâ min 

120-1 - - 
A 22j20 - z232 - 

Adrnar = { 1  ex^[-( 
0 2  rnax 

+ 1 
32=1 

-LA - 1 - - 
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J: = i  g1 max 
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J I  = J I O  - J J I  0 1  min 01 min 

Jr =]IO + 1 01 min 
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+ 
' 2 j 2  - -2 j I I  + 0.5 2 

J2 =120 + 1 O2 min 
11 

Thth proof of this theoreni ic prrsented in t h e  nest subsection (5 .3 .4  1. 





closest to the crisp input contribute most significantly Theorem 5.1 and table  

5.3 j ustify Our experience and intuition. 

a In the case of t w o  input  variables. if seven primary fuzzy sets are defined in 

each universes of discourse. e.g.. as in (911. t hen there are forty nine rules in 

the rule base. For an!. given crisp input. if three primary fuzzy sets in each of 

t h e  input universes of discourse are used rather than seven. this corresponds 

to nine rules in the rule base. which only counts for 15.4% of the entire r u l e  

hase. Therelore. calculation speed can be increased significantly. ~ r h i c h  is niuch 

dç.sir.ed for on - l i n r  cuiit rol applications. 

From eq(5.58). 

Fruiii detiiii t ions of y ,,,, iiiid y ,,,. eq.(5.59 ). then. 

Psirig ~ q s .  (5..59) and (5.66) in eq.(Z.S-k) yields 



- Sincr. for p = 1.1 .  zp3@ are t h e  closest to zpo among the centers of the primary fuzz!. 

sets. 

For T,,, < ?pl,. then 

- wliilc the  case of s,,, = . 

so that .  

.!2c. - 1 

l n i 5 9nIaJ 1 e V [ - (  
1-.= 1 - * 0 2  max 



J2 - - 
+ C = P L - (  Zz,, - r2],o - 0.5 y]} 

12 =l20 +1 (72 max 
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+ grnax{ C ~ X P [ - (  

J I  =]IO -Ai 61 max 
)21 + 1 

,la +A11 - - 
Z*j1  - zl,io - 0.5 

+ C exp[-( 
3 1 =Ji0 +1 CI rnax 

) 2 Ï  1 

- - 
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: I = J I ~  t l ~ ~ + l  0 1  max 

with eq.(5.5.5) ~ie lds  

- - 
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(72 rnax 
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1 Il 
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Using eqs. (5.71). ( 5 . 7 2 )  and (5.71) with eq.(5.53) results in 

110 - 1  - - 
T l m #  - ZIJl  + 0-5 2 O .5 sd { exp[-( 

ci min 
) 1 + expH-)*]  

= l i a  - 3 1 1  01 min 

il0+-S~l 

+ 1 expf-4 
J ~ = J I O + ~  01 min 

120 - 1 - - - ~2~~ + 0.5 , 0.5 2 1  
{ esp[-( J ] + exp[-(- i 

12 =120 - 3 1 2  0 2  nun 0 2  min 

JI0 +Al; - - z., - -  -J: - 2j:ü i O..? + e s ~ i - (  

?;uiv oqs. (5.7,) and I 5.76) i r i  t h e  light of (5.61 ) respectivel!. give 

and ey.i.5.62) i+.ith eq.j .S.7) shows that 

This ronipletes t h e  proof. 



Chapter 6 

Fuzzy Logic Controller - An Application 

of the Theory of Fuzzy Sets and Fuzzy 

6.1 Introduction 

1 1 - l i t b r i  i tir fuzzy logic systrnis described in Chapter 4 are u w d  as controller~. tilt.!- 

arc  1 - ( i l  i t v I  I i~zzj .  l w i c  w i i t  iullrss. abhrel-iated aa FLC'. Fiizz>- logic cont rol ir b?* Iar 

t l i i *  i i i m t  ~ucce s s f~ i l  applicativii of the theory of fuzzy sets and luzzj- logic. F u z z ~ .  

logii- control approach provides a systematic and efficient theoretical framework 

for i~icurporating linguist ic descriptions of human expertise into design of automat ic 

colitrollers. It has been shown [80. 1771 that. under certain conditions. fuzzy systemi 

are universal approsimators. i.e.. they are capable of approximating real continuou- 

funct ions on a compact set. (i.e.. on a closed and bounded set). to arbitrarg accuracy. 

This provides an explanation for the practical success of fuzzy logic systems in 

engineering applications. I t  also indicates t hat . t heoretically. it is possible to firid 

an appropriate fuzzy logic controller for a large class of systems concerned. 

ln  t liis chapter. a complete practical procedure for formulat ing espertise based 



fuzzj. logic controllers is presented via experiments and simulation examples. In 

tlir esprriments. fuzzy lojic controllers are designed to control a real flexible single 

link niaiiipu!ator. descritrd in -4ppendis B. ahose dynamic mode1 is unknown (or 

assumed so for purposes of controller design). where. when disturbed by external 

disturbances. (1) active damping of beam vibration and ( 2 )  position regulation of 

the t ip  of the beam are demonstrated. Their performances are also compared with 

that of conventional PD controllers. In the simulation example. a f u z q  logic con- 

troller is designed to command the tip of the flesible link of a manipulator to folloiv 

a prrdcfiiied trajector?.. where the flesible link manipulator is represented by a d!-- 

nami<- r~iodel. This modt.1. hoivever. is treated as a black bos. and is unknown to 

the coiit idler. 

I r  =livuId he emphasized t hat the resulting fuzzy logic cont rollers here are basecf 

solrlj- or1 hurnan espertisv and trial and error tuning. wit  hout esplicit t heoret ical 

aiiiil>->ix. This is to foriii a Ijasis for further developmerit in following chapters. wlierr  

ailii l!.t i ( ' i i1 1 t~(.liiiiq~ie+ :tri. i i i i  roduced to adapt ively tune FLS paranieteri to iniprol.c 

s>.-t t b l i i  ~~~rfurr i iance  ariil as.Giirr systern stability. 

6.2 Basics of Fuzzy Logic Controller Design 

The design of a FLC is ari ad hoc procedure based on its four components: fuzzifi- 

cat ion iri terface. fuzzy 1-11 IV hase. fuzzy inferenca engine and defuzzificat ion intwfaw 

[SS. 1771. The design process may be divided into the following steps. 

tictermine input and output variables. 

design fuzzificat ion interface. 

<It-igii luzzj- infereiit.ib tbrigirie. i.e.. choose deciïion making logic. 



design defuzzificat iori irit  erface. 

The seiection of input and output variables of a FLC depends on the particular 

problem and designer's esperience. 

For the fuzzification interface: as pointed out previously. we use the singleton 

fuzzifier throughout this work. For the convenience of computer implementat ion 

of control algorithms. u7e decompose each fuzzifier into two parts. a prefilter and a 

fuzzifitbr. as shown in fig.6.l. The prefilters. f,. p = 1 . .  . . . P. transforni the input 

- 
- 1  

F i  1 Reconfigured Fuzzification Interfacc~ 

7' -P 
.f P >-(>-O Fuzzifier P 

values of systern States into desired ranges. Le.. 

9' < f l H  
- 1 

Fuzzifier 1 

ZP - 

A 
zk = f,(z,) = (2, - a,) - b, . 03.1 1 

2, , 

iv l i r i - t .  u ;  aiid bF are çuiisritiit, that translate and scale the values of input variahle.;. 

reqwct ii-t.l>*. \\.e can b>- tliis nieans use a normalized fuzzy partition and adapt i t  

to diH'ereiit input varia hle5 wit h different numerical regions by applying appropriate 

prefilters. For example. for an input variable, : E [ 5 ,  201: and a normalized fuzzy 

partitioii as shown in fig.6.2. where primary f u z q  sets are defined as {SB. SS.  ZR.  

PS. PB}. we wish to transforrn the region of input values frorn [S. 201 to [-2.5. 2-51. 

Thi. cari he achiei-erl h!. ;<pp l~- ing  a prefilter. f .  defined as 



Figure 6.2: -4 Normalized Fuzzy Part i t  ion 

Tlie fuzz!. rule hasr is the main part of an FLC. It is composed of linguistic 

cijii~ ri,l rules of r lie foriii 1 1.3 i. which map a irt of fuzz'- input  sets to a f~izz!. out piii 

set. ' I ' l i t*  design of a Iiirz?- riilr hase nia! be decomposed into t h e  followin,~ .;tepi: 

luzzy partition of linguiiltic variables. i.e.. define primary fuzzy sets for every 

li r~guist ic variable. 

-liir fuzzy inference eiigiiie is the decision making logic which. by usine, IF- 

TH E S  rules in t h e  riile Ime. derives a fuzzy ou tpu t  set from fuzzy input sets. It.; 

mat heniatical expression is given in eq.(4.19). 

The defuzzificat ion interface is a defuzzifier which transforrns a fuzzy output  

set in to  a crisp control signal. For convenience in certain situations. a defiizzifier 

is suiiit:tinies decomposed irico two components. a defuzzifier and a scale factor. as 

shoii.11 in  fig.G.3. 



Figure 6.3: Reconfigured Defuzzi fier 

6.3 Fuzzy Logic Control of Flexible Link Manip- 

1 - 

ulator: Design and Experimental Demon- 

Defuuifier 
Y, 

strat ions 

A flesible single link manipulator was built to serve as an experimental testbed. wit h 

details of this mechanical system presented in Appendix B. Although this is o n l ~ *  a 

sirigltb degree of freecloni 5~-stem. the  Ter- flesible link. the presence of nonlinear joint 

fricr i l  )il. arirl esistencr uf i i r i  iiriknou-n interna1 control loop make t his maniptilatûr 

6.3.1 Active Link Vibration Control with FLC 

Ir1 t l i i -  xbctiuii. a f u z z ~ .  logic controller is dereloped to actii.el!. suppress the drfltbc- 

tiuii i i i  tIie tip of the iiiaiii~>iilator link caused b>- esternal disturbances. The. niairi 

o l j j i ~ . ~  iv th  1 i t a i . t .  i -  t u  tlt*iiioii.-i raie the  basic irlray and procedures for derelopiris ii 

fuzz>- logic ccuntroller. 

Stage 1 Accumulating Experience 

Initiallx ive have no knowledge of the dynamics of this manipulator. For FLC design. 

the first s tep  is to acquire familiarit? with the dynamic behavior of this mechanical 

s p ~ i i i .  Tu achievr t i i i i  ari operator manuaily controls t he  input voltage of t h e  

r n ~ ~ i w  1 ) ~ -  operati~ig a jopr 1c.k t a )  suppress t h e  t ip  vibration of the link 1-ia e>-e-hand 

cool-diiiatioii. as illusiratrri i r i  fig.6.4(a). S o  feedback sensors arc used at this stage 



of FLC' development whicti i u  for a human operator to acquire intuition about system 

d?-naiiiic behavior and accumulate expertise in controlling the system. 

Stage 2 Refining Expertise and Collecting Input -Output  D a t a  

.4t t hi-  stage. an ultrasonic position sensor is incorporated into the system. and tip 

deflection of the link is measured and displayed on a computer screen in real time. 

The rate of change of the tip deflection of the link is obtained through numerical 

diff~brt~iit iat ion of t h e  t ip deflection and is also displayed on the computer screen. 

'\'<in.. ratlier than lookirig at t h e  real beam. the operator manipulates t h e  jo>.sr ic-k 

~ t l i l t .  \\.iit < - I l  irig t h r  c01111)11 t e r  ~ î r e m .  u-here measured information is displa!d. as 

i l  1 i 4 1 .  1 Iiic,  i b  iiearer to the real automatic control situation n-hcrc 

oril? - t - i i ~ < d  iriforrliat ion i'i accessibie b- automatic controllers. In this stage. t h ï  

esl>tUlriw u l  t l i r  I iu r i ia~ i  ol>tbrittui. is refined. and both input and output dara art* 

re ( .~ i r ( l td .  aiid can be pwcessed and anal)-sed off-line to help generate and t unta 

IF--1.1 f iiS rules. 

Stage  3 Design of Automatic FLC 

TIit. iirst s irp is the design of the automatic fuzzy logic controller. Mé choose tip 

n A 
defltv.iiuii uf tlie link. t = r v (  L . t )  E E. and its rate of change. c = C(L.  t )  E C. as the 

inputs  of ttie FLC. and  the command voltageof the motor. 6 E D. as theoutpi i t .  

w h w r  cC.  c'. V c R. are t lie universes of discourse for e. c and E .  respectivrly. 111 

addit i o i i .  

aiid 7 is tlie sampliiig p ~ r i o d .  which is 0.025 sec in this experiment. The coritrol 

9 .  

s>-ctr i i i  15 dlustrated ir i  f ig .hA(cj .  and the  overall structure of the FLC' is illustrated 

in f-ig.Cj.5. 
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Figure 6.4: Fuzzy Logic Cont roller Development 

Stfi\.eri priiiiary fun!- hot s are defined in E. C and Z?. respectivelj.. i-e.. 

C .  - { E l .  E2. EL E4. Ei .  E g .  E T } .  

C : Cs C3. C;. Cj. C:} . 
l? : {A*.  &. A3. 14. As. A6. A i )  . 

For t lie tiotatioii to be liiiguistically meaningful, let 



Figure. ci.;: FL(.' for Vibration C'ont rol E'rperiment 

wlit~rt- . \  - .\-rgntrr-r . I' - I 'o . - / t , r t .  B - Big. .ll - .\ledium. S - Srna/[. The numerical 

sul,?~-i.ipt '  1.2 ..... arid i 1 i t b  l i t r d  subscripts  - .\-B. .\II..... rvill be used interchange- 

ahl! r l i t .  fBrriit!i. heirir i i i ~ i * ~  ronvenient in mathematical espressions w h i k  t h e  lat tthr 

is liiigiiict icall>- niore appcbolirig. 

C;.tiissinii t!-pr rrieriibt~rsiiip functions are used for each primary fuzzy set. 



- 
~ v h t ~ t s  t ' aiid cl are trarisfoi-iiied ialues of e and c. respectively. For j=1.2 ..... i . a,, . 

O,, ail( /  cr. are paraiiirttBr-. ctiaracterizing the  shape  of the membership  functions. 

and T , .  Z j  alid Z, are parai~ieters characterizing the locations of the  correspondin? 

priiiiiir!- fuzzy sets. The locations of the  primary fuzzy sets are definerf as 

0 . 3 .  f o r j = - I .  
O,, = 6- = a b ,  = (6 .12 )  

0.6 . o t h e r w i s ~  . 

Figure 6.6 shoivs t h e  priniary fuzzy sets for variable e. 

Tlir fuzzj- rules are dei-eloped through operator 's  intuition and esperience. and 

art2 Iiirther turied thruiigii trial and error tests. This FLC has 49 rules. as shon-ri in 

IF ( c  is and c is $yB) THES ( E  is : 

\\'(& use the FLS-1 niapping. as defined in section 1.6.1. for t h e  FLC. which is 



Figiii-t* (;.Ci: Priniiii.?. F u z z ~ -  Set5 for e in Vibration Control Esperiment $vit h FLC 

I I  1 : Fi izz~ .  Ri i l<*  Base of' the FLC' for ivibration Control Esperinierit 

"riliii'* opcra t ion hi. I'iizzj- relations. eq.(-l.'O): 

- - i i i i r i "  operat i u ~ i  fur I'iizzy implication. eq.(.l.-> 1 ): 

O -*,up- i i i i  i l "  coriiposir ioiial rule of fuzzy inference. eq.(4.22 1: 

O CS1 defuzzifier. eqs.!-I.X-4.2s). 



The crisp ou tpu t .  6'. of tliis FLC is given by eq.(4.27) as 

w h ~ i - e  1'' is t  h v  out put ~ L I Z Z J -  set induced bu the  ith rule. and ( F )  is defined i n  

eq.1 i . ? f i  j a5 

EL E { E l .  j = l . . .  . . 7 }  . 

' e ( i ' , .  j = 1 . .  . . .  7 )  . 

1 E (1;. j = 1.. . . - 7 )  . 

Eqii;it ion  6-14 i nia!. Le grapliical1~- illustrated as in fig.6.7. where the shaded area 

reprrwi i t s  t h e  out pur fuzzy set. A '  induced b ~ .  the ith rule. and F is definetl i n  

eq . ( - I .3 ,  as 

- -\ 

6' niin { i 6'' I : 6" = ary  sup { p l l . ( F  l }  } . 
. . < ~ ' ,  "f p 

i O i l  r i  i i 6 . 1 .  Tlir F' i i  w l r c t e r l  arcording ro the  fullulriiiz 

a i :  iiiii1)iiS t l i t .  i i i  tiiiittb rliirnher of support poinrr in A". ive take on]!- t liar 

d i  I i t  i v i t l i  i i  t h e  masimum grade of membership. and in tlir case 

there are se\-eral such support points. ive take that with the least absolute ~ a l u e .  

For t in cni and c. i n  cni/sec. let 

Figure 6.d sI1uii.s the frre [sibration at the tip of the link. r ( L , t ) .  a h e n  disiurbed 

by an esternal disturbance (an  impact). Figure 6.9 illustrates a vibration control 

exprriiiient when t h e  init ially still link is subjected to external disturbances. Figure 



Figure 6.7: Illustration of 1'' and 

F i g u r ~  6.S: Free i ' ihrat ion at tlie Tip of t h e  Link \\'hm Diitiirlwl 

6.9(a) shows the cornmand voltage of the motor. 6 .  prodiiced by tlie FLC'. aiitl 

figure 6.9(b) shows the vibrational displacement. r (  L. t ) .  a t  the t ip  of the link. T h .  

disturbances are imposed at t 2 2 sec. 8 sec. and 1.5 sec. 

It is seen that the t i p  vibration of the link can be quickly tlamped out. Thr  

usefulness and effectiveness of a fuzzy logic controller is clearly denioristrated. Therp 

does remain a small residual vibration wi th  magnitude about 1 cm. This sriiall 

residual vibration is ver' hard to be suppressed acti\-ely rnainly due to t tir nonlinpar 

friction of the motor. 



t (sec) 
( a )  Command Loltage of the 'rlotor with FLC' 

1 s  

t (sec 1 

I b )  Yibrat ional Displacenient at the Tip of t h c  Lirili  

(Disturbances Prese~ited at t 2 2 5cc. S sec. itr icl  13 WC- 

Figure 6.9: A c t  ive \*ibrat ion C'ont rol Esperiiiwnt \rit l i  FLC' 

6.3.2 Vibration and Position Control with FLC 

Above. ive have used a FLC' to actil-el!- control only the t ip deflcction of t l i t )  Iwairi. 

with the angular position of the link of no concern. so that the  final position of t h c  

link can be different from itc original position. \\é nes t  consider a niore rralistir- 

control tasli. which i l  still to activelj- suppress the beam vibration due to esterrial 

disturbances. but at t h e  same tirne. the  beam is not alloived to deviate froni its 

original angular position. 

Define state \-ariables. 



where 1'; and KY are the  weight ing coefficients for 01 0.1 ) and o(0. t 1. respect ively. 

r(  L. t ) and i.( L. t ) are the  vibrational displacement and i-elocity. respect ivelj-. nt the 

t ip of the beam. o(0. t ) and o(0. t ) a r e  the  angular displacement and velocity of 

the  rnotor hub. c(  L. t ) is measured \vit h the  ultrasonic position sensor. and  i.( L.  t ) 

is obtained through numerical differentiation of r (  L. t ). as giren in eq.16.3). where 

the  sampling period. T .  is 0.025 sec. o(0. t ) and o(0 .  t ) are measured [vit h huilt in 

encoder and velometer. respect il-ely. 

The same FLC developed in the vibration control esperinient. section 6.:I. 1. is 

used here for t his i-ibrat ion and  position cont rol esperiment . Here. E and c definecl ii i  

eq.(G.lS) are the  inputs of t he  FLC. and the output of the F1.C'. 6. i i  tlir commarit1 

1-oltage of the  motor. For L .  t )  in c m .  i 4 L . t )  in cm/scc. oi0. t )  in deerws. aiid 

o(0. t )  in rad/sec. the  weight ing parameters and the  gains of t lie FLC' a re  defirird as 

a ï . .  = 6 .  

.A vibration and position cont rol esperirnent witli tlie FLC' is illii~tratecl i i i  tig.(i.iO'a 

c). where esternal disturhances presentrd at t 2 2 sec. S sec. and 13 sec. i\-hicti ai.<. 

irnposed by manuail!. hit ting the beam. Figure 6.IU(a J shows tlie control signal. 

6.10(b) shows the  1,ibrational displacement at the t ip of t lie link. anci 6.10( c j s l i o ~  

the  angular displacement of the  motor hub. 

It is seen that  the t ip vibration of t h e  beam is effecrively suppressed. and nt  t hr 

same time. the angular position of the beam is also niaintainecl at its original set t i i ig .  

ahich.  again. demonstrates tlie capahility of the fuzz>- logic control approach. 



t (sec) 
( a )  Conimanci \oltage of t hc .\lotor if-it ti FLC' 

t (sec 1 
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Figure 6.10: Esperiment on ivibrat ion and Position C'ont rol iv i t  h FLC' 
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6.4 Experiments with PD Control 

6.4.1 Introduction 

The proport ional-integral-deri\*at ive ( PID ) cont roi approach is iridely used in indus- 

trial applications. Process engineers and operation personnel are familiar \vit Ii i t . 

and most indust rial single-loop processes are robust 1)- and s t  ablx cont rolled wi t li i t 

[S. Chap.41. .\lt hou& this controller is no t  designed as optimal. i t  is est imat et1 t hat  

more sophist icated cont rollers ivould not confer an economic ad \*ant agr O\-er P 1 D i n  

do? of cont rol loops [?-Il. The PID cont rol approacli can also be mode1 Frw. ac is t Iic 

fuzzy logic control approach. ;\ natural qtiest ion raised here. t herefore. is hoif- t l i ~  

performance of a iuzzy logic controller compares ivitli t hat of a PID cont roller'.' In  

the folloiring. ive use PD cont rollers to repeat the esperimenis present rd i n  t lit. lait 

section with FLC' - that is. to first actil-ely suppres  beani vibratiori. and secund. 

to cont rol t he heani vibration and niaint ain the heani angiilar poçit iori at t lie G n r i i t l  

time 

6.4.2 Active Link Vibration Control with PD Controller 

The s)-stem \rit h PD cont roller is shown in fig.6. L 1. ~rhere  t lie out put of t h~ PD 

controller. 6. is the command 1-oltage of the  motor and is obtained as 

'3 A 
where as previouslj-. É = il( L .  t ) and c = 6 are the vibrat ior al deflect ion at t lie t ip 

of the beam and its time rate of change. respectil-el)-. .\gain. c is obtainetl irir 11 

numerical differentiation of e. as giieen in eq.(6.3). where the sampling period. T .  is 

0.025 sec. The objective is to actively suppress the heam i-ibrat ion cli i i )  t o  extrrrial 

dist urbances. 



Figure 6.1 1 : PD Cont rol System For Lai brat ion Cont roi Esperiment 

Sensors 

For E in cm and c in cm/sec. pains are seiectcd. hy trial and error. to be: 

- 

A 1-ibrat ion control esperinierit is illustrated in fi5.G. l'l(a-11 i .  wliere est ~ r r i a l  [ l i - r  u r -  

bances are imposed at t == 2 sec. 3 sec. and 1.5 sec. Figure G.l?(a] show+ tlic çorit1-ol 

sisnal. 6. and 6.LZ( h shoivs t hr 1-ibrat iorial t l i~.plac~rnent. r .  at t h r  t ip  of t I i r  l i i ik .  

C'omparing fig.F.1'1 to the result': of the siriiilar esperinierit iritli FL(.'. fig.(i.!,. i r  i -  

fouiid t hat bot 11 tj-pei of cont rollers pcrforni ireil. b ~ i r  the  FL(' appt3ar3 ro lia\.<. a11 

edge - in  t Iie residual \-i brat ion. 

I 

6.4.3 Vibration and Position Control wit h PD Controller 

Sou.. ire consider an esperiinent similar to that presented in section 6.3.2 \vit  11 t tic 

FLC'. which is to actively suppress t h e  beam vibration due to esternal di i turhancc~.  

but at the  same time. the beam is not to  deviate from i t ~ ,  original angiilar position. 

Define state variables. 

where lie and Ii' are the ireighting coefficients for o(O. t ) and O( 0. f 1. respect i\-ely. 

The PD controller illustrated in fig.6.11 is used for thil  vibratioii and position 
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t (sec) 
( a )  C'omniand L'oltage of t h e  Slotor with PD C'ontroller 

16 

l 

t (sec) 
i h i \ 'ihrational Displacei i i~nt  at t h  Tip of t Lir Linli 

IDisturbances Presentecl a t  t ==: 2 sec. I; set-. alid 1.j WC i 

cont rol e spe r iment .  aiid t h e  out put  of t lie PD cont roller. &. is 01)t aintvi fronl 

wit h e and c here being defined i n  eq.((i .2 ). For i*( L.  t ) in cni. L .  t 1 in crti ,/.rr. 

o(0. t )  in degree. 4 0 .  t ) in rad/sec. t hc  weight ing parameters  and t lir gains of t lie 

PD controller are: 



.-\ vibration and position control esperirnent with the PD controller is illiistrated in  

fig.6.l3(a-c). where esternal dist urbances are imposed at t z 2 sec. S sec. and 1.5 sec. 

Figure 6.13(a) shows the control signal. 6.13( b )  shows the vibrat ional displacement 

at t h e  t ip  of the link. and 6.13(c) shows the angular displacernent of the rnotor Iiub. 

Comparing fig.6.13 to the  results of the similar esperiment \vit h FLC'. fig.6.10. i t  

is again observeci tha t  both the FLC and PD perform well. but the residiial \-il~ration 

of the beam wit h FLC is cnlaller than t hat wi th  PD cont roller. 
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( a )  Command \-oltaee of t h e  )rotor w i t h  PD C'ontroller 

t {Sec) 
! b ) \-ibrat iorial Displacement at t lie Tip of t lir Li r i l i  

(Disturbances Presented at t zz 2 sec. d sec. and 15 sec) 

-a 

Figure 6.13: Esperiment on \.ihrat ion and Position C'ont 1-01 tri t h P D  C'ont rol1c.r 
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6.4.4 Remarks 

I 

r V 

-4lthough in the simple control tasks presented above. the FLC approach ir 

only slightly better than that  of PD control approacli. for more cornplicarcd 

situations such as industriai process controls [IO. 169. 2 101. huniari expert iw 

can be of much more significance ior successful control. when the simple PID 

control approach m a l  not work at al]. 

The design procedures of FLC and PID cont roi are fiinrlanient ail!. diffrrrnt . 

The PID control approach is hasically a trial a i r 1  error approacli. n-liile t l i t *  

FLC' approach pro!-ides a 5'-stemat ir framrwork to espiirit Iy inïorpnrat c I i i i -  

nian espertiw in the form of IF-THES rriiles. The fiizz~- IF-THES r i i l r s  cari 

bc rationaIl?- set up and iiiotiified. a.: oppc>setf to trial aricl crror for obt aiiiiiio 

the gains in t lie case of PID cont rol. 

From oiir esperirnce. the FLC appears inore s ta l~le  and r o l ~ w t  tliari PD coii- 

troller. The fornier is IPSP censiti\-e to tlir valties of gains. change of th<. t i p  

niass. and the st rengt h of esternal dist urlxtnces. 

In the literat tire. it has beeri reported [3 :3 .  1021 t hat fiizz>- logic cont ro l l~rs  arc 

more robust t han PID controllers. since tliej- can co\w iiiucli \vider rariges of 

operating condit ions t han can PID cont rollers: developiii~ a FLC' is frrqiicrit l!. 

cheaper t han developing a mode1 bascd or ot lier coiit roller \vit  li cqui\-alriii 

performance: f u n \ -  logic controllers are custoniizable. siricc i t  is cas\- to i i r i -  



derstand and modify their rules. which not only mimic a human operator's 

strategies but a re  also espressed in linguistic terms in natural language. Our 

obsenat  ions are generally in accord wit h t hese views. 

6.5 Trajectory Control of a Flexible Link Manip- 

ulator - A Simulation Example with FLC 

C'onsider the  dynamic mode1 of a flexible link rnanipiilator g i ~ m  in eq.iB.-1 i \vit  h 

niot or friction neglrcted. 

ivhere /Cr is the mot or t o r q u ~  constant . \ is t ~ I P  corilniand I-oltagv of t lie 1i1ur or 

.\- and 1- are giren in eq.(.\.137). -4. B and  C' are g i w i  in rqs.( .4.111--4.1-13 i .  Tliic 

rnodel?; t lie torqiir roiit rol niode of t lie direct dri\*e iiiot or drscri t m l  in  ; \ p p t ~ i ,  lis B. 

The oljjrrriw h ~ r e  is to ciel-elop a FL(.' to coniriiantl t tic tip of t llp lirik ot' r hi. 

nianipulator to fiilIo\\. a der;ird traj~ctor!.. Siriiiilation resiilts i ~ i l l  1.w p r ~ w 1 1 t t 4 .  I J I I ~  

t h r  dy iamic  moclcl of t h r  nianipi~lator is treatrd ztrictI!- a5 a hlack 110s for the I'L('. 

i.e.. i t  is iinknoiv~i to the FLC'. 

Let the desired tip trajectory of the l ink be usi( L .  t ) .  and the act lia1 trajibctor!. 

of the tip of the link be w ( L .  f ) .  The difference h ~ t i v ~ e n  these is 

Let the  rate of change of ~ ( t )  he c ( t  ). i.e. 

a 
~ ( f )  = i ( t )  = u + ( L . t )  - z k i ( f )  . i 6.27 j 

The overall system is illurtrated b>- a hlock diagrani in fig.6.14. iviieri. holrl liries 

represcnt vector signal floivs. 



Figure 6.11: Control System Diagram for Trajectory Control with FLC' 

\\'e choose E E L c R and c E C c R as the inputs of the FLC'. Theoutput  
a 

of the FLC is the command voltage. E = l E D c R. ivhere 5. C ancl Z? arc 

t h e  respectii-e uni!-ersei of discourse. \ \ è  use the sanie FLC' a5 tlei.rloprd i i l  r h t l  

active vibsat ion corir rol esperinient of iect ion 6.3.1. i l l u t  ra ted  in fig.G.3. r s r q ) t  

with different parameter values here. 

The locations of t h e  priniar? fiizz~. sets arc tlefinerl as 

7 

a., =a,,  =<I', - 0 . 4 5 .  j = I .  

Figure 6.1.5 shows the priniary fuzzy sets for \variab le e defined aboi-e. -4s hefort~. 

t he  fuzz~- rules were dewlopcd t hrougli an operat or's int iiition and esperierict.. T l i ~  

19 rides of this FLC' are summarized in table 6.2. 

The flexible link is of stainless steel plate of 700 mm long. 1-27 miri tliick aiicl 

50 mm \vide. wit h l'oung's niodulus E = 206.7 x 109 S / n i L  arid n i a s  denqit !- p = 

5.89 x 103 Iig/m3. The iip of t h e  link is suhjected I O  a pa~-loatl  of t lie Garrir ma+ as 

the  link. The structural darnping coefficients of rlie Resiiral modes arrb assiiitirrl to 

A 
be 0.00'2. Le.. (, = 0.002. and the motor torque constant il: taken to  he IS.75 



Figure 6.15: Primary Fuzzy Sets for .E i n  Trajectory C'onirol Esaniple with FLC 

Table 6.2: Fuzzy Rule Base of t h e  FLC' for Trajwtory C'ont rol 

S.m/\-. The  d>-namic mode1 of the manipulator iras irnpleniented in SILII-LISIi .  

and the  simulation programmecl in '\I.-\TL;\B. 

The sarnpling rata i ras set at 100 Hz. and. 

lation esperiment for trajectory coiitrol of t he  manipii 

where 6.16(a) shorvs the conrrol signal. 6 . 16 (h )  .;lio\v~ 



trajectory and the cont rolled t rajector>-. and 6.16( c s h o w  t he clifference ber iveen 

the desired trajectory and the controlled trajectoq-. 

The results are quite sat isfactory. if-hich demonst rates once again the effect ive- 

ness of the  human knowledge based FLC. which does not ut ilize the syst em mat he- 

mat icaI model. 

O 0.5 1 1.5 2 2.5 3 3.5 4 

thec l  . 

a ) C'onmand \ o h  agr 
'2 

- - 
c Z r  - - - - - - - - - -  - j - I 

ControlIed Trajectci~ - 
- - - - -  Desired Trajsctory 

I 

O 0.5 1 1 .S 2 2.5 3 3.5 4 
t (sec) 

( h i  Tip Tra jec tur~ .  of t lir Li r ik  

I 
I -0.5 I 1 l I 1 I 

O 0.5 1 1.5 2 2.5 3 3.5 4 

t (sec) 

( c )  Tracking Error 

Figure 6.16: Trajectory Control of a Flesible Link . \ lanipdaior 



6.6 Concluding Remarks 

In addition to t he  remarks made in section 6.4.4. we have following remarks and 

observations. 

In this chapter. ive have applied the theor- of fuzz>- sets and fuzzy logic to 

control applications. and presenterl a process for formulating esperr linowl- 

edge based fuzz>- logic controllers. \\é h a ~ e  dernonstrated application. of 

those fuzzy logic controllers for various control t a .  both espeririieiital1~- 

and numerically. \\-e al50 rompared the per forn ianc~ of FLC' \vit li t hat  of P il 

cont rollers. 

In FLC' design. huiiian cspc.rti?;é can be 5~-steiiiatical1~- incorporaie(l iri r l i r *  

form of IF-THES rules. 

In tlii.: chaptcr. FLC' parariircer.; niust lw desigiicd « d  hoc dcprridirig or1 i i i ( l i -  

vidual systems and control tasks. and niust sometinies be adjustetl ninriiia1l~- 

h>* trial and crror. There is no forma1 syritliesis ivhich can theoret icall!. giiar- 

antee .'.stem stahilitj- anci acceptable performance. This is a major  ivrakri~+ 

of t his FLC design schenir. 

Later in this irork. ive present a neu- fuzzy logic SJ-stem striict tire idiich cari h i .  

more effective in dealing ivit h d~mamic systemi. Se\\- iclent ificat ion aricl cont 1-01 

algorit hma are a110 developed. d i o s e  st ab i l i t~ .  propert irc aiid pcrforiiiarirr critt~i-ia 

can be theoret ically justified and paramet ers aclapt il-el!- adjust 4. 



Chapter 7 

Optimal Training For Fuzzy Logic 

Systems 

7.1 Preliminary 

;\s pointed o u t  in cliaptcr 2 .  leact-square est iniat ion ancl haclipropaeat ioii 1 t ~ h -  

niques ha\-e been usecl in tiining FLS parainriers. Blit i t  i i  al-o kiio\vri t tiar I>a<-l<- 

propagation approach has sucli n-eakiiesse.; as generall~. be i~ ig  sloiv i r i  roiii-crgt3iit-th 

rate and the  possibility of beitig trapped in local minima. ivhilr  th^ I~ast-ql1it1-t- 

estimation technique suffers from the restriction of a r ank  condit ion O\-rr a paiaiir- 

eter matris.  These motivated as to propose a training scheme that ronil)iriw t l i t .  

both mentioned techniques in such a \va>- that  the new schenir ivoultl iricliirlt~ t lit. 

advantages but a ~ o i d  the  waknesses  of thc bot h ingredierit t r c l i~ i i<~ i i e .  

Consider a FLS with input \.ariahler; z ,  E Z p  c R. p = 1.. . . . P. wlirw t Ili? 



FLS is characterized bj- singleton fuzzifiers. CS1 defuzzifier. t he  proclucr implirat ion 

rule. sup-product compositional operator. Gaussian tj-pe membership fuiictions for 

primary fuzz! sets. and algebraic product operation for al1 t h e  -*" operatori. I t i  

output. y. is given in eq.(-l.4.5) as 

O 
where z = { z l . .  . . . z p j T .  O(z) and y are defined in eq.(-!.44) as 

B , ( z ) .  i = 1.. . . . /. are  ;i\-cn in eq.~4.4:31 as. 

asiiinie t hat the numher of fuzzj- riiles. 1. ha5 lm-n dcfinrd. leai-in? Ti. 0;. arid q,.  

i = 1. . . . . I .  as free parameters. 

- data  pairs. (zib). g ( k ) l .  k = 1.. . . . -1.. ztkj  5 { z , ( k ~ . .  . . .  ~ p l r ( . i } ~  E ; - H". 

errorc bet iveen the o b s e r ~ a t  ions and t hc niodel out pi.it5: 

ic: minimized. irhere q ( k )  is t h e  niodel output. and y(  k )  is the FLS oiitpiit. Imr l i  et 



7.2 Optimal Training for FLS 

7.2.1 Backpropagation Training 

In the literature. the backpropagation algorirhm ( B P )  has been used to train t h r  

paramet ers ?;. 0;;;. and y, of the  FLS in eq.(; . l )  [ l 7 l ] .  This approach causes t h e  Io- 

funct ional to decrease in the direct ion of steepest descent. The t rainirig rules ar r  as 

follows. for i = 1.. . . . 1. p = 1.. . . . P. 

niri ire in on-lirie applirat  ioriç. iIir grarlirrit clescent is ii.;iiall~- h a d  on E; ol' 17.5 1 

rat her t hari an .JI. ;\ccorcliiigl~-. t lie training riiiri niodifictl as [ i  77:.  

Let 

The gradient terms can be obtained as [IYÏi .  

il. 1 3  i 



.Although powerful. t h e  BP approach is also ive11 known for it': u . eakn~sse i  of geiirr- 

ally sloiv convergence ra te  a n d  t h e  possihi1it~- of heing t r a p p e d  in local niininin. 

Ohserving eqs.(7. l-7.3).  i t  is clear t h a t  esprecciori (7.1) is linear in parnmctcr. . 

i = 1. . . . . I .  Therefore. i f  t h e  paraniet ers TP and ni are  det  erniiiied. t h e  ive11 k n w w  

least-square es t imat ion I LSE ) technique can he applied to est iniate paranietrrh F : .  

The paramete r  vector. V. ohtaineri in th is  ira!- is t h e  global optimal point i i i  die 

- - 
paranieter space J'. Y t f .: R I  17. C'hap.:l]. 

In t h e  following sections. ive first hrirfl!. rei-ieiv t lic LSE npproa(-11. a n d  r t i f 3 r i  

preient a netv FLS training ~clieriir n. tiicli rorlihinrç t lir LSE tecliiiiqiit~ wit l i  B P 

approach. 

7.2.2 Least-Squares Estimation 

Let 

i f  [@]:[0!4 is nonsingular. and paranieter  vector. y( b ). is given hy 

7 - 
t hen  t h e  l o s  function of ecl.(T.-l) is niininiized. and t his mininiiini is u i i i q w  I I .  

C'hap.31. 



In control applications. the observations. ( z (  k). q(1- j ) .  are obtained seqiientially 

in real time. It is then desirable to make the computat ion.; recursive to 5ai.e corti- 

putation time. That is. the computation should be arranged in such a lvay ihat t hr 

results obtained at the (m-1) th  step can be used to obtain the resu l t  al the ni th 

step. This problem has also been well developed in the literature. and the ret;iilis 

are given as folloirs [7. Chap.3]: 

.-\ssume is nonsingular for al1 k 2 ku. giwn Y&) and .'(k& t h e  les+ 
- 

squares est iniat e Y ( k i t hen sat ivfies t lie recur';i\-e eqi~ar ions. 

A - 
Or sinipl>- let . < ( O )  = .SUI. where So is some large positi\-e number [-L 1.  C'liap.;]. 

7.2.3 LSE-BP Training of FLS 

\.ia the LSE approach it is easy to obtnin the optimal paranieter vector. Y. ~ v l i i r h  

rninimizes the loss fuiiction. J-y. in eq.((.-li. Foi eq.( 7 .  l S  ) or t lie recursive equat i c m  

- 
(7.19-i.22) to be i-alid. t h e  matrir [0];[0lk must br  rionsingular. I I I  additio~i. t lw 

paraineters fh and oi are still to he deterniinrd. 



;\t this point the possibility of the  combination of the LSE and the BP approache~: 

rvhich includes the ad~antages  and a\-oids the  rr-eaknesses of both. ivhicli ive tr.rni 

t he  LSE-BP approach. become apparent. 

The LSE-BP approach works as folloivs. 

( i )  Design the initial fuzzy logic s-stem. Determine the number of fuzz?. rule.. 

I .  and assign initial values for parameters. Tb. ai and Y,. Espert kiiowledg~ 

can be used in this stage. If there ii: no espert knowledge al-ailable a t  all. t h e  

initial values niay be assigned randonil!.. XIso. cleterniinr t h e  lrarriiriq riri r - .  

- - 
asr. a- and a,;. for BP trairiirig riiles. e q ~ (  i .!)-, - 1 1  1 .  

iii) Obt ain input-out put pair. of t h e  plant and FLS. ( z( k 1 .  q(  k i j and 1 z i  A- ). !II r(. 1 1 .  

respect ivrly. Check t lie P G T  iriiat ion error. and  i f  s t t  icfactory. trrriiinatr i t i f .  

training proces. ot lieri\-iw. go to t lir n ~ s r  s t rp .  

(iv i I f  the niatris [Oj'i01, . . iï sinsiilar. iiw BP ~ ~ i i i i t  iori-. (;.Il-;. 1 6  i. to i i l i c l a i t b  

-. paranieters Y,. Zb and ai.  ot lieririst-. onlj. iipditre paraiiietrrs z ;  arid oi r . TIiftii 

go back to step ( i i  ) .  

7.3 Numerical Examples 

Consider a nonlinear s!.stem whicti iras used in [1 Ki. 

y ( k  C 1 )  = 0.3!/(1*) + 0.6!,(1. - 1 )  + g[ii(r(-1: . 

where the unknotvn function. y(i l j .  has t i ie  forrti 

g ( u )  = 0.6sin(;ru) -t 0.3 siri(:37;ir) - 0.1 sin(5wu) . 



Our  objective is to  identib- t he  unknotvn function g ( u )  using the  FLS and optimal 

training approaches presented in previous sections. The above d~marnic modcl. 

eq.iÏ.24). will be treated strict1'- as a black bos. and ic unknown to  thc  identificrs. 

The FLS of eq.(;.l) is used as the  identifier. Its input  is u .  and its output  is t l i i *  

est imation of t he  function g. denoted j .  i-e.. 

and t h e  est imat ed sj-stem out put.  y. is definecl as 

Tlic input i in iwrw of discourse. U q~ R. is partitioned in to  15 priniar:. fuzz?- + P T + .  

I - ' .  i = 1. . . . -1.5- Therefore. 

n-here t lie riienihership fiinct ions art. defiiietl as 

In the a b o w  equations. u1 is the  filtered value of u .  which ic defiriecf as 



Initial1~-. the  centers of t h e  p r imary  f u z z ~ -  sets a r e  defined as 

The s h a p e  parameters.  oz. i = 1. . . . . 15. are  assigned random n u m b e r s  iiniforrnl>- dis- 

t r ibuted in (0.1. 0.6). this being a n  arbit  rary range balancing wirh againif st ren& 

of t h e  membership functions. .-\Il t h e  learning rates. n7. ao.. a n d  ci,,, . a r r  set at  0.1. 

For inputs. u i k ) .  k = 1.2. .  . .. being random numbers iiniforrnly clistrihictr(l i n  

i - 1.  1 ). t h e  training p roceses  for t h e  FLS itlent ifiers are  shown in fig.7.1. w 1 i < ~ r  

fig.:.l(a-b) sho\i.s t h e  training of the  FLS identifier5 iising LSE-BP and BP ap-  

proaches. respecti\-el!-. .-\Il t raining ends a t  b = 150. Figiirr T. l ( c  1 sIio1~3 the r-1 i -  

mat ion error': of t lie FLS ident ifieri for hot h training approarties. T h r  v i ip~r ior i :  !- 

of t h e  LSE-BP approacli  O\-er BP approacli i': i-er?- clrar .  

The initial and  final va lws  of the FLS parainetPr.. N'. 0' a n d  9'. 1 = 1 . .  . . . 15. 

o l ~ t a i n a d  n-it li horh LSE-BP and BP approactirhs a r c  tabiilatetl in Tal)li. 7.1. 

The trained FLS identifier' arp tested b!. ii-iiig t l i r r~ i  to  predict tlic -!-il t:iii O i i i -  

piit P for t h r  i n p u t  

which is shoivn in t ig.i. '>(a 1. T h e  outpii ts  of t hr LSE-BP t ra ined identifier aricl 

t h e  BP t rainecl identifier are illust rated in fig.;..l( b-c) .  respect i\-eI>,. For t lir s a m 1  

number  of training s teps .  t h e  performance of t h e  LSE-BP t ra ined idrntifi(1r i5 r i i i i ( - i i  

be t t e r  than  the  o the r .  



Table 7.1 : Initial and Final Values of FLS paranieter.; 

i 

1 

- 7 
3 

4 

5 

6 

7 

8 

9 

10 

1 1  

12 

13 

14 

15 

Initial 

-7 

-6 

-5 

-4 

-3 

-3  - 
- 1  

O 

1 

- 7 

3 

4 

5 

6 

7 

1 U 

LSE-BP 

-6.9 15 

-6.082 

-5.078 

-3.978 

-2.977 

-2.144 

- 1 .O59 

0.022 

1.070 

2.037 

2.692 

3.755 

4.947 

6.023 

6.983 

Initial 

0.241 

0.383 

0.200 

0.157 

0.55 1 

0.525 

0.405 

0.103 

0.5 14 

0.21 2 

0.1 1 O 

0.527 

0.545 

0.42 1 

0.421 

BP 

-6.8 17 

-6.2 15 

-5.165 

-4.00 I 

-2.92 1 

-2.206 

- t -076 

0.028 

1 .O66 

2.054 

2.677 

3.144 

4.922 

6.143 

6.7 10 

BP 
* 

-0.839 

0.109 

-0.603 

-0.7 12 

-0.430 

0.520 

-0.486 

0.002 

0.390 

0.041 

0.629 

-0.779 

-0.077 

0 

LSE-BP 

0.414 

0.564 

0.418 

0.080 

0.653 

0.223 

0.543 

0.1 85 

0.682 

0.246 

1 .O14 

1.037 

0.670 

0.458 

0.474 

-. 

BP 

0.589 

0.494 

0.505 

0.03 1 

0.761 

0.003 

0.654 

O. 138 

0.596 

0.1 82 

1 .529 

0.027 

0.596 

0.403 

0.850 

Initial 

-0.992 

0.732 

-0.529 

-0.8 12 

-0.507 

0.723 

-0.1 O1 

0.037 

0.190 

-0.029 

.Y 
LSE-BP 

0.027 

-0.670 

-0.471 

-0.39 1 

-0.389 

-0.5 10 

-0.626 

-0.136 

0.599 

0.5 1 1 

-0.667 

0.740 

0.508 1 0.534 

0.757 

0.035 

-0.989 

-0.479 

-0.263 

0.801 

0.250 

0.603 1 
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7.4 Concluding Remarks 

.4 LSE-BP training scheme has been presented here. tvhich is a cornhination 

of LSE approach and BP approach. The resulting optimal LSE-BP training 

scheme avoids the  weakness of both the LSE and BP approaches. cuch a5 t h e  

rank requirement on the parameter matr is  in LSE. and the sloiv cori~.er~ç.ncc 

rate  and the possibility of being trapped in local minima for the  BP appronrh. 

Sleanwhile. it combines t h e  strengtha of 130th LSE and BP. sucli a i  t h e  \v ide  

applicahility of BP antl qliick convergence rate ancl global optiniaiiry of LSf-1. 

Cornparisuna were niade in siniiilat ion esaiiiples bet tvren t lie LSE- BP aricl B F' 

approacliei. T h e  superior i t~-  of the LSE-BP approacti o ïe r  t he  BP ap[>i.uii~li 

is clearl~. demori~-.t ratrrl for t his application 

I mat ris. Frùni mat ris t l i ror~- .  i t  is knon-ri t liat a necessai->- condi t i c i r i  f i i r  t l i t 1  

niatr i r  [@j:[@].\- to  be riorisiriiiiar i': t har .\- > I [66. App. .A].  In corit rol niirl 

identification applications. t he  nuniher of fuzzy rules is usiialI>. nitich les+ t Iiari 

the  number of da ta  saniples. and therefore. tliis condition is of rio co i i c t~ r i .  

If in certain situations in which the size of da ta  set is iniall. for [O:<.*@'.\ . . 

t o  be nonsingtilar the masimal  allowahle nuniber of fuzzj* rules i i  .\O - 1. i.c.. 

Imax = -1- - 1. 

a Thi': autlior d i sco re rd  an approach siniilar to  t h e  LSE-BP preseiitrd Iierr 

in recent ly puhlished literat lire [63i. alt liougli an esplicit ïornparis-m of t Iic 

training process and the BP approarti is not presentcd in this refvrrriw. 



Chapter 8 

The Dynamic Fuzzy Logic System and 

Nonlinear System Identification 

8.1 Introduction 

-45 inclicaterl prrt-ioiisly. f u z z ~ .  loaic sy \ t e r i i~  pro\-irlr a n  efferti\-r Sraniw.orl< for iiit-or- 

poratin; hiiriian liiigiiist ic rleicript iori? int o or heriviw iiiikiiowi *!-.t c v i i h .  a t d  1 iitmii. 

parariieicr. /la\-e clcar pli!-iical iiirerprctat ioii. 1;s. 1 il). 2Ot i - .  1niprriçii-r i . t - i i l t  - lia1.t. 

k e n  actiie\.td. lmt h tlieoret ically a n d  pract icall!. for idmit if cat ioii aiitl ( -0111  i-(Il of 

coniplicaterl sj-stems. as oiitliricd in ctiaprrr 2. Hun.r~-er.  t Iir fiizzy logic -! . - i tb i i~-  

used t o  date are  static in nature.  Since the  ph?-sical systenis of interest i r i  i r l c r i t  i h -  

cation and  cont rol applications are general1~- dynaniic. t his  suggest s t liat one  riiiclii 

include ci'-namical elements into fuzzy logic sj-stems. which ~ + o u l d  t hrniwl\-ec t 1 1 i ~  

he  more naturallj- integratetl into dynamic systenis to t ake ad\-arit age uf t liese i n t  riii- 

sic dynamics. This w u l d  provide n e n  toolc: in identification ancl cont rol of d!-naiiii<- 

s)-stems. 

K i t h  this in mind. it is proposed here t o  incorporate dynaniics irito fiizzy luqic 

systems. The resulting fuzzj. logic system. ternied t h e  Dj-namir Fiizzy Logic S!-stt~iti 

( D FLS ). will be sho~vn t o  possess t h e  important uni \-ersal approsiiiiat ioii  cal^ l ) i l i r  !-. 



Further. based o n  the DFLS. a stable identification scheme. which is applicable to 

a large class of nonlinear dynarnic systems. is developed via a Lyapuno\- sj-nthesis 

approach. 

To m o t i ~ a t e  the discussion and to  serve as a vehicle for demonstrat ing applirat ion 

to nonlinear systems. the DFLS identification approach is applied to identif!. i-ariow 

nonlinear systems. 

8.2 The DFLS and Universal Approximation 

Consider a different ial equat ion of the forni 

riqbt liant1 sitir of a b o w  eqiiat ion. fFL-<( z 1. rpprwent .: t lie oiii prit of a11 or(Ii11ar~- 

f u z z ~ -  Iogir systerii. i-P. .  tliot sho~vri in  fie.4.i. arirl t lit1 \-ertor. z = { z , .  . . . . Z ~ J ) ' .  i h  

tlie iriptit of t hi5 fiizz!- logic s>.cterii. E t  ion 1 I i i l t  r a t  i i . .  1. \\;. t o r r i i  

t h i s  ->-stem t l i e  dyrrtrrrrrr f-uzzrl I O ~ W  . < y . i f f , r ~ .  akl~i.e\.iatecl a s  DFLS. fur  i t .  e a s [ , l i c - i r  

clependencc on t imc. 

In t h e  rest of t h i i  w x k .  we restrict the iunctiori JFL.cl z i .  i.e.. t lie ordinaiy  fun!-  

logic s p t e m  or fuzzy Iogic s>-stem in  short. to be of the  form of NI.( 4.43 ) .  i.e.. 

w h e r r  O ( z )  and  V are defiried in eq.i-l.44). 



Equations (8.2-8.1) represent a static fuzzy logic systern characterized hy a sinsle- 

ton fuzzifier. CM defuzzifier. the  product implication rule. the sup-product conipo- 

sitional operator. Gaussian type  membership functioni for primary fuzzy set S. a n d  

t he  ***" operators represent ing the  algebraic product operat ion. This sprri fir .;t at ic 

FLS has been theoretically justified as a universal approsimator [ld-lj. 

Sest. substi tuting eq.(d.'L) into (S. 1) !-ields 

\\-e shall now show that t h e  DFLS of rq.(S..i) r~ t a i r i s  t his capahilit!. of i i r i i foi - i i i l ! .  

approsiniat ing a large cla" o f  nonlinear functiorii to an!. d e s i r d  t l e g r r ~  of acciirii<-J-. 

C'onsicler a nonliriear syqt m i  descri ber1 b!. r l i f f t m m t  ial eqiiat ion in t lir for111 



Subtracting eq.(S.8) from eq.(S.3) gives 

é = -ae  + [@' (z )Y  - giz) ]  . 

The solution to eq. (d . lO)  is 

Froni t lie uni\-ersal approsiniat ion t lirortxni for fuzzy logir s!-it ems j l77' .  n-e 1iai.r 

that for compact set 3 C RP and Y 6 > 0. 3 O and Y. siicli that 

e s - a  - e T ( s ) ~  - g ( ~ l  1 d: < lf -a( t - 7 ;I j : d ~  



Vsing eqs. (8.15) and (S. 17) in eq.( S. 13) J-ields 

S o i r  let 

t hen 

This compl r t e s  the proof. 

.\lt hough t his tlieoreni rr i-eals  the uni\-pria1 approsiniat  ioii propert!- uf a DI-LS. 

it onl!- indicates that a D F L S  ran IJP a iiriii-tmal approsinia tor .  ivittiotit pro\ . idir~e 

an!. guidance ori hoiv orw niigfit c0n.t riict qiicli a DFLÇ to approsiri iatr  a s i \ . t k r i  

ph>.qical 5'-stem. In ttie following. it-r u-ill adclresç r h k  la t ter  point h!- dr~i . r lo l~i r iz  ii 

stal)lr  identification aigorit hni t hat is b a d  011 t lie DFLS. aiid i.: applicalili~ 1 O l a r i e  

c h -  of nonliriear s>.ateni.;. 
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8.3 DFLS Based Identification for Nonlinear Dy- 

namic Systems and Stability Analysis 

8.3.1 Preliminary 

In this section. ive develop a DFLS based stable identification algorit hn i  for itleti- 

iificat ion of nonlinear dynamic systenis. Consider a general dynaniic s ! ~  mi of t Iie 

forni 

For ~ a 5 e  of l a i w  disrti.;çion. ire rmvrite rq.iaï.21 1 as  a st.1 of i t a t t -  cq i i ;~ t i r i r i .  i.r. .. 

for k = 1. . . . . .\'. 

tvhPrc fi. : ~ S 4 1  - R i.; co~ i t  iniioric; nariliricar fiinct iori ilcfiri~cl on t iic. ccirri p m  

CT set . .A slight difference in ~ io t a t  ion bet irem q s . ( S . 2 2 )  aritl ( S.6 i is appar<xilt.  [ii 

eq.iS.6). t h e  vector z. coniposec! of botli states and esternal inputs of the ph!-iiral 

process. is esplicitl!. deco~iiposetl in eq.(d.'L2) into x and u. i.e.. z = {x.u)'. P = 

. + 1 .  Here. ive impose a mild restriction on this systcrn: 

Assumption 8.1 For g i r c n  adniiasiblr input u u n d  a n  y firiitc initial coriditiorc xi O 1 .  

the &te .  x(t ) = ( x I ( t  ). . . . . s.y i  t ) } T .  i . ~  boundcd. 

The  DFLS of e q ( 8 . i )  is apparent1~- characterizetl II). the frer design paraiiirtrrs 

- - a,,. Y i .  a n d o .  n-here i = 1 . . . . .  I . p  = 1 . . . . .  P. and j, = 1 . . . . . .  1,. ./, is t h r  ' j p  ' 



number of primar- fuzzy sets in t he  universe of discourse 3,. which is also a design 

parameter. 

In the rest of this rvork. ive assume that for p = 1. .  . . . P. the f u z q -  partition 

parameter J,. the  membership function parameters 5 ,  and nlp. as iveIl a i  t h e  parairi- 

- eter a are designed off-line. leal-ing o n l ~ .  V = {y,. . . . . as an on-lirie adjiiit alil(. 

parameter \-ector. The off-line design process is the same as that for  tat tic filzz>- Iogi(. 

systenis. such as rhat of chapter 6. and this ic: the  design stage rvhclrr mgirivtsriiig 

knowled:e and int uit ion about t h e  system concerned can he  incorpora t c d .  

O u r  0bjectii.e here i l  to  de\-elop a stable trainin3 algorit hm for tlir DFI.5 i l i r -  

that i t  can identify an tinknown nonlinpar ci!-namir systeni in the forrii "f q . i  \.?2 

ivi t  h the  ident ifiration error heing bounded aiid as sniall as possihl~.  idcall!. (-oii- 

\-ergin; to  zrrij. arirl at 1 lit. sanip t irne. t l it .  paraniet PI-L: t l irri i~elvri  . ~ I i t i i i l < l  ai-{, I )tl 

boirricied. 

8.3.2 DFLS Identification Algorithm 

rvIiere x and  u are t h e  States 

{O , ,  . . . . .  V, k ,.... 

I - 
and esterrial inputs of the ph>.sical procris. 0;: = 

, y k I } T .  The subscript k indicates that the idr r i~  i f i t l r  

is for the k t h  state.  This forniulation iniplicitly assumes tliat al1 tlie scat(+ arcb 

availablc. 

Since n-e ma!- be interested in identifying only  certaiii statei.. t lie sut~sciipt k i i r w l  

not include al1 states from 1 to S. In addition. i t  nia! be iinnecessar>- ro f t w l  al1 

the  states. { r l .  . . . . ~ r } ~ .  and esternal inputs. { ti ] .  . . . . t i . l , } T .  iiito t O p  f i izz~.  lo~ic 

system. since a specific s ta te  ma!- ha\-e l i t  tle correlation i v i t  li crrtaiii ot lier ç t  at i B \  



a n d  es ternal  inputs. which ma? be deterniined from ph!-sical intuit ion.  For rsaniplr .  

in t h e  case of a flesi ble link manipula tor .  the  b e a m  vibration niight bear l i t  t le d i r ~ c t  

relationship t o  t he  angular position of the  motor  hiib. In an- case. eq.! s.23 i ic 

sufficiently general to col-er t hese situations. 

Eqiiation [S.?) c a n  be rewri t ten  as 

By denoting the  identification error  of the  k t l i  i tate as 

anrl suht  ract ing ec1.c S.24 ) froni mi.( d.23 j .  ii-r set 

ii-hidi car, l x  virwed as t lit. i tat ic niodeliiig r i ro r  of t l 1 t 1  DFLS. Equat i o ~ i -  I ~ . 2 ( i  1 i t ~ i ~ i  

(S .27 )  t qe t l i r r  gi1.r 

The identification error.  c k .  is e~identl!-  controlled h!- r k ( x .  u. o ~ . P ,  i. \ \é sliaii 

show beloir that  under  certain conditions. t lie identificar ion error  can l x  niaclc a r -  

bitrarily small. \\é first have t h e  follou-irig preliniinary result : 



Proof : This follosrs direct 1'- from the universal approsimat ion t heorem of the st a;ic 

FLSJ1ZI. 

Remarks: 

O In Lemma S. 1. ive ma' further denote Y, as the optimal paraniet er vri.t<>r 
-1 

which minimizes t h e  static modeling error. r k ( x .  u. O e .  YI .  ). for (x .  u E 3 1 

~ . y + . ! f  . 1.e. 

- C -1 . 
Y; = n r y  niin{ - I  sup , r k ( x .  U. Ok. Y k  1 I} . 

{YL} { X . U ~ C Z  

O Lemma S .  1 indicates only t lie esistencr of siich a paranieter l ~ c t  or .  I > i i t  riot Iicii~ 

Follciving t h e  twll  known L~.apunor s ~ * n ~ h e s i s  approach. ive iioiv ohtain a training 

law for Yi, such that t h e  identification error. c i .  is bounded. and el-en as!-niptoti- 

cally approaches zero under certain conditions. To avoid circuni tances iinder wliicli 

the parameter ïector  Vk heconies too large o r  even drifts t o  irifinity[i:Hi. a pro- 

ject ion algorit hni  modificat ion. srliicl, lias Iieen sur ress fu l l~  irnplcnieiit t-cl II>- ~.arioii+ 

researchersjl.33. 42. 5 i j .  is w e c l  i r i  t hr training proces. to giiarantee the  Iioiiiirlcdrir*c 



of the parameters. The main results are summarized in the folloiving theoreni. \\-tl 

first specif- the  training law to  be 

ivhere Hc is a constant positive definite symmetric matris.  Si is a sivitch definrd as 

aiid .ii is a positive cIe5igii paranieter ivhicli iatisfiei 

8.2.2 t 1 1 .  u h c r c  .\le, is n positire constant; 



8.3.3 Proof of Theorem 8.2 

Proof of 8.2.1 

Consider t h e  Lyapunov funct ion  candidate. 

t hen. 

- 
O If / /  FI. 1 > . I ITk .  i.e.. l /  Y i  jl esceeds its norninol bour~d .  -\Iyk. n - l ~ i c l ~  I I M J .  

occur  during the t ra in ing  proces.  and as t h e  t ra in ing  i+  iniplrnirritecl conipii- 

tat ionail>. as 

- - 
Y k ( t  ; d t )  = Y & )  + Y,(/ )dt . ( 5 . 1 1 )  

(wiiere Y,(! ) is gii-en bj. t h e  t ra in ing  lan- eq.(S.34 i i. the11 iri I Iir sitiiat iori iri 

i c h  J ) II is \ver>- close t o  the noniinal  bound. 1 .  b i l  wi th in  



this bound. with a gain Hk and  t he  t ime increment -dt*- being silficrt n t l y  

large. t he  resulting 11 Vc( t +- dt ) II can esceed t he  precpecified noniinal buiiiid 

JIyk by t h e  norm of t he  training incrernent PI.( t )d l .  at rnost. Sou-. uw of 

eqs.(8.34-8.36) in eq.(S.X) yields 

- 
which indicates that  as soon as 1 1  Y k  II esceeds its nornirial Imitncl. JIyA. ii 

immediate1~- re turns  \vit hin t hi5 bound. Therefore. t hic; cscec;. i.; .+rrrnll anrl 

* 
trri ipornry.  Formally. for the compact set 2. aii(l an>- $1-eri H, arirl d l .  

Proof of 8.2.2 

Consider t h e  Lyapunov funct ion candidate 

Jts deriivative is 

Substi tut  ing eq.(d.32) into eq.( d.46) yields 



and use of eq.(8.:34) in eq.( S.47 J xieids 

- 
where all arguments have been suppressed. From (S.35 1. only for t h e  case of ; i Y i l  . > - 

-\ly4 ivith +Se = 1 need the last term of eq.f S.48) he considered. Soir. 

fu r t  herniore. agairi nit h r he liclp of Leiiiriia S. 1. 

and 



and 

where ,\,,,(HL' ) is the maximum eigenvalue of HL'.  Define 

(. C g .  , j  i - 2  - .  \ Y-.-)!) l 

h- 

Thui .  if 1 - < T. t lien i - is Immtled. inipl!.irig hoiiiiclecliir~- of t i aiid ATk . I f  I 2 >. 

t lieri eq.(..i!I) inclicates t h e  boundrdnei;c of 1 '. again irnp1'-ing the l m u i i d ~ d i i ~ z ~  01' 

~k and Ayk .  Therefore. there esists a p o ~ i r  ii-e coustant .  .\I,, . siich t hat 1 c,,. 5 

This complrtes t h e  proof of S.'>.?. 



Intesrat  ing bot h sides of eq.( 8.60) yields 

Let 

Tliii conipletes the proof. 

8.3.4 Remarks 

1. If the  ou tpu t  of the identifier is uaed as one of tlie systeni iripiits to rrp1ai.c 

the  input variable it estimates. i.e.. 

a 
where w = {xi. . . . . ~ b - ~ .  gk. I . C + ~ .  . . . . I . Y } ~ .  ~ v e  term the  systeiii a r t c ~ ~ r r ~  / , t  

dynnmic f ~ ~ ~ i y  logic syet tm.  wliich \vil1 he elaborated on  later  ir i  t hi' ivork. To 



distinguish this from the DFLS of eq(S.33). ive t e rm t lie latter a non-r~currfr i t  

DFLS. For the salie of simplicity we n-il1 general1~- omit the label non-recurrr nt. 

2. T h e  development of a DFLS identifier consists of off-line design ( for Ok i and 

on-line training (for Y k ) .  In off-line design. t he  number of priniary fozzy 

sets for each universe of discourse. as well as the  positions and sliapri of 

membership functions for each primary fuzzj- set a re  to  be determinecl. This 

is a 1-ery active bu t  still immature  area of researrti. Thus iar. nrl hoc anal>.si. 

haced on phyaical intuition is st i l 1  required. .-\ftrr off-linr design. r lit. parariicttbi- 

1-ector Yk is trained on-lirie n-it h the trainin5 lan- g i v m  in ~ c 1 . i  >.:H !. I f  t i i c .  

resiilts are iinsat isfact or).. one must ret urn t o. t he off-line desiçri prows- ail( l 

reppa t the u-lizile p r o c d u r ~ .  

3. The iriiportance of t lie iriiiial \-alties ir i  i ionli~iear proi-,lriiis iï \vcll krivtvii. ariti 

ari important point >-et reiliain'; t o  he ac[dre~;c;ed. i-iz,. 

This br i r ig  out a t-erj- iriiportaiit feat iirc of a fiizzy logir c ~ - s t t ~ i ~ i .  .-1 l i i i i i i i i i i  

f r a n i ~ ~ v o r k  into which fuzzj- lingiiiïtir information can be incorporaird ancl 

processed systemat icallj-. a p r o r e c  for tvhich porim-ful mat henia t ira1 tool- ai.(. 

ai-ailahle. The initial ia lur- .  of paramPters qi .  i = 1.. . . . I .  cari tlirrrforc~ Iw 

determined ironi the initia1 IF-THE?; ruler. ancl furt her re\-ised or refiriid 

t hrough on-line training processrs. 

4. For sonie processes. i f  there ic: rnough huniaii expertise available. a fiizz!. Io+ 

s ~ ~ s t e i i i  may perform tvell enough t hat no flirt her training is nm-rsarj-  .. ta.g.. 

t he  fiizz>. logic s ~ - s t e m s  presented in C'liapter 6 for simple cont rol tasks. I f  



there is no human espertise arailable at all. the initial values rnust h e  as- 

signed randomly. Xevert heless. the DFLS identifier's performance is as good 

as specified in Theorem 8.2. If t here is only limited human espert  ise a\-aila blc. 

which is the usual situation in practice. the  initial values hased on t his liniit erl 

expertise are generall!. bet ter  t han t hose randondy assigned and. in t urn. t lit. 

systern ma!. require less training and disp1a~- significant 1)- impror-ed hehavior. 

This ivill be illustrated through simulation esperinients in the riest w-tiori. 

presented hy Iiosniatopo~iloo et al. [el] .  T h ~ y  sharr  çiiiiilai- rriet litwat ical 

rspresiiuiis in t lie input-out  piit sciisr. ancl t lie!- hot l i  p o s w s  learning aiiili- 

tics. Hoire\-er. t h q -  originated froni riifferent ph>.sicaI hacL_oroiincli. and t tir>. 

hiiiiiari brai i i .  ivhereas fuzz!. s!.steni?; t rJ- to eniulatr t tie zoff~iwr.i i i i  1 h r l  Iiiiriiari 

fraiilen-ork t u  utilize Iitiriiari lirigtiist ic ciescript ions of uiiLnoif.il s>.ctrtii-. aiitl 

i t i  parameteri: have clear pli!.sical nieaiiiiig. I n  addition. tlir sii i i i larii i i~~ i r i  

t heir mat  hemat ical espressions indicate t hat i f  t herr rvere no i r i i t  ial tiiiriiari 

espr r t  ise integrated into a fuzzj- logic syst ein. the DFLS ivoultl perf~rr i i  almut 

as well as  a higli orc1t.r neural network. 

6. Coiiiparing t he  DFLS [rith the static FLS. e.g.. those presentetl i r i  [$>. 177:. 

the dynamic feature of DFLS creates t h e  potential to take admntagr  of t l i ( .  

intrinsic dynamic': of physical processes. and to thus br integratecl intu ri!-- 

naniic systems more naturally. The DFLS thus pro\-ides us wit h nmi- to01- i r i  

dealing n-i t h dj-namic s!-st ems. 



8.4 Identification of Nonlinear Systems - Illus- 

trative Applications of DFLS 

8.4.1 Example 1 - A Nonlinear System with Chaotic Be- 

havior 

C'onsider a nonlinear systern 

which eshihits chaotic behoi-ior and ma' represpni a l i sht  1)- c laniptd.  çiniiwirlal1~- 

forced mecliaiiical st  riict ure uridergoirig lnrgc elast ir dcflert ions [ 1.3 11. Lri 

A 

The phase plane trajectory of this systeni ivi t l i  initial conditioii x(0) {O.  O}' is 

- shown in fig.S.2 for t = O to t = , O  sec. 

Our objective here is to identify the state variables. x l  and r.. iisinç the DFLS 

based identification algorit h m  dei-elopecl in prel-ious sert ions. I t  ~Iioiiltl lw c t  rerw-i 

that t he  dxnamic mode1 \riIl be treated strictly as a hlack box. i-P.. i r  is iinkiio~rn 

to the identifiers. 



Fijiire q.2: P h n w  Plarie T r a j m o r y  - Esaniple 1 

A DFLS Identifier for .r, : Dr, 

Dr, has two inputs. X I  .E .Yl and x: E .l>. and one outpiit. yi E Ji. n - t i~re  .Yl.  A', ancl 

4; are universes of discoiirae of linguistic variahles. .rl. ri and p l .  respect i\.cl!-. I r1  

- .  both .Yl and A;. five priniary fuzzy sets. .-il,, and .-1:,:. j l  = 1 . .  . . . A  j2 = 1.. . . - 3 .  

are defined. For greater linguistic appeal. let 



where P means positi\+e. .\- means negative. and ZR stands for zero. Gaussian 1)-pta 

membership funct ions a r e  used for t h e  primary f u z z ~ -  sets. For p = 1.2. 

wliere t he  i h a p e  p a r a n i r t r r s  of al1 t h e  p r i r n a r ~ .  fiizzy sets  a r e  defi ricd to h e  0.45. i . t t . .  

arid t lie position paranieters.  Y,?;, . are. for p = 1.2. 

Figure  6 . 3 :  Priniary Fuzz!. Sets in .Yl a n d  . I l  for Dz: 

In eq.(8.74). xb. p = 1.2. a re  filtered values of inputs. x,. The prefiltrsrv a r r  

dcfined as 



ivhich transform the majority of data of both variables. rl and sî. into [-2. 21. 

The output of D,,. y,. ivhich is the estirnate of rl .  is defined with the DFLS of 

eq.(S.5). Le.. 

In t his equat ion. 

ancl for i = 1.. . . ..'.j. 

In compiiter implpment at ion. t h r  derivat ive i i  approsirnated b?- a differmce. i . P . .  

A 
ivhere T = 0.05 is the time increniental step. [*se of eq.(d.d3) in eq.(S.C-Zi yieltls 

The initial values of the elenients of the paraineter  i-ector. Y1(O1. arc assigticrl 

raridom numbers uniformly distributcd in ( -1.  1 I .  The gain mat r i s .  H l .  is c k f i  riecl as 



a diagonal rnatrix ivith al1 diagonal elements equal t o  60. this  being determinecl after 

considerable trial and error as providirig good results. T h e  bound of t h e  paranieter 

vector. IIvl. is set to 103. .4ssume t he  system to  be identified is initially at rest. 

Le.. x(0) = {O. OIT. The identification processes for x l  is shown in fig.8.4. iv l ic r~  

t rainine ends a t  t=4O sec. The solid l ine represents identifier out pur. and  the daslirrl 

line represents the real system out put.  It  is ieen t hat the training procesi: converges 

ver!. ivell. and  after training ends. the  iderit ifier p r e d i c t ~  t lie 5'-stem 5 t  are. .r,. quit<. 

treIi. 

-2.5 ' 1 
1 O 20 30 PO 5 0 60 7 0  

t ( .cc i 
( -  Itlciit ificr Out i > i i t :  - - - - Plant O u t  ~ I I T  I 

F i  4 :  Itleiitification of si - Esample 1 

B DFLS Identifier for x~ : D,, 

D,, is designed similarly ro Dr, .  It has alao tivo inpiirs. .rl E .Yl arid s? E .Y2 a i i d  

one output. y? E 4.2 Here. for botti .Y, aiid .h. nine priniari- f i ~ z z y  sets.  BI!: a r d  



B2,2. j l  = 1.. . . .9. J? = 1. - . . .9.  are defined. For more linguistir appeal. let 

Ciaussian t j-pe memberihip ftir i(- t  ions a re  iised for t h e  priniar?. f l i zz~ .  G r t  5 .  i . t s . .  Foi- 

p = 1.2. 

- and t hc position paranicters. . rPJî .  are drfined as. for p = i .2 .  

The priniarj- f u z z ~ .  sets are illustrated in fig.8.5. 

In eq.(S.S6). rp. p = 1.2. are filtereci values of inputs .  s,. Tlic p rp f i I t~ r s  asr  

defineci as 



Figure $..i: Primarj- Fuzq-  Sets in .Xi and .l\ for Dr; 

irhich trarisforni the niajoritJ- of data of both i.arinhle5. r l  aiitl rl into :-- I .  -11. 
The output of Dr?. y ~ .  ivliich is t h e  e s t in ia t~  of .r?. is dctineri iv i t  h t tir DFLL; u l  

eq.( S..3). i-e.. 

and  for r = 1.. . . . $1. 

Bi E { B I , , :  jl = 1.. . . .!>} . 

Bi E {B1,?: j2  = 1.-  . .  . i J }  . 

- 
The free paramet er iwtor .  Y *. is adapt i v e l ~ .  atljiistetl irit li t lic t raiiiing lair. 

q ( S 3 - l ) .  i-e.. 

- - 
Y 2  = - H 2 0 2 t 2  - S 2 . & H 2 Y 2  . 

Approsiniat  ing the d e r i ~ a t  ive h ~ .  a differeiiw ~sields 

- 
Y 2 ( k T  + T )  = H ? ( ~ T )  - TiH202c2 + L 2 3 2 ~ T y 2 ( k ~ ) ]  . 



where T is the same as in the case of D,, . 

The initial values of the elements of the parameter vector. Vrl O ) .  are also ai- 

signed random numbers uniforml~. distributed in (-1. 1). \\> take the positive 

a 
constant a2 = 10. The gain rnatris. H,. is defined as a diagonal rnatris with ali 

diagonal elements equai to  60. The bound of t h e  parameter vector. .IIy.. is star to 

103. \\-ith the s!.stem to be identified initially nt rest . the idantificat ion procesic- 

for r2 is shown in fig.S.6. whew training ends at t=10 sec. Thc solirl l i i i ~  reprrwrits 

identifier output. and daiherl line represeiii.; real > - S I  ern out  p ~ i t .  I\gai~i. t lie t ritiiiirig 

process con\-erges ver>- iveIl. and after t rainiiig erid5. t hr itlcni ifirr prrdirt  5 s!->t < m i  

state. r .  qiiitr irell. 

-5 1 
O 1 0  20 30 40 50 60 7 0  

t (cecl 

( -  Ichitifier Oiit prit : - - - - Plant Oiitpiit I 

Figure S.6: Ident ificat iori of -1.2 - Esample I 

C Test of Trained DFLS Identifiers 

Both identifiers. D,, and Dr,. were able to prdict  tlie s!.st eiii sratrs quitci n.t.11. 

demonst rating t hat the systeni  vas quite ~wll identifieci for t tir sprr-i tic initial  roii- 

dit ion. 



For chaotic systems. the choice of initial conditions has a significant effect o n  

the SJ-stem d-namics.  as illustrated in fig.S.7. where the solid linee represent tilt .  

dynamics for x(0) = {2. 3 ) = .  and the dashed lines represent the dynamics for x( O 

= {O. O}*. 

( -  * ( O )  = {z. : 3 } 5  - -  - -  xi01 = { O .  o ) ~  ) 

Figure S.;: SJ-stem D>.namics for Different I i i i t  ial C'ontli t ions 

S e s t  the trained identifiers. Dr, and D T 2 .  are tested against a cliffrreiii initial 

condition. xIO) = (2. 3 l T .  The identification results are slion-n in  fig.P.S. n.licre I Iic 

solid lines represent identifier outputs. and t h e  daskird lines reprewnt rra1 -~.sicrii 

outputs.  Again. the results are quite satisfactor?. and indicare that the DFLS Ixiscd 



identification algorithm is very effectii-e in dealing with nonlinear systmis.  I r  choiilrl 

(- Identifier Output: - - - - Plant Outpu~ 1 

be nient ionetl t hat al1 siitiiilat ions i n  t h i 5  ~ v o r l i  a re  programniecl i is i t  ti SI.\TI..-\B arirl 

srw- LIS^^. 

8.4.2 Example 2 - Chaotic Glycolytic Oscillator 

\\é noir denionstrate anotlier ideiitifirat ioii rsaiiiplc. a n d  romparr  o i i r  i-rdr 5 \ v i t  li  

t ha t  of a stat ic FLS. 



Consider the  lollowing chaot ic glycol>*t ic oscillator [1S4. chap. 1 1 j .  

Our objective is to identiiy t h e  s ta te  variables. x l  and 1 2 .  using the DFLS basecl 

identification algorit hm. As in t h e  prcvious simulation esamplpi. t h e  SJ-stem cl!-- 

naniic mode! is strict 1'- treated as a black bos. 

Tivo DFLS identifiers. Gr: and Ci,:. are u ied t o  identif>- the tivo s t a t ~  1-arial~libc. 

A DFLS Identifier for .ri : (;-. .. A 

In hot h .YI and .YL. fiw priniary ftizzy pets .  .-II,! a11d .-Iilr. jI = 1. . . . .i. j 2  = 1. . . . . i. 

are definecl. Their meniherctiip fiirict ions are  1 fiose defined i t i  eq5.i >.;A-i.;(i 1 .  ail, l 

i l l i i i t  ratetl in fiy.8.:). 

- The phase plane trajectory of the systeni i v i t h  initial condit ion. xi0 i = { 1 .i. 1 .> }?  

is shou-n in fig.d.9 for f = O to 1 = 100 sec. fror:i ivhicii it is ohser\-cd tliat 11i0.r of 

the values of xl a n d  . r ~  are in [O.?. 31 and i0.3. 3 ; .  respectiwly. To t ransforrii t i i w ~  

to [-2. 21. the following prefil ers for X I  and .ri arc ciefined 



The tinie incrernent. T. is set to 0.1 sec and constant. al. is set to 10. Tlir i r i i t  ial 

values of the  elernents of the parameter vector. Vl(Oj. are assigtied randorii \-aliiw 

~iniformly distributed iri ( -1.  1 ) .  The gain matr is .  H l .  is defiiiecl as a tiia9urial 

n ia t r is  witli al1 diagonal elenirrits rqiial ro 50. The hoiinrl of  th^ paraiiietci. tw-roi.. 

.\fi; . is set to 103. 



Assurne  the  sys tem t o  be  identified is initiall?. at x(0) = i1.i. l . i J T .  Ttir 

identification processes for ri is shou-n in fig.S.10. where t ra in ing ends at  t = 50 sec. 

The solid line represents identifier ou tpu t .  and dashed line represents real systeni  

ou tpu t .  It is seen t hat  t h e  con\-ergence speed a n d  acciiracJ- of t h e  training p r o r r i i  

a re  cquite satisfactory. After  training. the identifier predicts system state. r l .  \-er>- 

well . 

t (sec) 

B DFLS Identifier for .r2 : Cir2 

The priniary fuzzy sets in hoth .l; and .l'? of G',, a r e  tlefined t o  be t h e  sarire as t Iloit1 

c -  of C,, . nan ie ly  .-Il,, a n d  4 , .  j = 1.. . . .a .  1 2  = l . .  . . - 5 .  ancl ttwir m ~ ; : ~ I m - ~ i i i p  

functions those defined in eqs.(S.2-8.76). 

The prefilteri- for xi a n d  1.1 a r e  t tiv sanie a.; t hose defiiietl i r ~  cq-t lG.!-l!l 1. n . t ~ i c l ~  

transforni t h e  bulli of t h e  values of Im l i  ~ a r i a h l e s .  . r i  aiicl .l.r. intc) ' 2 .  2j. Tlir 

ou tpu t  of Ci=, . y ~ .  d l i c h  is t h e  e s t i i r ~ a t r  of rz. is defiried via the  DFLS of e<i . [S . i  1 .  



rj2 = - 0 2 9 2  + @fY2 . 

where and are defined in eqs.(S.ï9-d.Sl ). 

The parameter 1-ector. TL. is adaptively adjusted [rit h the training lalr.. cc!.( <.Y5. 

i .e.. 

A 
The tinie increment. T .  is set to 0.1 sec. and a2 = 10. Tlie i r i i t  ial i-aliit*' of t 1 1 t h  

- 
elenientc of r h e  paranipter \ - r r tur .  Y 1 (  0 1. are a s s i p d  randoni \ .a l i~w iiiiiforridy 

d i r i i l  in - 1 .  i 1. Tlir gain riiatris. HL. is rleliri~tl a i  a rliagoiial marr is  n . i i  l i  

al1 diagoilal elenlent': equal ro 50. hy trail and rrror as pro[-iclirig :owl rriiilts. Tlirl 

houncl of tlie parameter 1-ectijr. JIy;. is spr. to 10". 

\ \ ' i t h  the sysierii t u  Iw identifid initiail!- at xi01 = I1.3. 1.5)'. the idcritifiiatiijri 

proceses for s2 is shown in fig.2.11. ii-hrrc t rainin: m c l i  at t = 50 wr. TIic a l i d  l i i i c *  

represeiiti identifier c i i i t  put. and dashed linr reprrwtiti real systriii oiit  ut. ;\4ai11- 

C Identification Results : DFLS vs. FLS 

\\é non- compare our DFLS hased identification results ivi th  those ol,taiiicd Ij?. 

means of the static FLS [184. c h a p l l ] .  

The sanie plant. i.e. eq.(C-.SC). \vas identified in  [1P4. chap.1 I ]  itsiiig static fiizz!. 

logic systeiiii. Figure S. 12 slioivs t hc iclcntification rrsiilts froni t h i5  rcfrrciicc fur 

X I  and r? using so-callcd *.first type" fiizzy identifiersl. Figitrr : . l 3  ~Iimr.: thf.ir 



Figiirr 5.1 1 : I t l rr i t  ificat ion of r2 wi t h xi O I = { 1.7. 1.5) - E s a i i i ~ > l ~ ~  2 

Figiirr 5 -14  ihon-e the icleiiritication rc-iihs of r l  anci ri using oi i r  DFI.5 idrritif-itxrs. 

C'uniparing o u r  DFLS r t  g . 1  \v i t  l i  tliow of FL5. f g s  ... l:l. i i  i. 



Figure 1 1 3  xi ( r )  (solid lint) and i l  ( t )  (darhcd line) using the fint-t:;pe f u n y  identifier 
withou! incorporactng any lingutstic mfonnatioo. 

Figurt 11.4 x : ( t )  (solid line) and i 2 ( r )  (dashed lincl using the first-type fuzzy idcniihcr 
wirhour incorponting any linguistic infonnaùoo. 

Figure S.12: Identification of r l  and x 2  Vsing FLS ("First-Type Identifier" i 

(Identifier Output - Dashed Line: Plant O u t p u t  - Solid Line i 

Reproduced by Permission of the Publisher from "Adapt ive Fuzzy S y s t  ems and 

Conrrol". (Li->;in [Yang. @1994 by PTR Prentice Hall) 



Figure 11.7 . r i (r l  (solid Line) and i , ( r )  (dashed Iine) using the sect~nd-type fuzzy idcn- 
tificr without incorporaring any luiguistic information. 

Figure 11.8 1 2 0 )  (soiid line) and & ( r )  (dashed fine) using t'ie second-type f u u )  iden- 
tifier wiihout tncorporaiing any tinguistic information. 

Figure S.13: Identification of 21 and 12 Csing FLS ("Second-T!.pe Identifier" ! 

(Identifier Ou tpu t  - Dashed Line: Plant O u t p u t  - Solid Linei  

Reproduced hl- Permission of the Publislier from ".Idapt i 1-c Fuzz!. S!.ct enir  i.. nci 

Cormoi". Li-Sin \\'ang. :Z:19Y-l by PTR Prentice Hall i 



- 1  1 1 
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t (sec) 
i a ) Ident ificat ion of .r1 

- 1 
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( b )  Idenrificat ion of .r; 

Figure 8.14: Identificatioii of .ri and .r2 I-sing DFLS (For ('oriipai-ison iv i r l i  FI-5 

Resul t 5 ) 



8.4.3 Example 3 - A Flexible Link Manipulator with Non- 

linear Joint Friction 

N e  noir- demonstrate the application of t h e  DFLS identification algorithni t o  a 

pract ical syst ein t hrough simulat ion esperiment S. 

C'onsider a flesi ble single link manipulator described b>* eq.( A .  i 3 1 1 ol ;\ppeiitlis 

1 { q o .  iG. yi. Q I .  y?. 4 .  9 3 .  i ~ } ~ .  
A 1 -  = { O t  010.1). L .  S ( L . t ) .  } T .  

ivhere q,. i = 0. .  . . . 3 .  are generalized coordinates. 010. t )  and o(0. t i a r e  the arigiilar 

displacenient and t h e  angiilar i-elocity at the root of the bearri. ri L .  i ) and i.( L. t i artB 

t h e  deflection and its rate of change at tlir t i p  of the  Ixam diie to  f lrs i i ial  v i i m r  i t i i i .  

Again. tliis d y a n i i c  mode1 will be strictl!. treated a a hlack box frorii I lit) poiri~ c d  

i-iew of the  ident ifiers. 



The beam is made of stainless steel. and ha5 t h e  lo l lo i~ i i i j  p roper~  ies. 

lengt  h : L = 540 mm.  

width : H = .50 n2 172.  

thickness : B = 1 .'LS rn 1 7 1 .  

-- 1 - mass dcnsity : p = .a;, g/rrn3.  

J-oung's modtiliis : E = 206.7 C;.\'/m2. 

dnmpingrotior: :,=0.00'1. i = I . 2  . . . . .  

tip /o«d : -\I, = 0.216 kg. 

w h r r ~  n i a s  deniit!. and lotinç's rnodiiliis arf ohtairird frorii ['13]. 

The actuator is a direct clri~.f% motor ivhosr niasi mortterit of i n m i a .  ./,. ari(l 

t orque constant . K T .  are 

The paranieteri i r i  t h r  niotor frict iori riiorlel art. ol>taiiierl frorii j:1;. aii(l artb as l;)llwi: 

O u r  objective was to  identify t h e  follon-inç \+ariahle.i using DFLS itlrrii ifi i-i .5.  

i i ) angular displacement at the root of t h e  i > ~ a n i .  O (  O .  t 1: 

( i i )  angiilar velocity at t h e  root of the  beani. 4 0 .  t ): 



( i i i )  vibrational displacement a t  t h e  t ip  of the  beam. r (  L. t j :  

( i v )  vibrational velocity at t h e  t ip  of t he  beam. i . ( L . t ) .  

Four DFLS identifiers were used. one for each variable t o  be  irlentified. as i l l ~ s t r a t ~ d  

in fig.S.15. where D, for o(0. t ) .  DL for &O. t ) .  D, for I * ( L . ~ ) .  and D i  for C i  L.  t i .  

Beam ribrational 1-ariables irere rrot uced in identif\-ing o(0. t 1 and  & O .  t 1. because 

based on our  experience. th i s  increasecl t h e  size of t h e  fuzzy rule  base and slou-rrl 

down t h e  fuzzy in ferenrc  process tvhich is crucial for on-line opcrat  ion.  a n d  did l i t  t lc 

t o  iniprove acciiracy. For t h e  same reason.  angular displaceriieiit of t lic itiot or i i i i l i .  

O( O. t 1. n'as not uied in ident ifyitig henni vibratioiial i - a r i a b l ~ s .  t . (  L .  t ) and  i.i L .  t i .  

F i  1 . 5 :  Inpu t? ; -Oi i~p i i t s  of DFLS icleiit ifirrs - Esaniple :l 

The identificat ion errors a re  denot ed as 

go - o(0. f )  - 

;?II the uni\-erses of discourse were partitionecl irito fiïe primai.?. fiizz!. w t s :  

{S.. 51. ZR.  P l .  P?]. 



rvhose memhership functions were t h e  same as those defined in eqs.( d.7-i-$.;fi 1 and 

illusrrated in fig.8.3. Each input variable in fig.S.1.j passetl through a prefilrer to 

t ransform t h e  majority of t heir values i n t o  i-2. 21. 

A DFLS Identifiers for o(0 . f )  and &O. t i  

b ï t h  t he  DFLS of eq.(S..'ij. 

Botli O; aritl 0, ha\-r 12.5 frre pararncters. arid arc traiiird iisiiig aclapt i i-v lait.. 

where t h e  time increment. T .  is set t o  0.05 sec. t he  gain niatrices. H, and H,. . arcx 

diagonal matrices witli al1 diagonal elenient .: eqiial to ';O. nricl t ht. hoiiricls of t lie 

paranirter i-ectors. -11, and .\I,. are set to 10,'. The c u r i ~ t a n t . ~ .  o: and C r c  a rc  w t  to 

1 o. 



B DFLS Identifiers for r (  L .  t )  and i.( L ,  t )  

il ' i th the DFLS of eq.(S..j 1. 

Ttie prefilt ers are ciefined a5 

it-here t tie tin;e incremcrit. T.. is sel to 0.02 sec. the  gaiil mat rices. H,  aiid H.  . art) 

diagonal matrices wi th  al1 diagonal elenlent.: equal to 200. and t h e  hoiirid- of 7 h~ 

parametri. \-ectors. .\lu and .lIi.. are set to  10" The corist ants. a,. aritl o ,.. arc  5ct to 

10. 

C Training and Testing of DFLS Identifiers 

For command input 



5 1 O 15 20 25 30 
t (sec) 

( a  ) C'ornmaritl \'oit age. I = 0.7 sir11 t ) 

(b)  Torque on the Rotor of the Motor 

the i-<inlinand 1-ol tag~.  I ,:. ancl the correspontling torque acting on t lie rotor of r l i t -  

identifiers F, and Fi arc sliown in fig.S.l;(n-b). n-liere trainin; ends nt t = 20 W.. 

The identification processes of identifiers Fr and Fi are illustratecl in fio.S. l'(a-- 

b ) .  where training ends at t = 40 sec. The elements of al1 t tie paraniet e:- vectors. 
- 
Y , .  Y;. V,.. and y! .  are iiiitially assigned randoni values uniforiiil!. dist r ih i i i cd  i t i  

(-1. 1 ). I t  is seen that al1 of t he four 1-ariahles lia\-e been \\-cl1 idciit i f i t . t l  fcIr t l i t b  

sperific input .  



Sest we trained identifier5 using conimand voltage 

which is characterized by t h e  pair {.-IL. f } Let 

There were eiglirwn differerit pairs. { . - I r .  f } o r  i = 1 . 2  3 J' = 1.. . . . l i .  ivliich 

werr used to train t h e  DFLS iclentifiers. aiid fur eacli pair. trairiiiig lasrtd t i~.cii t~- 

second'. -4t the coriclusiuri of t rairii~ig. r l i t .  t rairic.1.l icleiit itier.: ii-crca r ec;t t b ( l  a ra i  115t a 

~ C L S .  coniniand. 



t (sec 1 

i a ) Iderit ifiration for ;\ngiilar Dirpiarrriiriit  oi O. t I 

1 Identifier Output ; - - - - - - Plant Output 

( b 1 Identification for Angular \elocity o( O. t 'J 

(Training l e r n i i n a t e r  at t = 'EO sec)  

Figure S. lï': Ldentificnt ion of Angtilar Displacenient a n d  \ é loc i t~ .  for I ;,; = 0.5 sin(! I 

- Esample 3 



Identifier Output ; - - - - - - 

y, O 

t (sec) 

! a ) Iclcnt ifirat ion for \ ' i  brar ion Dic;placeriimt r - t  L .  f i 

I I 

Identifier Output : - - - - - - Plant Output 1 

O 1 O 20 30 40 50 
t (ses) 

( IJ i Iderit ificat iori foi- \-ihsat ion \.elocity i.( L .  f , 

Figure 8.1s: Identification of \Ïbrational Displacenierit and \élocity at  t lie Till t-,1' 

t he  Beanl for I = 0.5 .in( t - Esample  3 



t (sec) 

t (sec) 

( 1 ) )  Torqiie on  t h e  R o t o r  of t h e  .\lotor 

Figure S. 19: Conimaritl Voltage ;,, aiid Torqtic Th for Test of' Traiiictl D F L S  I d r l r i -  

rifier - Esample 3 



4 -  I I I I I i l 1 

1 

Identifier Output ; - - - - - - Plant Output 

2 - Y, 

1 I I ? I ?\fi/? I I I \ fi ! \ 1 / - 
1 - 

L 

0' 
O 2 4 6 8 10 12 14 16 18 

i l ,  
20 

t (sec) 

( b  1 Test of Trained Ident ifiw for ;\ilgiilar \Clorit!-. 010. t 

Figure 8.20: Test of Trained Identifirrs for -4ngiilar Displacenient a n d  \Flocity O S  

the 'ilotor - Esample 3 



O 2 4 6 8 1 O 12 14 16 18 20 

t (sec) 

i a i Trat of Traiiid Ident ificr fur \ Ï h - a t  ion Displacrriiriit . i V i  I i 

3 1 1 I 1 i 1 1 

Identifier Output ; - - - - - - Plant Output I 

i 

t (sec) 

( b )  Test of Trairierl Identifier for \*ibrat ion \élocit 1.. i-i L .  t 1 

Figure S.? 1: Test of Trainrd Ident ifiers for I Ïh ra t  ional Displacenient aiid \*elori t 1. 

of t h e  Tip of the Beani - Esaniple 3 



1 if; 

8.4.4 Expert Knowledge and Identifier Performance 

If some knowledge of svstem behavior is available a prrori. it can be integrated into 

DFLS design and improve its performance. Sometimes even \mer?. limitecl. intuitive 

knowledge ma!. significant ly improve system performance. \\é demonsr rate t hi' 

point wit h a simulation esperiment . 

Consider t h e  flesible link manipulator just descrihed in section S.-!.:{. Si~ppow 

i r e  hacl some knowledge of i t  Ï dynamic helial-ior. \\é rould now iden1 ib- t tir arigiilar 

1-elocity of the mot or hiib. O( 0. t ). using tlie DFLS itlent ifier. D,3.  tlesieiicd i i i  r har 

section. and incorporate t liis knoivldgr of 8( O. t i i i i t  o D,. This kiio\~-Içv-lgr of i i  O. t I 

is .;iimmarized iii Tahlc S. 1 as IF-THE'; riilei. 

T l  S. 1 : Lingiiist ic Drïcript ion of D!-namir Beliarior of A 0. f 

l 

THEX 

THES 

TFIES 

THES 

THE?; 

THES 

THES 

TWES 

THES 

THES 

THES 

THES 

THES 



Initiallu. t hose parameters in Y; that  are relei-ant to  the rules are assigned ialues 

according to  these rules. and the  remaining païameters. i.e.. those not affecteci b>- 

the rules are still assigned random numbers uniformly distributcd in ( -  1. I i. 

For the  new identifier. the training process for a command input. 

is shou-n in fig.S.2. where the dot ted line reprrsent s t h r  m e a s u r d  i-alii~s.  t Le ciashrvl 

line representç identified o(0. t )  withoiit an!. initial kno\vleclge. tiic solid l i r w  ii.  t lit. 

identified & O .  t )  with expert IF-THES riiles incorporatecl into L I ;  h f o r r  11-siiiiiis 

st arts.  The significance of t tiis expert knon-lerise iri  perhrniarict. irripro\-eniriit ic; 

clearl!- tlernonst rat ed. 

- - - -  Identifier Output without Human Expertise Incorporateci 

t (sec) 

Figure S..'?: Training of t h r  Identifier for -4ngiilar \ é loc i i~ -  of t lic .\loi or .  ;(O. t i. 

ivit h and without Espert Iino\vledge Incorporatetl 



8.5 Experimental Demonstration - Identification 

of a Mechanical Manipulator 

To furt her d e m o n ~ t  rate  t h e  propert ies and effect i\*eness of t h e  D FLS ident i ficat ion 

algorit hm. DFLS identifiers are applied to ident if>- the niecliaiiical siriele liiik riia- 

nipulator described in .-\ppendis B. This mechanical systrni is character izd hl- a 

ver>- flesi ble link. significant nonlinear joint friction and a n  unknown  interna1 mot or 

speed control Ioop. 

The angtilar (iiaplaremrrit of t h e  riiot or Iiii h. oi O. t 1. aiirl t lir t ip vihrat iorinl 

displacement of the lirili. L. t  1. are t o  be iclentified. To sirnplif\. t h e  riotatiori. Irt 

Figure S.23: Inputs-Out puts of DFLS identifiers - Identification Espcriiiiciit 

The identification errorc; are denot ecI as 



Each unirerse of discoursr is partitioned into fire p r i m a r -  fuzzy sets. nanicl!.. 

{.W. S l .  Z R .  Pl. P?}. 

rvliose membership functions are the  same as t hose defined in eclc.( S.7-l-S.76) ariti 

illust rated in fig.d.3. 

The gain matrices. H, and H,:. are taken to  be diagonal matrices !rit h al1 (lia%- 

onal elements equal to 40. The bounds of parameter vectors. .\Io and .\(, . art. set 

to 10" and the constants. o., aiid a,. to  10. These parameters are selertetl q l t i t  r 

arbitrarily \vit hout  a great deal of effort and t hos niay not be opt inial ones. w l i i ( - h  

posei a more stringent condit ion for our t rainirig algorit hni .  Espeiinirnt al d a t a  art7 

obt ained at a sampling rate of 40 Hz.  

Thr ident ifirat iorl proctbss for ronirnari(l \-ult aqe 

Tlir training proces:. for O,, COI~\-ergw \-Cr!- f a i t .  a i  seeii in  f g.S.2-li 1 )  1 .  Figiiw 

d.?-l(c) s h o w  t h e  training process for the t ip ~.ibrational diep!acernerit. r . ~ .  ahicli is 

the  14th round of training L e . .  the identifier il: repeatedl?. trainecl 14 tinies iixiiig 

t hc same batch of da t a ) .  I t  coii~-erges tvell alt hoogh i t  reqiiires more effort t han 

does the hub angle. irliich is not surprising since the ci>-naniics of t lie t ip \.ihrai ioii 

is mucli more cornples than t hat of the hub  angle. 

For tliis low cornniaiid \+oltage. the motor rotates at ver). Ion- s p r d  and cticti<,ii 

ha5 a very significant effect on sjvsteni h~l iai- ior  aiid niakes sy5trni d!-iianiirs Iiiglil>- 

nonli near[X]. as ol~served frotii fig.S.24. 



Figure S.2.5 illust rates the training process for command input. 

The  trained parameter rectorc frorn fig.8.74 are used as the starting points for tliis 

training. Fisure d.25(c) shows the  2nd round of training. Again. good con\*crgencp 

is evident for both variables. 

Figure 8.26 shows the training process for a coniples cornniand inprit pat tcrri. 

shon-n in fig.S.X! a 1. which is generatetl h!- a hunlan cont rolled jo>.sr ick siipri.po~t*(l 

\rith some disturbances. Thus t h e  input is quite arhitrar! and norirrpt~atal) l i~ T I i i b  

initiai parameter 1-ertor:. art3 oht aiiirtl liy t raiiiiiig  th^ i dmt  ifiri. n.i t Ii coiiiniarid iripiir~ 

Eacli inpitt pattern 4 ,  J } la-ts fifty sr(-orid-. arirl t h -  i ~ i i i  i 

C = 1.2. for the first pattprri {.-II = 1.2. f I  = O .  1 ). a rc  raii(1uiii 

dist rihutecl in  i - 1. 1 1. I t  i~ c k a r  t liat e\-eri for .iir-li coriiplt~s i~ipiir 

procesi converges r ea sonab l~  ivell .  

Af t  er training u-it h an addir iorial t rreentj- fi.e coniples input pat t ~ r ~ i . .  eacli of 

ivhich last rd t hirty seconds. t ha t rainecl itleiit ifiers ivrre t ested l ~ j -  prcclict i r i -  t l it> 

responses of O( t )  and I V ( / )  for t h e  inputs  slio~vxi in fig.S.2Cia). ~rliicli is q i i i t r  ri>niplt!s 

( and  u.as used in t he  training process). Figure S.?;( b-c) sho\i.s t lie rcipuriws loi. 

o(0. t ) and i q (  L.  t ) predicted by the  identifiers. The resiilts a re  qiiite satisfactoi.>- aiitI 

siiggest t hat the proposed DFLS identifier.: and t lie ~rainirig algorit 11111 tv \ - ( . r~ -  

effective in pract ical applications. 



t (sec) 

i a )  Coniriiancf Input: I ,  = 1.2 sin(O.-;.rf I 

30 i .--- Identified - - - - Merisured; 

0.-  y Identified - - - , - ~Measured: t 

1 

0.6 f 
1 1 

O 5 10 1 5  20 30 35 a o  a 5  50 

t (sec) 

( c ) \ ' i  hrat ional Displacenierit of t lie Beaiii Tip 

Fietire d.2-1: Training Proces  for C'omrnancl I i i p i i i  I = 1.2 sini  0 . 2 ~ 1  I - I r l c r i t  ifica- 

t ion Espcrirnent 



Measured: ' 

2. 7 -- - 
Identified - - - - Measured; 

t (sec) 

( c )  \+ibrat ioiial Displacrnirnt of t h p  Beam 

O . i k f  

Tip  

Figure d.25: Training Process for C'oniniand Inpiit 1 ;; = 2 siri( 



t (sec) 

l a  ) Comriiand \'oltagr 

- 1 0 0 -  ' ' 
& 1 . d - 

- 1 5 0  
O 5 1 O 1 5  20 25 30 

t (sec 1 

i L I  .I\rigular Displacenient of 1Iotoi- FIi iI ,  

( c i  \ -  

Figurr d.26: Training P r o c ~ s i  

iment 

t (sec)  

brat iorial Displarenierit of t hr Beaiii Tip 

for C'oniples C'oinniand Input - I c l m t  ificatiori E s l w r -  



t (sec) 

( a )  C'oniniand Input 

1 .- Identified 

Idsntified 1 
- - - -  1 Measured: 7 

I 
5 

4 

1 0  1 5  20 25 30 

t (sec) 

( c i \%rat ional Displaceiiieiit of r he Bearii Tip 

Figure 5.27: Test of [dent ifierc for C'ornples C'onimarid Input - Id~i i t  iiicii t iuii Es- 

per in~enr  



8.6 Concluding Remarks 

In addition to t h e  remarks made  in section 8.3.4. we have t h e  following conclusioni 

and observations, 

1. -4 novel fuzzy logic systeni structure. wtiich is characterizecl hy its d~enarnir 

aspect. is proposed here. antl its universal approximation propertJ- provrn. 

\\é beliew that  t h e  neiv dynamic f u z z ~ -  logic s>-stem. DFLS. is more nat  urall!- 

integrated into nian!. d>-iiamic ej-stem': antl niakes bpt t r r  i l s ~  of t h r  int r i i l~ i r  

&-namics t hari doec; the coni-ent ional st at ic \-ersion. 

'1. .A DF LS basecl st ahlt. adapt ive ideiit ificat iuii algori t hrii is dr\-elop(!d l i c r ~ .  

irhich enahle.; t h r  DFLS identifier.: to ideriti&- a large c l a s  of nonliiirar ri!-- 

naniic 5'-stems reliabl!.. 

4. I r i  the C'hnottc Glgcolg!tr O . w ~ l l n t o r  esaniplr.  srct  ion S.-1.2. t h r  idciit ificat ion  

results of t h e  DFLS idrrit ifiers are coniparrd irit Ii t hose of st at ic FLS iclenr ifirr.~ 

in piihlishetl literat urr .  anrl t lie forr i i~r  i': clearly bet ter. This rsnrrlple offi~i.~ 

an ef-idence to support orir of oiir assert ion t liat DFLS caii 1iat.e perforriiari~.~ 

superior t o  t tiat of a stat ic FLS. alt hough more in-dept h cooipariioti: Iwt  wrrri 

DFLS and stat ic FLS are 'et to be dorie. Ttiis is left for future ini-est igation. 

5. In most of oiir applicatioris. it \vas assumeci tliat thrre  is no huniaii esprr t  iw 

aieailahle a priori. n-hich poses a more stringent conditioii on DFLS ideiitifirrs. 

but sarisfactory results can still he achieved ne\-ertlielesï. 



If there is espert knowledge available a priori in form of IF-THES riiles. et-en 

of a \-ery limited nature. it can be explicitly incorporated into iderit ifiers and 

significantly improve system performance. This is demonstrated t lirough a 

simulation esperiment in section d.4.4. 

6. In t his work. t he  ofT line designed parameters. in view of i.qs.(S.'l:I I and ( s.34 i. 

include ok. H r .  JITk and el;. as well as prefilter. Ji. and tiine increiiirnt. 

T. These were al1 cleterniined b ~ -  trial and error. Esplicit procedurci for 

deterniining t he  opt inial 1-alues of t hesr parameters h a t ~  !*et t o 1)r r l t b ï r l o p t . ~  1. 

I t  shoulcl he pointeci oiit t hat i n  t lie illtist rat i\-r applicatioiis. t lirw paranitir pi.? 

are selected witliout a great den1 of effort ancl the!- are thil' hy n o  niihiiii- 

concicl~red to h e  opt inial. which al50 p o w i  niorr .;trinecnt dm~ar ids  o r 1  t ~ I P  

DFLS itleniificatiori algorit hm. 



Chapter 9 

On Adaptive Control of Nonlinear 

Systeins - DFLS Approach 

Introduction 

In c h p t  car fi. ive pre-eriird an mi pi rical fiizz>- losii- cont rollc~r dcigr i  p r u - w -  l i . ! i  i t . 1 1  

i i  wlt-1~- I > a d  oii i-s1m-t k i i o \ v l ~ < l g ~ .  Tlic r ~ s i i l t i n ~  FL(' iras ~ I i i i c - I I  t o  i\.{ji.C; i t . t b I I  i l '  

t liere i. adeqiiatr  rspt*rt iw availahlc and t lie cent rol taakc art1 i i o t  (-011ipIt~r. [ ' I i { *  

mairi p ro l~ l rn i  \vit li t hic approacli is t hnt it tloei iiut liai-(. aii:. t l i r u r t ~  ical oriariiii- - 

tee of stahiiit>- o r  consistt-rit performance in t l i ~  prrwrice of large tiiicikrteirlt i ~ s  ; l i i i l  

unkno~vn  i-ariat ioiis in systrni behal-ior. In atltlit ion. i f  t here is no! adrqiiat r. cs- 

pert knowledge availahle. or t lie cont r d  i asks a r r  too cornples. t his approacli \vil1 

he  i-erj- dificiilt to  effectively impleriieiit . Therefore. there is a n ~ r c l  to del-e10p a 

s!-steniat ir design aiid analysis approacli for fuzzy logic conr roi y s t c i ~ .  ci ic l i  r liai 

t h e  resulting fuzzy logic control systenis are a d a p t i w  in the  ierise t l i a ~  t h r y  caii itot 

only he capable of incorporat irig lingiiist ic fuzzy in format ion from Iiuniarl r s p r r t  5. 

but also maint ain systern stability a ~ i d  consiut erit perforniancr i i i  ilir pi-rsriiw of 

systeni uncertainties and variations. Since tlie lat ter  part of t h r  ol)jrrtii.t. g<~i~rrnli!- 

coincides tr i th the I~as ic  objective of adapt i\-e roiii rol. ~vhicli is t o inaiii~airi ~ o r l s i ï -  



tent performance in the presence of variations of systeni parameters. the desisn arld 

anal>-sis tools from the realm of adapti\-e control ma>- be useful in the det-elopnient 

of adapt ire fuzz>- logic systenis. 

Pioneering ivork of this kind \vas reported in [lSZ] and [l54. 1C-4;. Ttir furniw 

developed a direct adapt il-e fuzzy logic cont rol schenie where fuzz?. logic systrniP arc- 

used as controllers and thcir paranieters directl). adjustecl to reducr sori i~ norril of 

t h e  output error hetu-een the plant and the rekrrrice riiodcl. Lirigiiiii ic IF-TH E3  

riiles can he directl>- incorporatrtl into controlleri. of this kiiicl. The lat t c r  d~i-t~lul)tvi 

an indirect adapt il-e fuzz>- loijc control iclimie n-licre fiizï>- logic systt.iiis art. iis(v1 tu 

niorle1 the plant LV tiose parameters are est iniat cd. and t lie corit roller i. cliowri a3hiiiii- 

iris t liat the est irnated paranieter- rcprecciii t l i t .  t rue i-aliirs of t lie plaiit paraiiitlt Pr-. 

The fuzz>- IF-THES riile- <Irscril)iii; th<. plant cari lw rlirert 1'. inrorporatrtl into r 1 1 t h  

iri(lirect adapt ii-r fuzz!- cent rcillt~s. 

To demonst rat e t l i ~  application and propert iri of the DFLS adapr iw roiii n~I I t~ r  

siiniilation esamples are presented here ir i  n.hicli it is used to cont 1-01 1-arioiii riori- 

liriear s>-stems. To flirt her just ify the propert ies and illust rare i t s effrc-t i ~ - e r i v s  t lit. 

DFLS adaptive controller is also applied to ront rol the t rajector?. (ar i lit= t ip  of t I i r  

link) of a single link nieclianical rnariipulator. \vliicli is cliararterizr(1 I l > -  a \-rai.!. f1t.s- 

ihle link. significant nonliiiear joint friction aiid an iiiiknoi~.ri interrial conti-ol loop. 

aa described in t lie pra~ioiis cliaptrr. 



9.2 Preliminaries and Objective 

9.2.1 Dynamic System 

Consider t h e  following class of nunlinear systeni: 

For t lie s?-stem to be controllable. ive impose niilrl res t r ic t iow o n  t lie fiiriri ioii y.  

Assumption 9.1 O < s ! y ( x j  15 .II2. ' Y X E  .Y n i i d 0  5 t < x. i i h n  .II; i.- n 

large posltirr constoiif u n d  r, is n sniail po.iitiir conat<riit. T11r . + iy~ i  ~ j ' ~ i s i  i- ol.-o 

kn o u*n . 



9.2.2 DFLS Identifier 

Consider t h e  DFLS of eq(S.5). i.e. 

where  O and are as defined in eqs.(d.3-S.4 ). Le.. 

~vhicii nia? be considerecl the stat  ic niodeling error of t lie DFLS i d e n t i f i e r .  B?. Loiiiiiiir 

S . I .  for bounded inputs  and states tliere esists an optinial para i i i r t r r  \-c(-10i.. Y'. 

wliich minirnize~ the s t  at ic niodeling error. r (  x. u .  O. Y- 1. 



for which 

7 (- R.Y+ 1 - - is a compact set. .\lT and -11, arc poeit i\*e comt ant 5 t hat hoiirid r lir 

irhere is the identification error for t lie s t  a t s  variabie .Y \-. 

and the vector Ay is the paranieter est iiiiat ion error. 



9.2.3 Objective 

Let q be a desired trajector>- of zj-stem output. x .  and denot e 

Let  E he t h e  difference hetwwi  s anci q. i . f s . .  

Denot c 

( i )  the tracking error. E .  and the identification error. :. are boiinded a i i r l  i -  tc, 

be as sniall as possible. ideall>- con\-erging to  zcro: 

( i i  ) t h e  DFLS identifier paraniet er 1-ector. y. is I,ouiitleti: 

( i d  the s y s t m i  input and  s>-steiii states arc bounded: 



9.3 Control Law of the System 

To make sure that the system states have the desired tracking performance and are 

alrvaj-s bounded. i r e  specif?. a control laiv consisting of two componenti. il. and ii,. 

t r : .  is t he  usual control terni  for t racking pcrfoririariri~ d i r n  th<: >i ! -c t t '~~~ stat tb\  a r ~  

ivhere -11, is a large positix-e constant tha t  hoiincls j ( x ) .  that is. Y x c '1'. i f i  x I is 
-II1 and the  siçii fui~ct ion .  .ign. is defineci as 



9.4 Adaptive Law for Parameter Vector Y 

Substi tuting eq.(9.22) in eq.(9.3) and using eq.(9.19) gii-es 

\i.hri.~ 1, i~ t h e  ç.5t iniat iori crror of t l i t s  f i i r i r t  iori gi x i. 

L r t  



The parameters. {ai. . . . . a-y}. are chosen in such a ivay t hat -4 is a stahlv 

matris.  i.e.. the roots of the polynornial. 

are al1 located in the open lcft Iialf of the coniples plane. 

Following t h e  Lyapunov s~mthesis approacli. t h e  adaptii-e l a i ~ ç  for t 1 1 t h  pa rn~ i i<~ t  tar  

- 
1-ector Y. and for the estiniate. 4. of the functiori. gixi. ran he  clcri\-wl. arirl .;rabilit!. 

of t lie cont rol systeni guarariteetl. Tlie e5r iriiate. j. of t Iie tiiikiroivii f i i r i ( . t  im. gi x 1 .  

can bc. ohtainrd rit hr r  iritli a self-tiiriirig 3clieriir. or u-it 11 a statir  FLS. 

In t h e  follou-irig. ivv firit prescrit t lie aclapt ii-r l a n  for Y atirl 4. nrid t l i r ~ t i  atiai!--:b 

<!-ctt3rii s t  ahilit!- proprrt  irs i i i  t l i v  k>stii of t t~rosrrii.. 

- 
Tliis arlnpt i i - t .  laii- for Y is 

wliere Q is some given p0sitil.e definite syniniet ric mat ris. 

The last terni on t h e  right hand siclr of eq.(9.32 i reprewnts a projrrtioii algorit I I I I ~  

motlifirat ion [A?. 5 7 .  l:Mi. to  a\*oid circumstarice~ urider ivhicl~ t lic 11araiiit.t C S  i ~ ~ t  ur.  
- 
Y. heconies too 1ar;e or eveii drifts t o  infinit!. [ I X l j .  The on or offstat~i~. of t h i ~  terrri 



is controlled b>- t h e  siritch 3. which is defined as 

.9  i2; a  posit i\-e design pa ran ie t r r  ii-hicli sat isfi es 

9.5 Adaptive Laws for g 

9.5.1 Self-Tuning Scheme for g 



wkiere 7 is a positi\*e gain. S3 is a sivitch defined as 

I i i h e r e  4( t  J is pi\-cri hy the t rairiirig iaw. rq.(!l.:l(; ). tlieii i f  : jr(  t J i is i-erl- c l o c t ~  ICJ i i  + 

loiver hoiind. 5 , .  biit still tvitliin tliis botintl. t lie resultirig i ( f  -+ dt ) caii po-cib1;- 

esceed t his prespecifi~cl loiver bouncl. E,. 

I n  thii sppcial s i tua t ion .  wi-e can change t h e  ~a l i ie  of the gain. 1. iri ~q.(!l.:Kii ancl 

ohtain a new value for y ( t  j .  i ih ich  uoul t l  resiilt in a nmv valtie of y ( t  s 

/ j( l + dt ) f 3  ). Anot  her alternat il-e could siriipl!- be  ro k t  j (  i + dt  i 

to skip this  uiitlesiie(l sit iiat ioii. arid carr). or1 tlic arlapt il-r calculat 

samples. 



9.5.2 FLS Approach for g 

Since t h e  function g ( x )  is of a static nature.  a s ta t ic  FLS is used as its estirnator. 

Consider t h e  FLS defined in eqs.(-l.43-4.-l.5). Let 

w here 

and t lie menit)ership fiinct ions are tlefiri~d a.; 

The atlapti\-r lair for paranict er  vertor. G. is 

\vhere 7 is a positive gain. .Sg is a swi tch to control the on or OR s ta t i i i  of t t i f .  

projection modification term. and 3, is a posit i1.e design parameter. 



iv here 

ivhrre J is  th^ size of the  vectors. 9 antl G. as i r i  eq.(9.4 I I .  

-4s aboi-e. i t  i possible tliat 14  i <  5, antl G I j <  .\IG. dur ing  traiiiiii@. \ i . I i t ~ - t b  

again as t h e  training is i m p l e n l ~ n t e d  compiirat ionally a.; 



In this s i t ua t ion .  u-e can change the  value of the gain.  7 .  ancl ob ta in  a nen. 1-alue 

of G( t ). ivhich tvould result in a neu- value of g( t + dt ) (such thar  1 j ( t  + dt ) 13 5, j .  

C 
.4nother  choice could simplj- be to let g ( t  + d t )  = s y n [ j (  t ]le, to skip this si tuation.  

and c a r r y  on t h e  a d a p t i v e  calcufation wi th  new samples.  

9.6 Stability Properties of DFLS Control Algo- 



a 
trh.here a = {al . .  . . .a\-}T. I is the six of t h f  r f c t o r  0. u n d  .\Ir is n positirr 

constant  that bounds 1 j ( x )  1: 

9.7 A Special Situation : g ( x )  Known 

C'onsiclrr t h e  dynaniic systriii descri hrtl 1))- et1.i !). 1 !. 

I r  is possihlr t h a t  the function. g .  is kiiowri to us. In tliis sit iiaiioii. t Il<. iridiirct 

adapt ive contro! algorit hni developed previously is s t  il1 applicable. pro\-idecl t liat 

t h e  itlerit ifier ro e s t ima t e  the lurirt  ion y( . r )  is eliinini.tecl. and 



Theorem 9.1 of course still holds. but Theorern 9.1.2 is unnecessary here. The result s 

for t his special situation are summarized in the following corollaries. The corii roi 

terms. u ,  and u s .  are given as followi: 

Corollary 9.2 

9.8 Proof of Theorem and Corollaries 

C'onsider a LJ-apunol- fiinrt ion candidat P. 



Differentiating bot h sides of eq.(9.55) yields 

L-sing eq.(9.32) in eq.(9.56) yields 

( i )  1 ;  My : 
- 

This ic; the decrired sitiiat ion. ancl tIic norni of the  pararricter \-ector. Y .  i i  of 

n o  concern to us. 

or. 

- 
Equations (9..5S j and (9.6 l ) inclicate t hat i i  Y II tcridc; to iricrea.w. aiicl  th^ 

boundedness of 11 il can he  concliidccl. 



( i i i )  11 Y 1 1  > -\lY : 

In this case. il V 1 1  esceeds its nominal bound. .\IV. which m a y  occur diiring 

the training process. and as t h e  training is irnplemented cornputationally as 

(where V(t  ) is gi1-en by t h e  training 1nu- eq.(9.:32)). then in t h e  sitiiat ion i r i  

which II V(t II is ver!- close to the  noniinal bound. but st i l1  \v i t  liiri t hi- 

bound. the reiiilting :! Yi t + dt , il can esceed the p r ~ s p ~ c i f i e t l  noniirinl hoiirid 

by t h e  norm of r he t rairiing incrrnient . Y( t id!. a t  riioii . C'orisidcririe rq.1 !).:LI 1 .  

then. 

-7 
- for Y HiOi x. ci - Ois. D ) i  B ' P ~  ii 5 O . .< = 1. aiid 

- 
Equations (9.63)  arirl i 9.66) in t l i ca t~  t liai as soori a?; i !  Y 1 esr~eris i r ~  rioriiiiial 

boond. .\lT. it ininiecl iatr l~.  retiirrii  n-it hiri t his boiirid. Thereforc~. this cscm:: 

is srna// and t c  rrcporary. ForniaIl!.. deriot e 

and let 



then ive have 

1 1  Y(t + d t )  i l <  .if+. 

which. again. indicates the  boundedness of y. 

For simplicity bu t  without loss of generalitu. ive still use .\lu instead of .\Il- in 
Y 

'L 
t his work. which is equivalent t o  irnplicit 1 ~ -  specif~-in5 t hat .\IV = nias{ -\IY. -11+}. 

This concIudes r he proof of Theoreni 9.1.1. 

9.8.2 Proof of Theorem 9.1.2 - Estimation of g ( x )  with 

Self-t uning Scheme 

C'onsirlci- a Lyaprinoi- f~inct  ion candidat c. 

( i )  ; 4 i =  r, : 

Corisicier eq. i 9.37). 

- for y (  < 0. .5'; = 1.  and 



O f .  

Equations (9.731 and (9.76) indicate t hat 1 tj 1 t e n d s  to  increase. arid tlitwforr. 

the lower boundedness of i g 1 can be conclitded. 

( i i )  zg clg !< JIg : 

This is t h e  desired situation. a n d  i <i 1 is of no concern to il.;. 

- for ~ ( ~ ~ ~ e i i , .  5 0. S, = O .  

\ ; < O .  i !l.W I 

Both eqs.(9.77] a n d  (,9.SO) indicatr tliat / j i tends to decrease. aii(I t liervlust~. 

i t c upper hounciednes can be concluclerl. 

(iv) 1 4 /> JIg : 

III  this case. j 4 1 esceeds itc upper hound. .U,. \rtiicli I 

training process. and as t hr training is iniplemriited compiit at  ioriall>- as 



(where $ ( f i  is given b>- the  training law eq.(9.36)) .  thcn in the situation i n  

nehich / g ( t  j / is very close to its upper bound. Jl,. but still wi t l i in  tliis hoiind. 

the result ing 1 j ( t  + dt  ) çan esceed the prcspecified bound. .\ J .  b>- i( i idt :. 

at most. Considering eq.(9.37). t hen 

- for ~ ( B ' P ~ ) U ,  < 0. & = 0. 

- for 41 B ' P ~  ) t i ,  2 O. it ha5 = - 1. alid 

or. 

a n d  let 

which. again. indicates t h r  boii~iclednes.~ of i 3 1 .  

For sirnplicity but ivittiout loss of geriern1it~-. we sri11 iisr .Il3 iiisttvitl of -11,: in 

h 
this  work. which is equil-alent to iniplicltl~. clefine t hat -11, = nias{.\l, .  .\!;}. 



This concludes the proof of Theoreni 9.1.2 for t h e  situation that t h r  u r i k n o ~ v r i  fiiric- 

t ion .  g(x).  is estirnated ivith a self-tuning scheme. 

9.8.3 Proof of Theorem 9.1.2 - Estimation of g ( x )  with 

FLS 

( i )  j g i> E ~ :  

Consider a LJ-apiirioi- funct ion cariditlatr. 

1 T -  
i & = - G  G .  - ) - 

DifTerent iat i n g  liot li sidrc of eq.i !).$Y J-irld-. 

- 
This is t lie deïirrd d u a i i o n .  aiid rhr rioriii of the paraiiirtcr \.rcci,r. G .  

is of no concern to us.  



or. 

-T * for G ! € ! ( x j i ~ ~ P e ) i , -  2 O. 5':- = 1. a n d  



or. 

Equations (9.971 and  (9.100) indicate t hat as soon as II G 1 :  escrd.; its 

nominal bound. .Lk. i t  immediatel~. returns w i t h i n  this bounrl. Tlierr- 

fore. this escess is sm(zll and Ifrnpornry. FormaIl>-. denote 

and  Iet 

and i t  is k n o m  that of al1 elements of the vector. @. none i~ largcr t h a n  oiir. 

i.e.. L-, < 1. for j = 1. . . . . J .  Therefore. 



Considering eq.(9.49). i.e.. 

- 
( i )  = a G : i  < .IIG : 

- 
I I I  t bis s i t u n t  ion. , i  G ; !  is of 110 C O I I ( - ~ > I - I I  1 0  115. C o r ~ s i d ~ r  a L>-ap~lrio~- [ I I I I C I  i o r ~  

c and ida t e .  

Furt lier. referring to eq.;.(<).46) and (9.4s ). 



- For j ( ~ ~ ~ e ) i i ,  < 0. -5': = 1. and 

i j  = 1 4 ! P T W ~ T ~ e ) u . I  + - .+jL . 

or. 

This coricluclei: the proof of TI icwr~ni  9 .1  .L' for  t lie ~ i t  i ia t  iori of t lie iirikriou-ri f i l t i c - 1  i o r i .  

yi xi .  hcing  rs t in ia t td  u-i t  h ii FLS. 

9.8.4 Proof of Theorem 9.1.3 

1 -sing ~ q . 1  ! ) . 2 9  i r i  i f [ .( !I.:jO j > . i c l r l ~  

- 
é = Ae - Bi -aT( X. u )Y - o . z - , ~  - J r  x I - q( s j i l  - - .\' . _ ( / I I .  : . i 11. 1 17 1 



tvhere .\lj is the  upper bound for 1 f ( x i  !. f e 1 .  5 '  = 1 .  I-cir ig q.(S.L>4 i 

The solution to ecl.(<).l26) ii: 

Of. 



Consider 

For t 2 0. O < c -  " < 1. r htrefosc. 

L 

JI( g ( 0  

Then .Il( is a positii-e constant t hat bouncls i : 1 .  i . ~ . .  

This completes t h e  proof of Theorrrii !1 .1 .3 .  



Equations (9.20) and (9.24) toget her give 

or. 

This coniplctcs t h e  proof of Theorem 9.1.4. 



9.8.6 Proof of Theorem 9.1.5 - Estimation of g(x )  with 

Self-t uning Scheme 

Consider the Lyapunov function candidate 

Differentiating bot h sides of eq.(9.14 1 ) yielcls. 

Suhstiiuting eq.(9.32)  in ecl.(9.145) ?.ielcls 



-4fter iome manipulations. ire obtajn 

Since t h e  eigenvalues of a symmetric poci t i l - r  definiie mat r is  a re  posir ivr[(i(ij. t h e  

eigen\-alue.: of Q are poiiti\-e. Denot iris .\,,i,(Q! a?; t h e  riiiriiniiini ~igti i \ .aIt iv of Q. 

t heri 

1 
- -  - ( Q )  1 1  e i l 2 +  r 2 ( x .  O. O .  H') 

4 ' "'ln 
1 ;  P=B i l 2  . 

.\min Q ) 



Subst i tu t ing eqs.(9.15l-9.15'2) into eq.(9.150) and recognizing thar -iS.3 ii AT !j25 

O results in 

Referring to eq.(9.36). 

For '; = 0. 

or. 

0 For Sg = 1. / g I= E, . Since / y 12 :, . refei-ring to eq.(O.i.>.jl +.s 

or. 



From eqs.(9.156]. (9.158). and (9.160). it is concluded that 

Let 

T h e n  

Let 

t hen 



This completes t he  proof of Theorern 9.1..5 for glx) heing ect imated w i t h  tlir. w l f -  

runing schenie. 

9.8.7 Proof of Theorem 9.1.5 - Estimation of g ( x )  with 

FLS 

I - (1 )  : f J  :>  :, : 

Let 1, I x  t l i ~  riiodeling crror of t h p  FL5. i-P.. 

- 
ancl Iet GD Iw t l i c a  opt iriial paraniPrci- vcctor t lia1 iiiininiizcs A,( x. V. F 1 . Foi+- 

nlall!-. 

IV herc 

The esistence of such ail opt inial parameter ï ec to r .  C.  is jiist ifietl 1 , ~ -  Lciiiiiia S. 1. 

.IIG is a positil-e constant  t h a t  bountls II G 1 : .  Let 



Consider eq.((l.:30). 

T - 
e = Ae i BI -O ix.O)AY - L 3 u c  - r(x.0.  O. Y ) - .5'ugus . 19.!7.j) 

and referring to q . i  9.171 ) and let t in5  

('oric-ider t lie LJ-apiriov firrirt ion candidate  

Diffcrent iat ing bot l t  eidec of eq.(S. 1C-O) yields. 



I'sing eq.19.33) in eq.(Y.LSZ). a n d  not ing  t h a t  

For 5':' = 0. 

- 
For = 1. ii G I l >  .\lG. but ! j  F 115 .ilG. Tlierrfo~î~.  



From e q s . ( g . l S )  and (9.1SS). ive  conclude t h a t  

I-sing eqs.(9.1S9) and (9.11E-9.149) in eq.lS.lS.5) y i e l d ~  

Indivitlual ternis in eq.(cf. l!)0 cari be reorgariized a-.: 

I-sirig etp.(!). 1-51 ) and  (9 .  L!)l ) i n  eq.(!f. lYOi. and not irig t lia1 

t hen 



t hen 

Let 



Integrating bot h sides of eq.(S.?Ol j 1-ields 

Let 

( 2  > 
Cons ider the LJ-apiiiio\- fiinctioii caiididate 

By mathematical manipulations similar to t hose of eqs.( 9.l-L'1-O. 1 .X)  ir.c Iiavr~ 



Since 

Let 

T hen 

Intesrat ing bot h sides of eq.(3.2 16 ) ~.ieltl.; 



Let 

t hen 

This conipletec r tic. prouf of Ttiwrem 9.1.5 for gi x i Iwiiig est iriiare(1 wir 1 1  a Fl.5. 



Therefore. e E L2. and ( E Lz .  Froni Theorem 9.1.3. i r  is known that e E C,. a n d  

[ E Ç,. Observing the  expressions for ( and è. eqs.(9.14) and (9.30) reveals t hat al1 

t h e  components on the right hand sides of t h e  espressions are bounded. Thereforç.. 

i and è are bounded. that is. é E 13, and ( E Lx. Froni C'orol1ar~- 2.9 in [11-!j. Kra 

conclude t hat 

This conipletec; t h e  proùf of Theorcrii 9.1 .ti. 

9.8.9 Proof of Corollaries 9.1 and 9.2 

or. 

This completes t h e  proof of C'orollai-y 9.2. 



9.9 Illust rat ive Applications 

9.9.1 Example 1 - Trajectory Control of a Simple Nonlin- 

ear System 

Consicler the  folIorving nonIinear system: 

Our  objecti1-e is to  conimancl t h e  sra te  x to  track a dcsireri trajector?.. qi t i. h ~ .  I I - i i ig  

t h e  DFLS based ac1aptit.e cont rol schemc de\-cloped i r i  p rcviow wct io r i .  \ v l i e i - r b  1 i i i '  

t rajectorj- i i  

.\ DFLS ideritifirr. 1abelec.l Tl. i3 usecl to idt*titif:\- .is. i.e.. 

The identifier. D. has t n o  iripiits. r E -1' (1 R. ii E 1A c H .  aiid one uiii l , i i r .  

y E J' c R. trherc .IV. U and J' are  uni\.erses of cliscoiirse of l in~l i is t  ic ~ - a r i a l ~ l ~ ~ .  .Y. 

a .4 
u and y.  respect ively. For concisenesa of expression. let z = { .r .  i, } - { . r i .  .r2 } '. 111 

. . 
bot h A' and U .  fi\-e primary fuzzy sets. A,,, and .-Lj2. j~ .j? = 1. . . . .3 .  are (lefiiitd 

Ciaussian type memhership funct ions are used for al1 t lie priniar!. fiizzy s r t  S. 



\\é set t h e  shape parameters of al1 t h e  primarj. fuzzy sets to 0.45. i . c .  

and def rie t lie posit ion paramet ers. SFlp.  as. 

ari d 



- 
Y is the free parameter vector to be  adaptirely adjusted with the training iatv. 

eq.! 9.32). 

LI 
In this control system. A = [-a]. B = il]. and e = je]. Let Q = [Zoi. t l i r r i  P = i l ' .  . - 

C 
Further. let h = 1. t hen 

In cornputer iniplenientation.  th^ derit-atit-e i i  approsiniatmi h!- a rlifc~rcrirt~. i.i.., 

unifornily distrihuted i r i  ( -1 .  1 1 .  and assunie t h c  systeni to be controller! i t ;  i i i i t i n l l ~ .  

at rest. Le.. r ( 0 )  = O .  Sow. ive consider the follo~virig situations. 

Consider the situation where g ( r )  is a known fiinct ion. In  this situation. rio itleiirifii~i. 

is reqiiired to est iniate y ( x ) .  The prefilters are defined as 



T h e  bound of t he  tracking error. .II,. is set to  1.5. The controller ou tpu t .  u .  t h e  

identifier out put. y. and t he  controlled t rajector?. of system out  put. r. arr  sliown in 

fig.9.l (a-c). respect i~ely .  The adaptat ion process ends a t  t = 20 sec. 

It is seen t hat  t he  training process for the  DFLS identifier conl-erges r-ery iwll. 

and t h e  the control s t r a t e g -  is L-ery effective. After the  adaptat ion process erid': 

t h e  identifier predicts t he  system s t a t e  ver!. ivell. and t he  system otitpur lolloivs t h r  

desired trajector!. satisfactoril~.. In t his case. the  t racking error.  c .  i~ aln-ays irit l i i i i  

i t r  bound. .\Ir. and  t herefore. t lie super\-isorj- cont rol is not t riggerrd. Th<. t rarkiriz 

error for t his case is shoirn in fig.l).:I(a). 

\ \ - i t  h the bound of t h e  tracking error. .II,. set to 6. t lie cont roiler mit put .  r r .  i hr. 

identifier oiitpiit. y. and the  controlled trajectory of 5'-steni outptit.  r .  a r r  slioiiri 

9.9.1.B Rinction gi.1.) Unknown and Estimated with Self-Tuning Schenie 

Consider the situation d i e r e  g ( r )  is aii unknoa.ri funct ioti. a n d  ire use t lie w l f - t  iiriirig 

schenie to es t imate  its value. Ué set t he  prefilters as 

and set the initial \ d u e  of j t o  1. and t hc hound  of lie trackirig  ri-or. -11.. to 15. 



In this situation. the  unknown function. g ( x  1. is estirnateci h>- the  adapti\.e law 

eq.(9.:3G). 

A L I  A 
where 7 = 0.1. Let .\I, = 10. and z ,  = 0.1. The cont roller out pu t .  u. t h e  rontrolled 

trajectory of system outpu t .  r. and t he  tracking error. É. are  shuwn in fi.!I.-i(a- 

c 1. respectivel?. ~vhe re  t he  adaptation process stops at I = 20 sec. The wtiniat  iuri-: 

for t h e  s!-stem state. s. and the  unknown function. g. a r r  siiu~vii in f i ~ . ! l . i c i t  h 1 .  

respect ivel~.. 

I t  is seeri that  t he  coiitrulltd trajectory coni-erges i-rry n-el1 t o  t h e  d ~ s i r t d  1 ra- 

jector>- and folIo\\-5 t h i5  d e s i r d  t r a j e c to r~ .  after t lie adaptai ion prowur stops. T I i t b  

identifier predict s t lie systeni s t a te  sat isfactoril>* aftcr t lie t rairiiris s t o p .  

I r  ic o h c e r ~ d  in fio.9.51 b i tliat 4 rlori not roiii-ergr ro t lit3 t rtit. i-aliir of y.  T l i i .  i +  

9.9.1.C F'unction y ( . r )  Unknown and Estimated with FLS 

C'onsider the situation where y ( s )  is a n  unknoivn function. ancl ive iicr a FLS tu  

es t imate  its value. i.e.. 

~vhe re  g represents t he  identifier's output and  i.: t h e  estirnatr of y .  Tlic FI.5 lia- 

one input.  s;. and one  ottipiit. g. Fii-e priniary fiizz?. sets. -. j = 1. .  . . - 5 .  a r c  

defined in t hc input uni\-ersc of discoiirse of t lie FLS. Gaiissiaii type  in~rnlwrsli i  1) 



funct ions a re  used for al1 t h e  primary fuzz>- sets. which a re  the same as t hose u oi\-eri 

in eqs.(9.236-9.23C-i. T h e  adaptii-e laiv of this  FLS is giren in eq.(9.4:3). 

a A A A 
where ; = 0.1. Let  .II, = 100. r, = 0.1. .\IG = 3 . -11,. and set al1 t h e  elemerit- of 

the parameter 1-ector. G(0). at 1. Define t h e  prefilters as 

Tlie cont roller oiit put. (1 .  t lie cont rdled t r a jec tor~-  of s ~ - . ; t  cni oiit p u t .  .lm. arid t lit. 

rracking rrror. 6 .  are sliuirn in fig.!).Ri a -c  ). reipcct ivrly. n-hcri- t lie aclaprat ion  pro- 

ce55 s t o p s  at t = -O sec. Tlie estiniat iori.; for t -y31etri .;talc. .r. arici t lie u~ikiio\r-11 

fiinction. y. are 5hcn-n i i i  tig.fl.71 a-[, 1 .  rec;prct i\-el!-. 

.\gai r i .  t h e  5)-stem p ~ r f ~ r r n a n ~ ~  i i  v(-r>- i a f  iifilrtor!-. ( 'ot~iparing fi.r-.!i.6 - I I . ;  ( i f  

t Iiis c j - s t  erii [vit li fi p.!-1.4 -9..5 ii.1it.rc tlit-  ! i ~ i k r i o \ v i i  fiiticr ioii i>ririg t a i t  iiiiarivl \vi t  l i  w ~ I -  

t iiriinj schriiie. i t  is wrri t h r  r Iivir prrfot-riiaiict-i art1 y~ricrall>- r«iiipiiral)l(~. 
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9.9.2 Example 2 - Control of a Nonlinear System with 

Chaot ic Behavior 

C'oncider a non1inear system 

wliich is similar to t l i ~  5'-stem in sert ion q.4. I .  i . ~ . .  rq., S.70 1. esrcpt t ha! ari t3xt ra 

cunt roi inpiit. 11. ir prewtit. 0111- ohjert i\.r Iirrr i.i tu cotiiiiiaiicl t lie oiit p t i t  of I l i i -  

s!-s~erti. .rl .  10 trark the desiret1 t ra jer tor~- .  qi t ). h ~ .  i i s i ~ i ~  the DF1.S adit1)t il-<* i - o r i t  1-01 

T h e  identifier. D. lia' tlirre inputs .  .rl E .Yl. .r2 E .Y2. ti E LI. aiid U r i e  o i i t p i i t .  

9 E 4'. whcre .Y1. .Y2. 24. J c R. are ilniverses of cli.;coiirre of lingciiit ic i.ai.ial>l-. 

q .  s?. u and y .  respecti1-el!.. In cach of .l; and Li. fi1.e priniar!. fuzz!- wts.  . - I l , : .  
. . .  

.q2,,. and .43,1. j1-j2.j3 = 1.. . . . 5 .  are definecl. Fos conciseneis of csprrssioii. let 

n c a 
.r1 = u .  and  z = { .r l .  d.2 .  u ) T  = { .r , .  .r,. C;nus'ia~~ t!-pc menil>crslii[> I I I I I C I  i o r i h  

are iisecl for al1 t lie priniary fiizzy set Ï. wliicli art1 t lie iaiiip a5 tllc~ic dcfiii~d i i i  

ec1s.i S.?X% .?3S). for p = 1.2.9.  and J, = 1. . . . - 5 .  



For p = 1.2.3. t h e  filtered values of the inputs.  x;. are d e f i n d  as 

The outpu t  of D. y. is defineci with t h e  DFLS of e q ~ 9 . 4 ) .  

Csiiig a nunieri(.al difference to  approsiniate the deriiat  i\*e J-ieldc 

irhcre T i i  the tinic increnieiital step. 



a Let o = ol = 10. \\è set t h e  t i m e  increnient. T. to  0.1 sec. t h e  bound of t h e  

parameter  wc to r .  MT. t o  103. t he  bound of t h e  function f .  t o  -4- = lxl 1.' + 10. and 

t h e  bound of the tracking error. .U,. to 20. Let t h e  initial values of t h e  e lements  of 

the  parameter  vector. Y ( 0 ) .  be  r a n d o m  numbers uniformly distributeci in ( - 1 .  1 I .  

and assume the  system t o  be controlled is init ially at rest. i-e.. x ( 0 )  = {O. O }  '. Sow. 

ive consider t h e  follon-ing s i tuat ions .  

9.9.2.A Function g(x l  Known 

C'orisidrr the  sitiiat iori ivliere g'x J is a krio\rrl f;inct iori. sa!-. 

9.9.2.B Function y ( x )  hknown and Estimated with S e l f - T u n i n g  Schenie 

Consicler t h e  si tuation u.tiere g ( x )  is an  iiiiknon-ii fuiict ion. 

\i-hich will be estiniatetl \v i t  h t lie self-T unirig algorit hm.  Thr adapr i \ - P  Iaii. foi ad -  

jiisting 4 i i  pi\-eri by eq.(!l.:ICi). 



a Let Q = 10 - 1. where 1 is an identity matr is .  Set the  initia1 value of j to 1.  

the weight parameter. h. to 20. and the gain matris.  H. is defined as a diagonal 
n a - r% 

matr i s  with diagonal elements equal to 2. Let -; = 0.01. .\1, = 10. and  5 ,  = 0.1. 

The  controller output.  u. the controlled trajectorj- of system output. 1.1. and the 

controlled trajectory in phase plane. r l  - x?. are shown in fig.9. I O (  a-c J. respect ivrl~-.  

where the adaptation process stops at t = 30 sec. The  estimations for tiie ~t nr O 

variable. r2. and the fiinction. g(x) .  are shoivn in fig.9.l l (a-h).  reàpertii-el>-. 

Again. the  cont rolled t raject or>- coni-wgei i-erj. ive11 t O t h~ drsirwl r ra jwr or!- 

ancl follo\vs the desirecl trajectorj- after t he  atlaptatioii procesi s t o p .  Tlit~ I rairiiiig 

process for the DFLS irlerit ifiw also coni-erges quit<. wcll. ariïl the traiiied itlrririti~r 

predict I t lie SJ-it erti i t a t r  aat isfactori1~- aft e r  t lir t raiiiirio cri(1c. 

9.9.2.C g (  .r i Estiinated with FLS 

Herc we iisc a FLS irlciit ifiw to est iiiiatr t Iie iirikiion-II f i i i l c - t  io~i. yi s 1 .  of tv1 . i  ! ) .Z ( i~ i  !. 

j X I  jG . 1 !).zt;b 1 

t ~ v o  inptits. 1.;. .r>. and ont. out pu t .  9. Fi\-c priniar). fi izz~- SPI'. Ri.-,, . p = 1.2. 
. . 

JI.]:  = 1..  . . .i. a r r  defiiicd i n  hotii iirii\-rrse- of dix-oui.-e i r i  the input ~ p a c c ~  01' t l i t .  

FLS. Ciaussian type niernbercliil) fi~nctiotis arca iised for al1 t h c  priniary Iiizzy 5 r t 5 .  

which are the  sanie as those gi\-en in cc1s.i 9.235-0.23d). The adaptii-t las. for t I i i y  

FLS ir given in eq.(9.43). 

- - 
G = 7 ~ \ x ' ) ( ~ T ~ e ) t i ,  - .5,.?,3G . ( 9.269 1 

A a A a L 1 .  Q = 10 - 1. and .et t l i r  initia! Let 7 = 0.001. -11; = 100. e, = 0.1. .Ifc = 
- 

value of al1 the eleiiients of the paranieter \-ertor. GI O ) .  t o  1. The gain niat ris.  H. is 

defined as a diagonal niatris \vit11 al1 diagonal eleinents 1. arid t l i r  \vriglit pa ran ic i r r .  

h .  is '30. 



T h e  controller ou tpu t .  ii. the  controlled trajectory of s y s t m i  output.  x 1. and  the 

controlled trajectory in phase plane. x i  - xz. are shown in fig.9.13a-c). respecti\-el).. 

where t he  adaptation process stops at t = 30 sec. The  estimations for t h e  î t a t r  

variable. 1 2 .  a n d  t h e  function. g(x ) .  are shoirn in fig.9.13. respectirely. 

T h e  controlled t rajectorj- converges ver!- u-el1 t o  the dezired t raject or!- and follow 

the  desired t rajectory alter the  adaptation process stops. The training proces5 

for D FLS identifier also converges qiiite n-el]. and t h e  t rained ident ificr predicr 5 

systern staic sat isfactorily af t r r  t he  t rairiing stops. T h  performance o f  t l i i z  sJ-sterii 

is rom parahle to t hat ivhere y is est iniat cd n-i t li i he  self-t i i n i r i ~  iclioriit~. 
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9.10 Experimental Demonstration - Trajectory 

Control of a Mechanical Manipulator 

Consider t he  single link manipu la to r  described in .\ppendis B. which is c h a r a c t e r i z d  

by a *.-er'- flesible link. significant nonlinear joint friction. a n d  an  unkrio~i-n intrrnal 

motor  speed reguiation loop. Our objective Iiere is to cornniand the t i p  of the li i ik 

to folloiv a desired trajector?.. q ( t ) .  b!- using t h e  DFLS adapt ive  control algorithrii. 

The manipiilator is schrmat ica l1~-  shonxi in fin,.!I.l-L. rvherr L = O..?-! ni ic t l i r  

h o t  - h of t h e  b ~ a n i .  c * (  L.  t ) i i  t hr* 1-ihrat ioiial displarcment of t tic t i p  of t Iir Iwaii!. 

<Pi f i i i  t h e  angiilar dit-plareiiit~nt of t hr risicl hocl!. niot iori of t h~ h r a n i .  and  i r a i  i 1 i +  

t lcnoted a- t h e  displac-ein~iit < , f  t Iie tip of t Iir Iwaiii. i.e.. 

F i r  9.14: Illustration of a Single L i n k  .\lanipiilatur 

sured wit h seiisors. tvhile C (  L . t ) is oht aiiied numerical different iat ion of' i n (  L .  t I .  



A s  this  operation niay amplify noise significantl~.. a low p a s  filter is u w d  to filter 

o u t  higli frequency noises. -4 second order lo~v pas' digit al But i ~ r ~ a r t  h f i l t  ~r I i r i  

A I  ATL.4 B ) is used here. 

\\é assunie t liat t h e  _i!-'teni is of t lie following t!.pe 

n-here y repreaents t h e  identifier's output aiid i': t h e  estiniate of w 2 .  Tlic trackirio 

error. E .  and  identification error.  (. arp 



For conciseness of expression. let 

Furt  lier considering eq.i 9.270) Ive ha[-e 

anci let t lie posi t ion paraineters. + , , p .  he. 



In eq.(S.L'TS). xl, represents t he  filtered value of t h e  DFLS input .  x,. thar is. for 

p =  1. .  . . . . 5  . 

A - 
1; = f,i.r,> - 

The o u t p u t  of D. y. is defined via t he  DFLS of eq.19.4). 

D(z'): . ~ = - a ! j - i ~ ~ i z ' ) Y .  

In this equation.  

L 
tvhere x' = {r i .  rl. ~ j .  ~ 1 ) ~ .  I'sing a nunierira1 difference t o apprmiinat  e t lir dftrii-a- 

t ive gires 

where T ia t he  tinie incrernrnt ai a t q > .  



The unknoivn function g is estimated with FLS approach. 

n-here g reprecents the  identifier's output and is the  estimate of g .  The FLS h a i  Foiir 

inputs. s;. r>'. ri. ri. and one output.  g. Three prirnar!. fuzzy sets. B ,,,. p = 1.2.3.  -4. 

- 1.2.3. are defined in a11 the  u~iirerses of discourse in the input spacc of the 17 - 

FLS. Ciaussian type memhership funct ion.; a r e  iised for al1 t h e  primary f i izz~.  wt S. 

which are  thr sanie ai those $\*en i n  eqs.~9.'l79-O.ZSl I .  The adapti\.r Iaii- h r  t h i +  

FLS icc given in eq.(c).43i. 

Thr conininricl volt agra is rest ricted i ~ i  j-;\'. ;\". i.e.. 

C'orrespotitiirigI~.. t l i r  ~iipw\-içor>- corii rol  i ~ r r i i  i +  no7 rivlttir<d i r i  t Iiis coiit roi ~ ! - + ~ C Y I I .  
/' 
d 

Lvt ci = ci, = 111. Sr11 t l i t .  t inici incrcbrritarit . ?'. tc, O.02ti si1(-. t h t a  I,oriric\.: of t l i t .  

gaiil niat ris. H. t o  iw a diagonal riiat ris ivir li al1 diagorial e l < - r i i ~ ~ n i -  q i i i i l  io i. arid 

mat r i s  ~ ~ i i l i  al1 diagoilal clmirrits s r t  to 4. 

Thr fi ltered valuei O C  inputs. .r;. p = 1.. . . - 5 .  arc d e f i n d  a i  

lation of the dynamic niotlrl of t h e  rnanipiilator sperified i i i  s i 4 o r i  <.4.:3. That i ~ .  



the DFLS controller outlined ahove is used to control the trajectory of the manipii- 

lator represented by the dynamic mode1 in section S.4.3 to  follow various siiiiisoitIa1 
- 

t raject ories of different freqiiencies and magnitudes. The final paramet e r  vi 'r tor~. Y 

and G. obtained in t hose simulations are used as initial \-alues in t h e  expr iment  5 .  

The mechanical system is initiail' at rest. i-e.. w ( 0 )  = {O. O } = .  

For a desired t rajectory. 

t h e  conimanci voltage. \ , i .  and t he corit rollrd t ra j~cior>- .  tr .  are h o i v r i  in tic.!]. i i c  a 

h l .  thr est imat ions for variahle ti. aiid f3r fiinction g are 5hoii.n in fi%.!). l6i a-h!. Ttit. 

adaptation process s ~ o p i  ai t = 10 .;W. I r  is we11 f hat the controllrd t rajwtor> 

c o n v e r y  ver!- fast and follo~vs t lie des i rd  t rajectorl- ver>- w 1 i .  

For anot her. niore *-oril plicat 14 rl(*iirerl t rajrrtorj-. 
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9.11 Concluding Remarks 

1. A DFLS based indirect control scheme was developed here via a Lyapiino\- 5)-n- 

thesis approach for a class of nonlinear systenis in cornpanion form. q ( 9 . 1  J .  

Closed loop system performarice and stahility properties are  anal>.oed aricl siim- 

marized in the  form of a theorem and corollaries. whicti theoret ically justifies 

t h e  fact t hat this control scheme enables u s  to achieve satisfactory perfor- 

mancp. e1.m under rat her st ringprit condit ions. 

2. The DFLS bnied atlaptii-e rontrol a1,porithni \vas applieil to îoritrol a \ *n r i t~ t~ -  

of rionliriear systenis. ancl tlir clcasign prococliir~s of DFLS coritrolltw iverc 

illuilt rat erl i n  tlrtaii. I I I  al1 t lie sit iiat iori~. sarisfartory r w ~ ~ l t  P l v ~ r r  oht aillet I .  

aiid t lie effrct il-eness of D FLLi cont rollrrs iii  tlealiiig ivi t l i  coniplcs. noriliiivar 

3 .  In t lie DFLS based arlaptii-e coiitrol algorit l i i i i .  a nieasurablr ~t at t- varialilt~. 

x r .  iras ident ified. instead of ident i i ~ ~ i n g  r h r  tiriknou-n funct ion. / (  x ). a5 in t titi 

case of static FLS based coritrol algorit hms !l54. 1S4i. I t  is casier to acqtiirr~ 

knowledge of the dynaniic beba~*ior  of a nieasurable s ta tc  i-asiahlt~ tliaii to  

acquire kno~rledge about the unknown fiirict ion. f (x 1. ii-liich is iiut clircct 1)- 

accessible t o  us. 

-4lso. in the DFLS baied control algorit hm. tlic 5~-stem cont rol itipiit. il. is 



esplicitly included as an input of the DFLS. where any expert knouledge - 
about the relationstiip betrwen the system input.  u. and t h e  sJ-sTrni st ate. r . ~ .  

can be esplicit1~- incorporateci. This is in contrast to t h e  situation of t lie stat ic 

FLS based control algorithm [I.X. IS-l]. where zi is not esplicitl!- incliidrd aî  

an input of the FLS. 

4. Two approachea were presented to estiniate t h e  unknoivn functioii. g ( x  i .  iii  

eq.( 9.1 ). One is based on a traditional self-tiining scherne. t h r  other is a FLS 

approach. 

Froin ainiulat ion esaiiiples i t  is obser\.ed t liat t lie est iiiiat ion of I l i t .  iiriiiriou-ri 

firnct ion. g .  b>- bot h approaclies re.;ulti; iri corriparahle s!.stern perforniarict iri 

the sitiiaiiori ~ l i ~ s c  rio mper t  kiiowlcv-lge alioiit y ie a\ailal>lr.  

assiimption is not iinrcasonahle. The aiithor tias never encotiritertvl t lie sit i.1- 

at  ion wliere tliis assiimptiori i.; 1-iolated. But. t lie elenients of ttic paranic~tri- 

\-ector. G. are not restricted to have the same sign as g l x ) .  a.: \vas tlie case in 

[lS-L]. whicli would ot lierwise reduce the searcli re:ioii of t lie eleriiciits of G II!- 

half and could result in a poorer set of paraineters. 

If .\ssuniption 9.2 is i-iolatcd i r i  practice. t l i e ~ i .  i t  is necraïar!- to eit h ~ r  ~ iv i t r l i  

to  the self-t uning sclieme wliicli dors not rcqiiir<. t l i i  assiinipt iori t O cst iriiat y. 



or to change t h e  initial values of G and other off-line determined pararneterç. 

and repeat the  training process. 

6. T h e  developrnent of the  DFLS based indirect control schenie consists of off- 

line design (for 0. etc.) .  and on-line adaptation (for Y). In off-line d~ï igr i .  

t h e  number of prirnarj- fuzzy sets for each universe of discourre. as u ~ i l  a.; 

the  positions and shapes of niembersliip functioni for earh priniar!- fuzzy w t  

are to be deterniined. Thus far. nd hor. anal!-sis baseci on ph>-sical intiiitiori 

is required. This current1'- il ;  an active but ininiat tire area of rewarcli. T h t b  

sanir  is also true for n. 1 a otlier off-lirie d ~ t w n i i i i r d  paranictrrG. for 

- 
1 . The iri~portaiiw of i r i i t  ial \-altirs i r i  rio~iliritvir prohleriis i +  ireIl kriuirii. 111 C - C ~  roi 

ç>*st erii desigii. if  ionir  espert  kiiowledgt~ about t lie s!~t eni  is ai-ailahlc arirl i ?  

descril~ed in  the  foriii of liiigiiist ir IF-THES riilr.;. often thc sit iiat ion in prac- 

r ice. the init ial values of the parariiet er l-ector cari l x  assignctl accordiiir!?.. 

Theae i r i i  t ial \Aues are  generall!. I x t  ter t han t hose rantlornly assigncrl. aiid iii 

tiirii. the systeni niay require Iess t ra in ing and disph!. iniproi-cd bel ia~. iui  as 

denionstrateci in the last chapter. In the absence of huniari espertisr.  t liere 

reiiiains no alternat ive to randoni select ion. Se:.ert heless. closecl loop i!-i~ t x i i i  

performance will he  a.; good as specified i i i  T l iwrenr  '). 1. 

S. .An iniportant prohimi in pract ira1 applications is bon- ti, drv l  u.it 11 ~ ? . ~ t t ~ i i i  



and measurement noises. which is not discussed in this n-ork. This remains for 

future investigation. 

9. In the illust rat ive application esamples. the off-line design parameters 1vr.F.w 

selected quite arbitrarily. ivithout a great deal of effort. and t lie?. are h>- nu  

meanc considered to be the optimal. This poses niore stringmit demarids or] 

our identification and control algorit hms. 



Chapter 10 

The Recurrent Dynamic Fuzzy Logic 

System and Nonlinear System 

Identification 

10.1 Prelirninary 

1 1 1  t Ili.: rliapt tbs. a 11-pc of "rcciirrtnnt " DFLS is i i i t  rorliictd i t i i ( l  i r  npp1it.a~ i o i i  i r i  rioii- 

liiitlar '!-?teni itlerit ificat ion deriionst ratetl. As i r i  t h e  pi.t~\-iuiii cliaptcrs. \ i . th  i t x - t  ri<.r 

oui. scope to siriglr out lm fuzzy l o ~ i ( -  <!-steriis. 

B!. a rerurreiit DFLS. or RDFLS. NT rnraii a kirid of DFLS u-liow oiit piit i +  11-t.11 

t o  r e p l a r ~  a plarir s ta te  as ont. of i t ï  inputs. as illusiratetl i r i  fig.10.1. ii.1i~i.c s - 
C 

{ z , .  . . . . s . ~ } ~  E .\' c R." i- t he  plant s t n t î  1-wtor .  u = { u , .  . . . . ~ L . \ I } ~  E I I  (1 R.'! 

is t h e  plant esterrial input vector. aiid y is tlic cs t in la te  of t lie s t a w  variabit-. .ln,. . 

1 5 k 5 S. 

The mathemat ical  espression of t his system is 



Son-recurrent DFLS Recurrent DFLS 

U 1  .' 
O 

u.11- 

x l  
O 

O 

10.1: C'uncept of R D F L S  

RDFLS 
Y 

came as those  i r i  cqc;.i 5.:3-5.1 1. i.e.. 

O 

X.Y - 

10.2 Universal Approximation Property 

C'onsider the  s a m r  nonlinear s?-stem a.: in eq.($.6). i . ~ . .  

A A rl 

ivhere z = {x.u}* = {tl . . . . .  - p l T  E ; c R'. P = -\.+ .II. i-e.. z ia conipocrtl 

of both system states and esterrial inputs.  .r is an!- scalar eleiiieiit of t hr a!.ctriii 

i t a t e  rector. x. a n d  f : R' - R is a continiioii': i t a t i c  rionlinear niap definctl on tlir 

compact set 2. 



Before presenting the universal approsimation theorem for RDFLS. ive first pro\-e 

t h e  following lemma. 

Lemma 10.1 For g i rcn  O ( w )  = {Bl(w) ..... & ( w ) } ~ .  anci w = { i l - , .  . . . . i ~ - ~ } ~  

Z c R'. whcrr 3 is a compact set. therc ~ r k t  positirc constnnts c , .  i = 1. . . . . 1. 

such that 

Proof: 

Froni cc[.( lO.:!). i t  iz clcar t ha t .  for i = 1.. . . . 1. H l (  w 1 is diffprrnt iahle \vit h respi)rt to 

al1 t h e  elenierit s of w aiid t hr tlrrit-aiil-es art. I~oiiiitletl. RJ- t i i ~  nirari \-alii(~ r I i v ~ r v i i i  

of n~iiIti\-ariahlec;. t  heri. for i = 1.. . . . 1. 

Froni cc[.( 10.6 1. u-t lia\-c 

Let .  for p = 1.. . . . P.  



and let 

t hen. 

Si nce 

This completes t h e  proof. 

Sest . ive p r ~ s c n t  t h e  u n i \ w s a l  approsimatioi~ t lirurmi of RDFLS.  



Theorern 10.1 For a n y  E > O. t h ~ r c  ~ r i s t s  a RDFL.5' in t h r  forni o/rq./IO.Ii. ir i th  

w d ~ f i n t d  o n  n compact set 3 c R'. such thn t  

Proof: 

Rewri te  eq.( 10.4) as 

J. = - a s + a x +  f t z )  . 

The solut ion to eq.( l O . T I  i.; 

or. 



It is straightforward to verif>- tha t .  for €(O) f 0. V > O and 

t hat 

Referring to Lemma 10.1. t h m .  

Sirice 

use of eq.( 10.131 ) in ( IO.:IO 1 yields 

Let  



t  hen 

This cornpietes the proof of Theoreni 10.1. 

Alt hough t his t heorem rei-eals the uni ïe  

- 
b .  

rsal app rosirnation property of a RDF1.S. 

it only indicates t h a t  a RDFLS can be a universal approsimator. wit tiout providing 

an!. guidance on how one might const ruct such a RDFLS ro approsi t i iat~ a $\-en 

physical s>.st em. In the following. Ive address t his lat ter point II!- de\-elopi ne a 5t  ahlr 

identification algorithm t hat ic: based on RDFLS. arid ic applical>le to a large cla+ 

of rionlinear s>.st ems. 

10.3 RDFLS Identification of Nonlinear Systems 

10.3.1 Preliininary 

RS 
f i  - 

\ v I l t ~ ~  x - {.ri . . . . . .(.,y } E aiid u = { u l . .  . . . o l l }  t R." a ~ x ~  1 1 1 t h  s t a t tb  i-tbctoi- 

and esterrial input i-ector of tlie pli>-sical prucess. resp~ciii-el!.. .\- arid .II reprtsscrit 

the total ntrrnhrr of states arid esterna1 inpiit.;. F : R."-" - R-y is a cont iriiioiic; 

nonlinear i-ector funct ion defined on a compact set 3 c R\'+-". \\é t a h  awiiiipt iori 

S. 1 to hold for t hi5 systeni as ivell. 

\\é can rewrite eq.( 10.35) into a set of state eqiiat ions. i.e.. for b = 1. . . . . .\'. 

n-liere fk : + R  

set 3. To identif>- the k 

is a rontiniious rioiilinear ftiiictioii rlrfiricd on t 1 i ~  (miiipac-i 

t h  state. xi. k f { i .  . . . . .Y). a RDFLS in forni of NI.( i O .  1 i 



is used. 

where ac is a positive constant. Ot and Yi. are as defitied in eq5.c 10.2-10.3). arirl 

n T *  c 
w = {u*].. . . . t r p }  = {il.. . . . zk-1. yk. x , + ~ .  . . . . x,y. 2 1 1 . .  . . . i-e.. ci.& = p k .  

which is t h e  ertimate of xk. 

Again. as in t h e  case of the  DFLS i r i  section S.:{ .  the RDFLC; of eq.1 10.3; 1 i' 

- 
chararterizetl b ~ .  t lie fret. design parariiet ers F,, . njP. ancl n 4. u-liri-i. i = 1 . . . . . 1. 

p = 1.. . . . P. and j ,  = 1. .  . . . .J,. a i .  t i a i r l  t a .  O p = 1..  . . . P.  i I i i 1  

- - 
ive11 as the pararnrter a are designrd off-linp. Ira\-iiig only Y ,  = {ïj,:, . . . . . !,,,}' a- 

a n  ori-line acljtist ablc paramet er t-cctor. 

10.3.2 Adaptive Law and Stability Properties 

Let t hc  identification error of t lie stare 1-ariablc. . r k .  11c 



where Hi, is a constant positive definite symrnet ric mat r i s .  5k is a switch defirid ail 

1 ,  is a positit.e design paranieter. and .jk is a positii-r design parariir.irr rtiat 



10.3.3 Proof of Theorem 10.2 

A Proof of Theorem 10.2.1 

This is similar :O the  proof of Theorem S.?. 1. and therefore. i t  i i  omit retl herc.  

B Proof of Theorem 10.2.2 

Let 

i ici .  13 

-= 7- 
ii. = -o;t~, - O ~ ( W  )pTk + Y, Po, + r k ( x .  U. 0,. Y,) . ( 1 (J.-Ifi ! 

ancl z = {x. uIT.  



Consider t h e  Lyapunov funct ion candidate 

Its derivat i i -e  is 

1;- = f k ; k  + AL . 
Yk 

- 
1--sing eq-i' 10.46 ) in ( 10.49) and coniitlering Apk = Y I  results in 

-r 1 1 -  1 - - ,  
Y,+, = , 1 PT& 1 -  -- - 1  y;. - -- ' Y ;  - .  - - ) - 

Reorganizirig indi\-itlual terms in eq.i 10.E1-l) protliices 



Since 

or. 

50 tha t .  



where AmaX(Hi1 ) is t h e  maximum eigenvalue of mat r i s  HL'. 

Vsing e q d  10.55-10.56) and ( 10-62-10.63) in ~ q . i  10.54) yieldc 

7 
Y 

h- = niiii{ ni,.. 



Substitution of eqs.( 10..56-10.57) in eq.(10.69) gives 

By Lemma 10.1 we have 

a 
iviiere c = { c l . .  . . . cc}T .  \i.lios~ e l c r r i ~ n t s  are pocit i\.e coriitarit 5 .  I-w of m1.1 10.72, i r i  

- T  
( 10.70) a n d  lettiris Bk E 1 Y, 1 - cl ~ P S I I I I S  i n  

t hen 

where a and b are constants. 

If ri(!) E C r .  theri by eq.( l0.77j. r r ( i )  E L2.  BJ- Throrern 10.2.2. n.r kirou- i liat 

f k ( f )  is boiindeci. i.e.. e k ( f  J E Ls . Therefore. c k (  t f ( L I  n L ,  i. Froni cr1.i 10.4ri i .  

t h e  boundednesç of ik can be concluded. since al1 the terms on the right Iiand sitic 



of t h e  equation are bounded. That  is. ici t ) E L x .  By C'orollar>- 2.9 in ;11-1:. - .  ive 

conclude t hat 

lin1 1 e k ( t )  != O . 
t - s  

This completes t h e  proof of Theorem 10.2. 

Illustrat ive Applications - Identification of 

Nonlinear Systems 

Example 1 - Identification of a Simple Nonlinear 

System 

Let 

w { l l ) .  r 2 j T  fi {,y. t l y -  . 

-4 RDFLS identifier. F. is used to ideiltif>- r.  i.(l.. 

y = F ( w i j .  

n-here w' is the f i l t e r d  ialue of W. i v i r l i  t lie prrfiltrrs tlcfirid as 

3 
1 - 4 ) -  4 -  

- 3 . 



y is t h e  est imate of r .  and is specified by eq.( 10.1 ). 

The estimation error. e. is defined as 

F has  tu-O inputs. w; and u*;. a n d  one output .  y .  In bot h universes o f  t l i~coi l rw of 

- input variables. sel-eri priniary fuzzy sets. .-ll,, and  .42J2. jl = 1. . . . . 1 .  jL = 1. . . . . i . 

are defined. Gaussian t!-pe menil~ership fiinctionç are ~isetl fur t l i e  priniarj- ftizz?- 

set 5 .  

In t his RDFLS. eq.( 1O.S:I ) .  

a n d  



and for i = 1.. . . -49.  p = 1. '1. 

The  free parameter vector. y. is adjusted with the  adaptii-e larv. eq.(10.:391. i.e.. 

In coniputer implementation. t h e  derivatii*e is approsiniated b?- a difft:rerice. tlicrc- 

fore. 

as a diagorial rnatris n-i 

parameter vector. -\IV. 

to be iclcritified ic; initia 

11 al1 diagonal elenieiitc eqiial to 175. Thc lioiinrl of i lit. 

A i. 

i~ set t< j  10.'". Let  o = 10. anci 1i.r aisiiriic thc -1-5tcrii 

1!- at rest. i.e.. .ri O i = O. For inpilt rl = siri(O.1 ;T/ i. t 116. 

10.4.2 Example 2 - Duffing Forced-Oscillation System 

oscillation System [IS-lj. 

Our objective is to identif!. the state variables. .rl and .r?. 1))- ~is ino  t hr RDFI.5 

identification algorithni. .As in previous siiiiulat ion esaniple-. t lie s>-sterii dj-ilaiiiic 

mode1 is treated st rictlj. as a black bos. 



C Identifier Output  ( y 14 

0 1 
O 50 1 0 0  150 200 250 300 350 400 450 500 

t ( sec )  

( . \dapt a t  ion Terniiriatcs at t =400 sec. 

Figure 10.2: Iclcrit ificat ion of .r wit 11 RDFLS - es am pl^^ 1 

of WI;. k = 1.2.  Bot h ident ifiers. Dr, and D r 2 .  have t hree inputs  a n d  otirL oiir p i i t  . 

The identification errori. c 1 a n d  6 2 .  are definecl as 

A RDFLS Identifier for xl : Dr, 

In al1 t h e  uniwrses of discourse of iiipiit variab1e.i. filme pririiarj- ftizzy a c t b .  . - I i J r .  

p = 1. '1.3. j, = 1. . . . . 5 .  are defiiied. Gaussian type  nienibersliip fiiiirt ions arc i i d  



for al1 the primary fuzzy sets. n-hich are  the same as t hose rlefined in eq5.i 5.74-1.76 i. 

The prefilters for ut l l .  uei2 and u-13 are defined as 

The output of D;. . y l .  is specified b?- the RDFLS of eq.i 10.1 1. i-e.. 

where T is t h e  t h e  increniental step and is set at 0.1 sec. The ii i i t  ial i-aitics of t 1 i o  

elenieiits of t h e  paraniet er i-ec~or. YI ( O  1. are assigiietl rantloiii niliiiheri 1iiiifuriii1~- 

distrihiited i n  ( - 1 .  1 ) .  The p i r i  niatris. H i .  i -  tlefinrtl as a diagonal r i i n r r i s  \ \ D i t  II 

al1 diagonal elenients  ci to 100. Thc boiiiid of the paranieter vcctor. .lly:. is 5t.t 

A 
to 10" Let a l  = 10. ancl ive assume the sysrerii to be ideritifid is initial!!- at rf.51. 



For t h e  input u = s in ( t ) .  the  svstem trajectory in s t a t e  space is shown in fis. 10.3. 

and the  identification processes for r l  is shown in fig. l0.4ia 1 .  irhere training end.< 

at t = 50 sec. I t  is seen that  the  convergence speed and  accuracy of the  traininq 

process are quite sat  isfacrory. and after t h e  end of training. t he idrnt ifirr prrr l i r t  5 

the  system state. XI. t-ery well. 

B RDFLS Identifier for .r- : B=., 



The output of Dr,. y?. is defined wi th  t h e  RDFLS of eq.i 10.1 ). i.e.. 

where O z ( w z ~  and Y: are t h e  sanie as those defined in eqr;.(10.39-10.101). Tlit. 
- 

parameter  rector. Y?. is adaptively adjusted w i t  h t he  training la\\.. NI.! 10.3!3 i. and 

ive appros imate  r he derivat ii-e b>- a difference so t hot 

\ - \\e set t h e  time increnient. T. to O. 1 WC. ancl let n2 = I O .  The initial \ .ali iw of' T l i ~  

dist rihiitrd in ( - 1. 1 ) .  Ttira gairi iiiat r i s .  HL. ia defiriecl a. a diagorial iiiat r is  wit I I  al1 



5 

d Identifier O u t p u t  ( gl 1 - 
- I - - - - - Plant ,Outpu! ( x  I , 

1 

I 

, I 

-50 1 O 20 30 40 50 60 7 0 

t ( sec )  

i a ) Itlcrit ificat ion of S t a t r  1-ar ia l~le  

t ( sec )  

( h l  Identification of State  I'ariablc .r2 

( Adaptation Terminates at t =50 sec 

Figure 10.4: Identification of State I'ariahles \vit11 RDFLS - Esariiplr '2 



10.5 Concluding Remarks 

0 The RDFLS has been shown to possess t h e  desired uni\-ersal approsirnatiori 

capability. just as the static FLS and DFLS. 

0 -4 RDFLS identification algorithm was drveloped and  describrri h ~ r e .  \i-liirli 

can be used to identiiy a large clacs of nonlinear  d~snamic SJ-stenw. i v i t h  idrn- 

tifier stabi1it~- properties specifietl in Tlieorem 10.2. and  applirationc rleriiori- 

st rat ed in simulation exam ples. 



Chapter 11 

Conclusions and Suggestions for Future 

11.1 Conclusions 

The main o1ijccti1.r of this irork \\-ai; tu  d~\-t . lop t'fT~*c.til-c' ~ L I Z Z J -  logic- apl)i-oa(-lit+ fcjr 

idciit ificat ion aiid c-ont rol of rert ai n t ~ - 1 ~ s  of ill-<li$iiierl. noriliricar- rl~-riariiica 1 s!-;t ~ 1 1 3 .  

Tliis iil)jrct ive iras ~ticl-ec;.~ftiIly achi~t-cc1 in t I l i ?  re+t~;ti-c-Ii t hioiigti in\-(1st ieat iori (if ;t 

broari rarigc of topici iiirliidiit~ f i izz~.  logic ->-SI t.1115. riorilirit~iir ç>-+r t.iii i t l r r i t  iiica t i o i i  

a~icl arlaprivc contiol. T11c ~i ia jor  accorlil)li.;iiiiit~i~ts a11d 0 1 ~ ~ 1 - \ - a t  ic111ci art' s ~ i ~ i i n i ~ i ~ - i ~ t d  

as folIo\\-s: 

1. In appendis -4. a dynaniic mode1 of a fiesil>lr siiiglr liiik rohotic riiaiiip~iiaioi- 

ii-ai de!-elopecl intl~perirlenr 1 ~ .  in t hi' ivork. . i l  t lioiigh prrsmt et1 as an apl>rridis. 

it is an integral portion of th is  research l~ecaiise i t  pro\-idcti riot oril!. ail inipor- 

tant vehicle for siniulat ion and esperirnerit al deinorist rat iori of the t titwr-!+. l ) i i ~  

t h e  derivat ion proces': itself alsü p r o v i d ~ d  nlurh irlsight into t lie innt l i t ~ i ~ i i i t  i{.ill 

niodel and pro\-ided clues for t lie formiilnt ion of t h e  rewarch plan i i i  t llr rarlJ- 

stages of t h i l  work. 



The approach illustrated key assumptions used to ohtain a linear dynamic 

mode1 of the  system ( not -et considering t h e  highl). nonlinear joint friction I 

which is used in controlier design for Aesible link manipulators and can b e  

solved by standard mathematical approaches. such as modal anal!-sir; and ot li- 

ers. It is known t hat some of the effects generally ignored can br crucial for 

successfiil coritrol in certain situations. This inspired us t o  invest igate idarit i -  

fication and control app roache~  wiiich do not esplicitly rrly on a c c ~ i r a t r  aritl 

t ractahlc .;>-stem niar heniat ical nioclels. 

Ohsen-ing t lie fact ttiat a huniari e s p ~ r t  is ahlr to coiirrol mari!- \-Cr?- corii- 

plicated s ~ ~ t e n i s  oiil!. t hroiigli arcii~iiiilat ion of expert iw. n . i~  lioiit nrc-rwari1~- 

knowirig t heir mat lieniat ical niudeli. i t  \vas deciclcd to  in\-rst igatc t l i ~  ftizz>- 

logic approach for ident ificat ion and cuni rol of ill-clrfiri~d. iioiilinrar cl!-narrii(- 

s!-stenii. because tliic approacli pro\-itlrd J far t l i r  i i i w  t+frbcti\-~ ilitwrrii- 

cal franirivork to ~!.ctt~riiatirnll!. irirorporatta hiimaii liriqiii-t ir iriforriiat i o r i  i i r i ( l  

esprrb' i t  in mat licriiat ical t rrriii. 

2 .  Two on-liiie qiinrit itat i l - t .  riicJa.iii.c';. t l i i t  ( '1 and FDI. \i.rarc i i i i  roiiii<.r.(l i r i  - t ~ t  i o i i  

3. l for IF-TI-1ES riilc p~rfuriiiaiict. i i i  E U Z Z J -  logic -!-st~iii~.  ~ l i i t - 1 1  <-ni1 iii~Iii.ait~ 

crrtairi prol>lt.nis in a iuzz!- riilr I>aw. *ticLi a' iiimiiil>lrt 4 ~ 1 ~ 5 5  or i i i i e i - t b r i  ~1iai.t. 

of usaga of indi\-idual rules. \\*il h t his inforniat ion. s!-stem opcsaror-; cari 

be irarnetl of these problenis and takp corrrsponding n i r a s u r ~ i  in tiriir. i<j  

that the resi~ltirig fuzzy logic systenis a r e  espected to  he niorr relialjlr. I I I  

addit ion. t h e  implenientation of the indices produces lit r le extra coitipiit at ioiiiil 

burden. Surnerical esaniples were presented to dernoristrate applicar ions of 

t hese indices. 

:3 .  .A stat ist ical confidence Ineasure. t hc confidence inter\-al. was; i r i t  rcsclticrd iri 

section 5.2 for the fi izz~- logic s!.stems used i i i  funct ional approsiniat ioii prol>- 



lems. whereby the  approsimation accurac?. of hot h 01-erall FLS out put and 

prediction of individual IF-THES rules can be rneasiired and analywci s t a t i -  

t ically. Surnerical esamples ivere also present ed to demonst rat P applica t ions. 

4. Simplification \vas made of fuzzy inference computation in section 5 . 3  for a11 

important type of FLS. and signifiant increase i r i  calculatio~i s p e d  of fuzz!. 

infererice ivas obserïed. ivhich is especially important for on-lirie iderit ificat iori 

and control applications. -4 closed form espression for the boiirid.: of r iiv 

simplification errors iïas deri\-eci. and  the 1-allies of t lie errer hoirri43 ivcrc> 

tabulateci for applicatiotis of poteritial interest. 

6. \-ia esperinierit~. tlie eriipirical fiizz?- lusic cont roi appi-oach ivas co~iiparwl t o  

PD control approach in section 6.4. I t  wai: ohsrrved t hat  a11 hoiigii i i i  w i i i r b  

simple cont rol tasks t lie results of t lie fiizz!- logic approacli \ v t w  oril!. cligiit 1 ~ -  

bet ter t han t hat of the PD approacli. for niore coniplirated sit iiat ion.: tiiiiiiaii 

expertise coiild be of niucli niore significance fi>r s~iccel;sfiil con! rol of r li+r 

coniples systerns. ivhere the simple PID control approacli niight not work at 

all. -4150. the design procedort~c: of FLC and P ID coiit rol are fiinclaiiimt ally 

differerit. The latter is basically a trial and error approacli. ivhilcx tlic FL( ' 

approacli provides a syst~rnatic franiework to esplicit 1 ~ -  iricoipnratt~ tiririiaii 



expertise in the form of IF-THES rules. rvhich can be rationally set 1111 and 

rel-ised. Furt hermore. t he  fiizz!. logic control approach h a i  the potent ial tu  I)r 

furt her del-eloped into an effect i re  approach for dealing tri t h highly nonlinrar 

and ill-defined systems where the  orerall syst em st abili ty propert ies and per- 

formance cri teria can be  t heoret ically anal>-sed and adapt i i.el~- adj rist ed .  On 

the ot her hand the PED approach int rinsically 

for stabilit>- analysis in t hew situations. wliich 

lacks means of formal 5'-nt liesic; 

often Iiniit s i t s tiscfii11icc;i;. 

S. I r i  section S.?. a no\-rl fiizz?. lozic 5!-5te111 5tru(-ture ivliich is chararierizwi I)!- 

it F d!-naniir feat use. \vas propuird. and its uni\-ersal approsiniar ioti prolwrt  

proi-ecl. This neiv d!.naniic fuzz!. logic ~<ysteiii (DFLS 1 is helic.vetl to be iiiortl 

naturally integraiecl iiito tlyianiic systenis antl to niakr ljrtter i ir  of i r i i t - i i i c ; i t .  

dynamics t han does t h e  convent iorial st at  ic \ -er~. io~i .  

9. .A DFLS h a d  stable adapt  il-r iclent ificat ion algorit hrti i r a .  de\-<~loperl i r i  sec- 

tion S.3 via a Lyapuiiov s>-nthesis approacli. ivliich e ~ i a l k  DFLS idrritifiers 

to identify a large class of norilinear dynaniic 5)-steiiis r~liahl?.. 



In section 8.4. the DFLS based identification algorit hni was applied to ideri- 

tify a varietu of nonlinear systems. The design procedrires for these DFLS 

identifiers rvere demonstrated in detail. and in al1 applications satisfaciory rr- 

sults \i-ere obseri-ed. which illuctrates the effectiveness of t h e  DFLS ident ifici- 

in d ~ a l i n g  with cornples. nonlinear dj-namic systems. 

DFLS ident ifiers were also coniparetl wit h static FLS idrnt ifim-5 i suhsect ion 

S.4.Z I via a sirnulat ion rsaniple. and brt  ter perforniarice of r lie DFLS ideiit ificr 

even 

\v i t  h 

siniii 

1 1 .  I l l  cl 

The closed loop systeni perforniarice and stahilitj- propertier rwre analyst4 

and siimniarizrtl in t l ir  form of t tieormis and corollaries. u-liirti i h ~ o s ~ t  ic-all!. 

support the  obscr\-ed resiilts t hat t h i 5  cont rol schenie enal~lerl 11s t O art i i r \v  

reliahle perfornianw even under rat lier st riii_oerit co~itlit ions. 

12. Tivo approaclies u - ~ r e  p r ~ s c n t r d  in sm-t ion 9.5 to r.;tiniatta t l i r  iiiikiio\i-II fiiric- 

tiori. g ( x ) .  in eq.(ll.l 1. One is hased oii a traclitional self-ttiriiiig scliciiit.. t l i t .  



other  is a FLS approach. 

Generally cpeaking. i f  there is no esper t  knoivledgc ahout  g availnl~lv t h c  

former approach may be more  appropriate.  since it is more st raight forivard a n d  

computationally simpler. If t h e r e  is such e s p e r t  l i n o n - l r d g ~  a\-ailal>it- t h .  FLS 

approach ma>- he bet ter. because i t  can esplici t  1)- incorporate t hi i  krioivlcrler* 

and produce bet  ter  initia1 values. 

13 .  The DFLS hasccl arlapt ii-e coiit rol aIgoritlirii [vas applierl ro rorit rol a rarirtt!- 

of nonlincar systems (sectioni 9.9-9. I O  1. Tlia tiesigri p r o d i i r c >  of 1)I'I.C; (-ori- 

t rollers iverc i l lus t ra t~cl  i r i  dct ail. Iri  al1 t lie si t ~ t a t  ions c;at i+factoi-!. re.-1111 c; i n s i - t b  

o h ~ e r l - r d .  and t l i ~  effwt ivenra?; of DI'I.5 rorit rollcr. in  tlrnlirig ivi t  li coriil)lt.r. 

nutil i riear s>.~;t eriic; iras rleinorist rat w l .  

i l .  In  t lie DFLS b a d  atlapti~-rl  ront rol algorit hrii a nitlaiiirahl(h ~t attl i+ariolilt~. 

r.y. ira' itlent i f i r r l  rarher t liari ident i f ~ q i r i o ,   th^ unkrioivri fiinri ion.  fis 1 .  a.: i i i  

t h e  case of t h e  s ta i ic  FLS haaed coritrol alooritlini. I t  is caçicr tu a(-qiiirc 

knoir1etl;e aboiit t h e  d!*tiarnic bellai-ior of a iiieasurablr ç t  a t e  variiil)lv t Iiari 1 0  

acqiiire knowledge aboiit t h e  urikno\i.n funct ion. f ( x ) .  niiicli is net clirt'ct 1 ~ .  

a c c e s i h l e  to US. 

-4150. in t h e  DFLS baseci cont rol algorit lirii. t h e  s~-s te i r i  ruiii rol i r i l ~ i i t .  ( 1 .  i~ 

esplici t ly includecl as an input  of t h e  DFLS. w h e r r  sri!. r s p r r t  krio~i.lrrlg(~ 

abou i  t h c  relat ionchip het ~ V C P I I  t h e  s>.stmi inpu t .  u .  arirl t lir. s!-..tt~ii -1st 0. 



can be esplicit l?. incorporated. This is in contrast to the situation of t lie i ta t  iz 

FLS based control algoritlim. where u is not esplicitl!. included ai an input of 

the FLS. 

1.5. In chapter 10. a recurrent DFLS. RDFLS. \vas introdiiced and its iiniwrsa 

approsimation property pro\-cd. -4 RDFLS based stable adaptive identifica 

tiori algorithm !vas furt her developed and its stability properties irive.;t igater 

t heoret icall~-. 

16. The- appiicat ion of t hr RDFLS iderit ificat ion algoritlini to iiut!liiirar s>--t t b i t i -  

[va': demonst rater1 in wction 10.4 i-ia siiiiiilat ion esarnplrs. and sat isldct or>- 

result.~ were observeci. ivhich iritliraterl tIir potent ial iisefiilri~cs of t 1 1 t h  

in t tic. ident ificii~ ion of riorilirirar s!-.;reriic. 

For a ~ 4 1  trairierl RDFLS i<leiit i f i r l i -  urir of its proprrt ie> i5 t liat . i r  ( 1  

11.2 Summary of Major Contributions 

1. .\ novel d ~ n a n i i c  fiizz~- logic s ~ - s t  mi ct ruct tire. t lie DFLS. \va.; pix)pri$th(i aiid 

iis uni\.ersal approsiniation propertJ- proved. 

'2. .4 novel DFLS based adapt il-e identificatioii algorit hni i ras tle\~lol)ml aiid i t 5 

stahility properties t heoreticall~. anal?-sed. Its application ro ~arioi is  iiuiilirirar. 

ill-defined dynamic s!-stenii !\-as dernonït rat ed. 

3. .A no\-PI DFLS based indirect atlapt i v e  control algorit hiil f<ii. a clas- of iioriliiirai. 

systems in companion forni na- developetl and its siahilit?. proprrt iw r l i t ~  



ret ically analysed. Its applications ro various nonlinear. ill-drfinrd djmaniir 

systems was denionstrated. 

4. Two approaches. a self-tuning and a fuzzy lojic approach. tvere presrnted tü 

estimata t h e  unknown function. g. in the DFLS adaptive control algorii hm: 

each has its respective adsantages in different s i t i ia t ion~.  

-5. A reciirreilt DFLS striict tire. t lie RDFLS. was int rodiiccd and  i t 5 uni t.c~r-r;al 

approximation propertJ- pro[-ed. .\ RDFLS bawcl a d a p ~ i \ - o  idcrit ificat iori iilro- 

rit hm \vas al50 de\doprr l  antl i t i  z t  ahiiitj- p r o p ~ r t  ici t h ~ o r e t  icaII>. i r i \ - r - i  ieni <. f i .  

Its applirat ion t u  i-arioiia rioriliiicar cl!-iiaiiiic i!-sterii> [vas ~ i m i ~ ~ i i t  rnt t v i .  

S. \\è oiniplified f u z z ~ .  infcrrrirc calriilat ioris for an inipoii aiit t ~ - p ~  of f ~ i ~ g .  loti(. 

systern antl tleri~*ed c l o w ~ l  forni espressions for t h e  hoiintl- of sinipliti(-atim 

errors. antl tabulatecl t lie i-alurs of t Iie boi~iidi of errorc for pot erit ial prn(-i ical 

applicat ioris. 

9. -4 statistical confidence nieasurr. t he  confidence inter i~i l  for fuzz!. logir c ~ - +  

teni': i ras introdticed and us rd  in function approxiniation problr i i i~.  irht-i'f~ r l i o  

approsimat ion acctiracy of hot 11 01-erall FLS out put  and p(y-fc,riiiaiic<~ of iiidi- 

\.icliial IF-THES rules can he s t a t i ~ t i c a l l ~ .  riieasurcd antl anal!-~(1. 



10. \\é introduced two simple on-line quantitati \-e niensures. the CI and FDI. for 

IF-THES rule performance in fuzzj- logic sxstems. which resul t ed in increawd 

reliahili ty  of the  corresponding fuzz>- logic sl-st ems. 

1 1. i4.é developed a d!-namic mode1 for a flexible single link robot ic nianipiila- 

tor. and esplicit ly indicated assurnpt ioris needed to obtain t hc ividely i i d .  

mathematical1~- tractable linear moclel. 

12. \\é conipared. 1-ia esperinients. ttir erripirical fuzz!- logii- rorit rol approarti \vit  I i  

tradit ional PD ront ro1 approach. 

13. \ik ronipared tlic resiilts of DFLS i d ~ n t  ific-rs ,vit h t how of star ic FLS i ~ l t l i i i  i -  

tiers. 

17. .-\ mechanical siriglc link robot ic mariipi.ilator. uliich coiilcl iw rorit i-ollivl aii- 

tomat icall?. h ~ -  coniputer arid/or nianual1~- bj- a huiiian operat or t 1iroiigIi a 

joystick. tvas dei-eloped. I t  sen-ed as a realistic esperimental testbec1 for t l i t ~ -  

oret ical deyelopnient5 on ident ificat ion and cont r d .  

1 S. \\è del-eloped rel~i-aiit soft ivarc packages in t lie course of t l i i i  rewai-cli. T I i t w l  

incliicied commiinicat ion software lwt n-ren cont rolIt-rs. scnsorc arid act ua t 01-'. 

and grapliics softtvarr for real-tinie on scrrcri display of iiiput aii(4 oiitpii: 



samples of both controllers and t h e  plant.  The la t ter  ivaz essentiai for arqii ir i~i ,  

knoivledge of the  SJ-stem dynaniic behavior. 

11.3 Suggestions for Future Work 

In t h e  aiit hor'a opinion. t h e  following st  udies a r e  iiecessar?. t o  r e f i i i ~  t h e  currerit 

research. 

In\-esrigate the  effert.; of s!-.;tern aiicl nieasurerticnt rioiwi. or1 s!->tt'rii p * ~ . f o r -  

niancc. arid &\-elop measiirrq t O diniiriiih t heir posi;il)lt* ilet ririierit al t k f r t v - ~  -. 

0 In\+est igarr  t lie effecrc of sariipliiig pci-iod on s>-st erri t ahili t ~ -  pr:)pixrt i c ~  

0 Fiirt lier iri\+estigate t h e  quantitati\.e nieaslirea. CI and FDI. and  t lit. st at  ist i -  

cal confidence niensurta. confiderice intrr\*al. to understarid arirl rclaic 51)iv-iiic 

values of t hese indices \vit h f i izz~- logic s!.ct ern perfornianre. 

Integrate o t  her types of seiisorz \vit li  higlier striiplitig rat e s  iii t lie esporinit~ii tal  

tesibed t O replace t lie ciirreiit ~ i l t  1-asonic rerisoi-. n-liost. niasiiiial eariipliiig s a t r  

is only 50 HZ.  



Deyelop intelligent hyhrid q-stems which combine t he  methodologies of fiizzy 

logic. artificial neural networks. and genetic algorithnis. 



Bibliography 

[ l ]  .-\liharzatleh-Totonchi. 11.- R.. Jamchitli. 11. ancl I ' ad i e~ .  S. ..A Micrarcliiral 

Fiizz!. Controller I'sirig Linc-C'urïature Extraction for a Single Link Flrsi-  

blp Arnl." Prorctdir~~a of IEEE Infrrrintionnl (-'»nff r r  a u  o n  Fil::!, .5!l.sfr in- .  

Orlando. FL.  lY94. pp.5'14-529. 

2 , . l a  A . .  -.Force C'ont iol of Flesililt~ .\IariipitIators." Depart i i i r i i t  uf !tItl- 

clianical antl A ~ r u s p a c e  Eii$iircriiig. C'arlct or) I 'ni\-ersit!.. Ottawa: Ph. B. Di.+- 

.icrtnfion. 1997. 

[ A )  .Anderson. J .  antl Rowifeld. E. .\4 11 rucornpciting: Fou iidatio r1.4 01 Rt .+r ri rrl!.  

Cambridge: The MIT Press. 1W9. 

[5 ]  Antsakiis. P. (ed.  ). 5peciaI Issue on Seural S e t  rvorks in C'oiit r d  S ~ - c t  mis." 

IEEE Control Systeni.< .\laga:inc. \*ol. I O .  Xo.3. .April l!JO0. pp.:I-,$;. 

[6] .\ntsaklis. P.. **Seural S e t  works for Cont rol SJ-st eriis." IEEE Ti-riri-nrt ton.+ 

on .Yciirnl S r t r r o i k ~ .  \'oliime 1. I o .  2. Jiiiie 1090. pp. 242-2-14. 



[SI Banks. S.P.. 3 J a t h c m a t i c a l  T h m r i e s  of .\enlincor Systcnl.~. London: Prrticr- 

Hall In ternat  ional. 19M. 

[9] Barhieri. E and Ozginer .  C .. -*l'nconst rained nritl C'onsr rained llorlr Espail-  

sions for a Flexible Slewing Link." Jourw«l  o f  Dynnniic S p t r  r r i z .  .\Jfnrir rr- 

m f n t  crnd CBntrol. \alunie 110. 30.4.  Decen~l jc r  1 ! M .  p p - 4  1(;--1'11. 

[14] Billiiigs. S..\.. "Identification of Sonlir iear S>-st eiiis - .A Sun-ej.." Prrm < dirr!p 

of IEE. Part D. Vol. 127. 1980. pp.272-2Srj. 

[I5] Bird\rell. .J.D. and  \\*ang. 1-.. .'Lyapii~iol. Sto1,ilit~- ;\iial!.si.: of l ; ~ . . ; t e i ~ i -  1 'siiie 

the Fuzz~- -P iD  C'ontroller." Pwrr r d i n g . ~  O/ 199.,' .-1 rnr r-icnr, Corit m l  C'oriJt 1.- 

mm. Baltimore. .\Iar!-land. 1904. pp.96li-970. 



1161 Bisiras. S A .  and Klafter. R.D.. **Dynamic Slodelliiig and Opt inial Cont rol 

of Flesil~le Robot ic .\lanipulators." P r o c e e d i n y s  O/ 19Pri IEEE t n t t  rriatio nnl 

Controi Con fwence on Robotics and .-l utornation. Philadelphia. Penns>.I1ania. 

.\prit 198s. pp. 15-20. 

[ l ï ]  Bonissone. P.P.. Badami. \'.. Chiang. 1i.H.. Kheclkar. P.S.. Sfarcelle. li.11'. and 

Schut t en. S1.J. -1ndust rial .-\pplications of Fiizzy Logic at Genesal Elect ric." 

P i v c c e d i n p  of IEEE. \*ol.P3. .\'o.:). Slarch 199.5. pp.430-46.5. 

[21; Braae. 51. and Rut lierforci. D A . .  s .Fi izz~ .  Relat ion5 i r i  a C h r i t  r d  Sei t iiig." 

I i g b t r n c t r . ~ .  \oluriie 7. So. 3. 1 9 X  pp. i S.i- 1 S. 

[221 Braae. 11. and Rutherford. D..A.. ..Theoretical and Lirigti i i t  ir. .-\ipr~ci.i of t l i t .  

Fitzzy Logic C'ont rollrr." -4 u i o m u t i ( ~ ~ .  \-01.13. So.5. 1!17!). 

!23j Bradj-. G.S.. aiid C'lauier. H.R. .  .\lotcrirris HnrrdbooA.. 13t 11 Ed.. .\fcC;raii-- 

Hill. 11ic.. 1991. 



Bristol. E.H.. .-The Exact Pattern Recognition .-\daptive Controllers. ;\ 1.-wr- 

Oriented Commercial Success-' . in Sarendra. 1.i.S.. ed. -4dapt i rc  a n d  Lr<irrii rig 

Systems. Sew York: Plenum Press. 19S6. 

Burr. D.J.. -Esperiments on Seural Set Recognition of Spoken and \\'rit 1t.n 

Text..' IEEE Trans. .-lcoust.. a p e f c h .  Signal Pioccssing. \'ol.36. So.7. .JUIF 

Cannon. R.H.. .Jr.. a n d  Schmitz. E.. "Iri i t  ial Espcrirnerit .; or1 t hc End-Poin t  

C'ontrol of a Flesihle O n e - L i n k  Robot ." Thr I n f  c r-rrcitlor~rrl .Jour-rrtrl of' Robotlr 

Rf.icnr.ch. \*oliirnc : 3 .  So.  3. Fall i!)S4. pp. 62-75. 

Cliarig. S. and Zatlrh. L.;\.. *.Or1 Fuzz~. Slapping ancl C ' c m  rol." IEEE Trwn.-- 

acfior1.- on . S y . - f f n i . ~ .  .\lnrl. nrld ( :i/hfrrictrc.i. \'oliinic SC'.\[-2. l!l72. pp.:30-:14. 

.Jul!. 199.5. pp.904 -910. 

C'lie~i. T. and C'heri. H.. . T n '  

by Xeural Settvorki wi th  . i rb i  

to Dj-narnic Syst eins." IEEE 

4.  .Jiil!- 199.5. pp.9 1 1 -9 17. 

Chen. K Y . .  .*The C;lohal Anal!-sis of Fuzzj- D!-iiarnic S?.strriis." Pl1.D. 

Di..;sc riut ion. I-niversi t v of C'alifornia. Berkele\.. C:\. 1!3S9. 



[37] Cybenko. C;.. -;\pprosimation by Superpositions of a Sigrnoidal Functiun." 

-\lath. Controi Signal S y s t c m s .  2. 1989. pp.:IO&-:j 1-4. 

1331 Dauçherit>-. \\-.C'.. Rathakrishnan. B. and l é n .  .J.. .-Performance Et-aluat ion 

of a Self-Tuning Fuzzy Cont roller." Procredirigi of IEEE l n t f  i n a  t ~ o n n l  C h u -  

fcrencr on Fuzzy Systcms. San Diego. California. 1Iarcli 1992. pp. 3S!J-397. 

Dai-is. J .H .  and Hirichorri. R . I I . .  -Trackirig C'ont rol of a F les i l~ l r  Rcil>ot 

Lirik." lEEE Trnnsurt ions o n  .-lutornc~t~r CBntr-ni. \'oIiime :K3. ?;o. :j. AIar-c+li 

19SS. pp.  23S-24S. 



[41] C;oodrvin. G.C.. and Pa~me. R.L.. Dynani ic  Syst tm Identification: Erprrr- 

ment D ~ s z g n  and  Data .-Iiralysia. Sei\- 1-ork. San Francisco. London: Acadernic 

Press. inc. 1 9 7 .  

[AL'] Goodwin. G-C'.. and Ma>-ne. D.Q.. '-.A Paranieter Estimation Perapect il-e of 

Cont inuous  Time Mode1 Reierence Adapt ire C'ont rol." .-I utorrin ticn. \ o l i i r n c a  

213. 19s:. pp. 57-70. 

[43] Gorn ian .  R.P. and Sejnou-ski. T..J.. - .Learn~d Classifiratiori of Soriar Targeri 

(;ilo. P.. Si. S . Z .  and Zlit-rie. J.. -.F'ùl!-nier E s t  riiriori Prorliict iori ( 'mit ro! 

I-sing .-\ci i\.e R P C O ~ I ~ ~ I  ion and .-\dapt i i - f l  ( 'ont rol C ; > - \ r  t a ~ i l s . "  Prwf f dt II!/.- OJ 

.S'f CO 11 (1 [EEE 11itf r.u(lt I O  I I ( I /  C'o~ijt n f i  cf or) FUZZIJ .>'~ j . - t f  IJI.<. Sa11 Fra111-iwo. ( '-1 . 

11arc-11 l!j!):j. pl).'E!l- 7S4. 

[-!Ti Hast ings.  C;.C;. and Book. \ \ ' . J . .  **Esperinientc: in Optinial C'ont rol of o Fl r r -  

ible .-\rin." Procttding, O/ Ihr 19$'.5 .-tniri-icnn CO1iti.01 C'oriferrrir~. Bu'tori. 

1 I . A .  June 19S.J. pp. 7%-139. 

(481 Hast ing-. Ci .Ci. and Book. \\*..I .. --\érificat ion of a Linear Dynariiir l l o t l ~ ~ l  

for Flesihle Robot ic Slanipiilators." Prwcrfdiiig.5 of ,/9?10' lEEE I r r t t  r-ri«tloi,«l 

Con fc rince on Robofirs  nnd -4 triornation. Saii Fra~icisco. ( '-4. -\[)ri1 i9M. 

pp.1024-1029. 



[49] Hopfield. J.. "Seura l  Se tworks  and Physical Systems ivit h Emergen t  Col- 

lect ive C o m p u t a t  ional ;\bilities." Proceedings of th c .\;it ionnl .-lcndr rri!! O/ 

Sciences. L.S..-\.. Vo1.79. Apri l  195'1. pp.2554-25.3. 

[50\ Hopfieid. J.. "Seurons  wit h Graded  Response have Collect ire Corn put a i  ionai 

P rope r t  ies Like Those of Two-St a t c  Seurons." Prorr td,rig.i o/ t h  r .\'ntiori t r i  

-4cadenl y of Sciences. C.S.A.. \bl.S 1 .  .\la! 1YS-l. pp.30SS-90!)2. 

j.51: Hopfield. .J. and  Tank.  LI.\\*.. ..Seiiral C'oriiptitatii>ii of Decirioris i r i  Opri- 

ni izat ion Problenis." Blolog. C y b r  rn.. \'ol..i?. 195.5. pp. 1-4 1 - 1.52. 

[3F; H u n t .  1 i . J . .  Sbarharo .  D.. Zl~ikon-ski .  R.  aiid G a ~ r t h r o p .  P..].. --Stviral Sot- 

works for Contro i  Systenis - A Siin-c>-." .4u /on~fz t lm.  \ * 0 1 . 3 .  Io-(;. l!)!t2. 

pp. 1 OS3- 1 1 12. 



30s 

1 Ioannou. P.A.. a n d  Dat ta .  .\.. --Robust Adap t ive  C'oiitroi: Design. .\iial~-- 

sis and Robust ness Bounds." in Foundations of .-ldnptirr Controi .  d i t  ed h>- 

Kokotovic. P.\.-.. Berlin: Springer-Verlag. 1991. pp. 71- 152. 

Isermann. R.. Lachmann. K.-H. and l l a t k o .  D.. . - ldapt i i~  C'ontr.01 i;g.~t~rrlr. 

Hertfordshire. Great Britain: Prent  ice Hall In te rna t  ional i I-Ii ) Ltd.. 1 W. 

i o r i  A.. .\*onlintnr c o n t i d  syetcnis .  3rd  ed.. Berlin: Springer-\;*ring. 

199.5. 

.Joliansen. T..-\.. -Fuzz!- .\Iode1 B a d  C'ont rol: S t  ahiii t !-. Rohii.<t r i r . % .  aii(1 

Performance Issues." IEEE Tmrtsaction.~ on Fuzzy  Sg.~t r n>s. \hl. 2. Sc). 3. 

1994. p p E  1-234. 

Johansson.  R.. S y d m  Jlodrlirrg n n d  ldrritrjirntion. Eiiglrn.ood (.'liff'. S.J: 

Prentice-Hall. Inc. lW:3. 



liailath. T.. Lincar Sgstfrns. Englewood Cliffs. S.]:  Prentice- Hall.  Inc. 13S0. 

Iiandel. A. and Langholz. G.. (ed.) Fuzzy C'ontrol Systfrn.r. Boca Raton. 

Ann Arbor. London. Tokj-O: CRC' Press. 1994. 

liane. H. -Stability and  Cont rol of Fuzzj- Dynamic SJ-stenis v ia  C'rll-Statrb 

Transit ions in Fuzzy H>-percu hes." IEEE Tiwnsnction. on Fuzzy Sy3tr rrI.5. 

1iaiaka:oglii. Çiihraiiiania. 1.. A. .  Sudliaria rian. 5.1. aiid Siiii~.l;iri~.;liaii. \ I . l i . .  

**Identification and Deceiit r a l i z ~ t l  Arlapt i v e  C'ont rol I 'sing DJ-naniical Stliii-al 

Setworks with  .Application to Robotic \lanipulators." lEEE Tr«rtsnctiou.- O I I  

.\> u r d  .\-cf uvrkz .  \ O / .  4. 50. G .  SOI.. 1993. pp.!) 19-!);W. 

Iiaiifniann. -4. and Gup ta .  . \ l . \ I . .  Iritrodirctiort to  Fu:zy 4rithrri r t i r .  Sc\i. 

l'ork: \'an Sost rand. IO$.?. 

Iiickert . \fV.S1..J .. and Slariiclani. E. H.. *..\iial~-sis of a F ~ i z z ~ .  Logic ( 'oiit ro1lt.i.". 



[;A! Kiszka. J. B.. Gupta. 11. 11. and Sikiforuk. P.S.. --Energistic Stahil i t j -  of 

Fuzzj. D!-namic Systems.- IEEE Transactions on Systc m.. .\Inn, nrcd Cybi 1.- 

netics. \olume S1IC- 15. 10. 6. Sovember/Decernber 19S.5. pp. 3-3-503. 

[Ï.jj Iiiszka. J.B.. Kochariska. M E .  and Slin-iriska. D.S.. ..The influence of Sortie 

Paramet ers on the Accuracy of a Fuzzl- llodel." In Indusir-ini .-Ipplicntiori.< of 

Fuzzy Control. Edited bl- Sugeno. II.. Amsterdam. Sort  h-Holland: Elsci-icr 

Science Publishers B.\'.. 1985. pp. 1s;-T30. 

[Ï6] Iiohonen. T.. ".Autoniatic Format ion of Topologiral S f a p  of Pat terri. i r i  

[Ni liosko. B.. "Fuzzy Sj-stems ai: C-niversal Approsiniators." Pinrrtdrrry.. o j  

IEEE I n k r n n t i o n d  CBuftrr ncc or1 Fuzz!/ Systems. San Diego. Califorriia. 

l larch 199'1. pp.1 l.j:3-1162. 

[SI] liosniatopoulos. E.B.. Pclj-carpou. 11.11.. Christ odoiilou. .\I..-\.. arid Ioaniioii. 

P.A.. "High-Order Seural Setworks St riict lires for I t l~n t  i t i ra t  ion of Dj-iiarii- 

ca l  t e .  IEEE Trwnaaction.4 n u  .\*CUI-nl . \ ' C ~ I L * O I ~ . ; .  \'olumç. 6. So. 2. 

1Iarch 199.2. pp. -122-431. 



[S?! Krishnan. H. and Vidyasagar. 11.. Tont ro l  of a Single- Link Flesi hle Bearri 

Using a Hankel-Sorm-Based Order SIodel." Procefding.~ of 1988 IEEE In- 

ternational Control Confcrcncc on Robotics n n d  .l utornation. Philadelphia. 

Pennsylt-ania. April 1988. pp. 9-14. 

[ S 3 ]  Ku.  C.-C. and Lee. K.l-. .  -*Diagonal Recurrent Seural Setn-orks for DJ-namir 

Systems Control." IEEE Transactions on .\Q ural .\Éfrrork.c. \hl .  6 .  So. i .  Jan.  

199.5. pp. 144-1.56. 

i i4 i  . liiing. C'.-C'. and Liao. C'.-C'.. . --Fuzz~v-Slitlirig .\lorltl (-'oritiwl1i.r D < ~ ~ i g r i  fur 

Trackirig C'ont rol of Sonliiiear SJ-SI rnii." Proceedirip O/ /W.,' .4 ni r rirri 11 ( 'on- 

trol CVoii/r i.fncr. Balt iriiore. .\Iaryla~icl. 1994.  pi^. IdO- 1.S-l- 

[SI Larsen. P. JI.. "Lndi15t rial Applicat ions of Fwzy Logic C'ont i-01." I n   FUI.-^/ 

Reosoriing n n d  ils .-lpplicntio/ii. Editeti h!- Slaniclani. E.H. ancl Gailies, B.R..  

.4cademic Press. 19s 1. pp-:i:35-:3-12. 

[Sd] Lee. C. C.. **Fuzzy Logic in C'ontrol Systems. Fiizz~. Logic C'ont roller-Parr 1 

and II.'* IEEE Transnctionc on Syst €ma .  .\ln r i .  orid C'gbr rnc/irs.  \'oliiiiir~ -0. 

So. 2 .  SIarch/;i\priI 1990. pp. 404-43.5. 

[89] Lee. J . .  --On Sletliodï for Impro\%ig Performance of PI-Type I'LC'.." IEEE 

Tiwn.iactiona on Fu'u--y Sydc tris. \ol. 1. 50.4. Sol- .  19!93. pp.?IS-:N 1. 



[go] Lee. J.S.. I -ibration .-lnnlysi.i of Llnfarlzj Elastic .lOri-C'onstrcntii~c Systfrnc 

I*sing Integral Equotions. SI-Eng. Thesis. Dept. of '\lechanical and ;\erorpare 

Engineering. Carleton Vniversitc Otta~va.  1991. 

[91] Lee. .J.S.. \uko\-ich. G.. and Sasiadek. J.Z.. "Fiizzy C'ontrol of .A Flesible Link 

Slanipulator." Proceedings of 1991 ..lrn~rican COntrol C o n f ~ r c n r ~ .  Baltiniure. 

I'.S..4.. June 199-4. pp.568-574. 

5 s r  R .  51f-Organizat ior i  iri a Pr r r rp tua l  Setwork." ( 'o ir ipi i / r  1.. I iarch 

19SS. pp.lO.5-117. 

[SG] Liio. Z.. "Direct Strain Feedl~ack C'ont rol of Flesi hlr Rol~ot .Ariiis: Stw- 

Theoret ical and  Esperimeiital Result S." IEEE Trwii.~ticfioris on .-l iitor~irrtic 

C'oritrol. \.alunie :38. so. 11. Soi-.  1999. pp. 1610- 16'1'1. 

(971 llaiers. .J. and Sherif. )*.S.. *..\pplicar ion.; of Fiizzy Set TIi~or?-." IEEE' 

Tinri~nctiori .~ on Syctc ni*. .\lu r i .  niid C'ybr rn r t  rc.-+. \oluiiie S.\[('- 15. Sfi. 1. .Jan- 

uary/February 1985. pp. 17.3-189. 



SIalki. H..\.. Li. H.. and Chen. C;.. "Sew Design and Stabili t j* ;\rial!.sis 

of Fuzzy Proportional-Derivati\-e Cont rol s~.stems ... IEEE T m  n.inction.- ori 

Fu;:y Systçms. \ol. 2. 30. 4. 1994. pp.245-2.54. 

Slamdani. E.H.. .-.\ppIication of Fuzz>- .Algorit hm for C'ontrol of Simple DJ-- 

namic Plant ." Proc. IEEE. 12 1 : 1.jS.5- 1 .%S. 1914. 

Slanidaiii. E.H.. -r\pplication of Fuzz). Logic to .\pprosirnatt. rrmoiiiiir ." 

IEEE Trnn.wct/on.+ ori C O i ~ ~ p t r t r  rs. ib1.21;. 197'7. pp. 1 1S2- 1 19 1. 



[IO61 SIehra. R.K.. -5onlinear System Identification - Selected Survey and Recent 

Trends." Proc~edinys O/ -5th IF.4 C Symposium on Iderz t~ f i cn t ion  a n d  S p t r  r r ~  

P a r a m é t ~ r  Estimation. Darmstadt. 1979. 

[IO;] .\leira-ich. L.. .-lnalyticnl .\lfthods in Iïbrations. Sew York: The .\lacmiIlan 

Company. 1967. 

il131 Slurakanii. S. arid Llaeda. SI.. *-.\utoriiol)ile Speed Coiit rol S ~ . s t t ~ i i  I 'siriç ii 

Fuzz~ .  Logic C'ont roller." In Indus t  rinl .- lpp/icatiniiz O/ Fcizzg C'or~trwl. E<li t rd 

by Sugeno. hl . .  Amsterdam. Sorth-Holland: Elset-ier Science Piil~1islit~i.c B.\*.. 

19S.j. pp.lO.3-124. 



il 1.51 Sarendra. Ii .S. and Part hasarat liy. K.. -Identification and C'ont rol of Dynani-  

ical Sj-stems I'sing Seural Set rvorks." IEEE Transaction on .\'c urni .Yft wo r i . < .  

Volume 1 .  .\o. 1. h r c h  1990. pp. 4-26. 

[Il61 Sarendra. K.S. and Parthasarat h>-. K.. "Gradient .\let hods for the Optiniiza- 

t ion of Dynamical Systerns Cont aining S ~ i i r a l  Setn-orks ..* IEEE Transactiori 

on .\Cura1 .\étu*orks. \alunie 2. So. -1. Slarch 1991. pp.252-3iZ. 

[ l  1 ï] Selson. \\*.L.. .\lit ra. D. and Boie. R.;\.. *-End-Poirit Sensiiig arid Loari- 

-4dapt ive Cont rol of a Flexible Robot .-\mi." Pr~occcdinp of )+'th ( 'onfcrr ~ic r  

ori Dfci.sion and C1ontrvi. F t  . Laurlrrrlale. Floritla. Decrniher In$> .  pp. 1-1 10 

14 1.5. 

jl2O] Ogata. I i . .  .\lodrrri C'ontrol Erigr 11cr 1.1 as .  I-pper Sacidle Ril-pr.  S.J: P r w t  i c - i .  

Hall. 3rd ed.. 1991. 

[121] Olafsson. S. and .\bu-.\lostafa. IV.. *-The C'apacity of .\Iult ilel-el T i i r<~~ l io l r l  

Functions." IEEE Tron.snction on  Pottrr-rr .-înnly.~is and .\lnchii>r (n/rliqrrirr. 

IO(?). .\Iarch 19SS. pp.277-2dl. 

[ 1 E ]  Ornatii. S. aiid Seinfeld. .J.H.. Distributrd Porurnrttr Systrriis - Throi-g rrrid 

,4pplicntions. Oxford: Osford 1-niversi t>- Press. 19M. 



[lT3] Palm. R. 5liding .\Iode Fuzz?. C'ontrol:. Sari Diego. C'.A: 19.92 IEEE Iritr 1.- 

national Cor2 ffrc  ncc on Fuzzy Sgst.-lcma. l l a r c l i  1992. pp.3 19-5%. 

[17-1] Papoulis. A.. Probabiiit y. Random I izriables. and Stochast i c  Pivcr.+c.-. 

,\lcC;rair-Hill. Inc.. 1991. 

[12.j] Park. J.-H. and Asada. H.. --Dynamic Analysis of Soncollocated Flesil>l<~ 

.Arrns and Design of Torque Transmission llechanisrn~." Journa l  of D.qitnnitr 

i l%] Peaec. B.. "\\'hat's .-\Il This Fiizz!- Logir Ç l i i R .  ;\n!-hou-'.'" Elrcfivrirr Dt .-igit. 

i l  32! Pedrycz. \\. .. (ed. ) Fuzzy Erolrrtionn ry cornpcitotioii. Boston. London. Dcii.- 

drecht : Iiliiwcr Acadennic Priblishers. 1997. 



[133] Pol>-carpou. 11-11.. and Ioannou. P..\.. ..Stable S'onlinear SJ-stem Ident ifi- 

cation L-sing Seural Setwork liodels .** in .\-c u rai .\'cf works i n  Robot ics ed 

by Bekey. G. and Goldberg. K.. Sorwell. 11-\: Kluwer Academic Publislieri. 

199:3. pp. 147-164. 

[134] Procyk. T. J. and 1Iamdani. E.H.. -.4 Linguistic Self-Organizing Proce.;- 

Controller." .-t,ufomaticn. 101.15. Pergmion Press Ltd.. 1979. pp. 15-30. 

[13.i! Psalt is. D.. Sideris. -4. and l amamura .  .\..A .. ".-\ .\Iiilt ila~-ered Srural S p t  - 

1 . . Q I  S . .  S i .  H l .  a i  I o .  T l .  "('oiiiparisoii of Foiii. Sciii-ai 3 t . r  

Learniiig .\let hods for Dyiianiic- SJ-sterii Iderit ificat ion." IEEE Tixri.*rrrt lori.. 

on .\-e ur-al .\-ttir.or.k.~. \blunie 3. Su. 1. .lanuar!- 1992. pp. 111-130. 

[140] Rauch. H. and \\'inarske. T.. -Seural Set\rorlis for Rout  iiig C'omrniinicat ion 

traffic." IEEE C'ontrol 5'y.drma .\lngnzinc. \*ol.S. So.2. -4pril 1 9 S .  pp..)(i-:IO. 

[l-ll] Roach. G.F.. G r ç ~  n :< Fuiiction--. Second Edi t ion. ( 'anibridg~: C'aiiil~ritlgç. 

Lhi~ersit!* Press. 19$1. 



[142] R o ~ n e r .  D.11. and Cannon. R.H.. Jr.. *-Esperirnents Toward On-Line Id~ii t i -  

ficat ion and Control of a Ver- Flexible One-Link .\Ianipulator." T h f  I n t e r -  

national Journal o j  Robotic Research. Volume 6 .  .\o. 4. L\'inter 19s;. pp.3-19. 

[143] Rorner. D.SI. and Franklin. G.F.. *-Esperiments In Load-adaptivr C'ontrol of 

a Ver>- Flesible One-link .\Ianipulator." A u t o r ~ ~ ~ t ; c a .  i*olurnc~ 2-1. So. 4. l!-ISS. 

pp..54 1 -.%S. 

[144] Riinielhart. D.. Hinion. G.E. aricl \\'illianii. R..J.. Pnrd lr i  D t . - t i - h t d  Pro- 

c f s - ~ i n g :  Expiorntiona i n  fhr -\l~crostruct irrr 4 C'ogrritior~. C'ariihridet~: 7'iir 

LIIT Press. 19%. 

1 a r .  E 1 .  a n  1 l i l i c .  S .  . -.Tlie .\pplirat ion r>f a Ftirz!. ( '0111 r . t , I I t ~ -  t C ,  

t lie C'ont rol of 1 I i i l t  i -  Degrec-of-Frredoiii Rol)ot .-1 sni." 111 Ir)d11.>tr/([/ . - l / ~ p l ~ -  

cntioris of Ficzzy C'ontrol. Edited by Sugeno. 11.. .\rnsterdan~. Sort!i-Hollaiirl: 

Elsevier Sciriice Puhlisliers B. \*.. 19%. pp-ki-fi 1.  

I1-L:'-] Sejnowski. T..J. ancl Rosenberg. C.R.. .-ParaIlel Setworks thai Lcasii t c i  Pro- 

nouncr English Test ." Cornpitr. Sys t . .  \'ol.l. 19s;. p p .  143- 16s. 

[1-49! Simo. J.C. anci \.-u-Quoc. L.. **On t h e  DJ-rianiics of Flesihle Beaiii. 1-iidt~- 

Large 01.erall .\lot ions- The Planr Case: Part 1 aricl II." .Joii r ~ n l  of .-I ppl i r  d 

.\lcchn ri ics. Volunie 33. Dec. 19%. pp. S U - $ 6 3 .  



[150] Singh. S . S .  and Schj-. .-\..A.. T o n t r o l  of Elastic Rohotic Sysrerns b!. Son- 

linear Inversion and Slodal Damping." .-IS.\IE J o u r n a l  of Dynarriic Sy .~ t c  tr i  ... 

.Cleasuremcnt. and Control. Vo1.1S. Sept. 19S6. pp. H O -  lS9. 

[l.jl] Slotine. J.-J. E. and Li. \+-.. -4pp l i cd  .\-onlincoi. C o n t l a l .  Engl~ivoorl C'liffc. 

S J  : Prentice Hall. 1991. 

[1i6] Sugeno. II.. Editecl Indus t r ia l  . 4pp l i ca t io r i .~  o/Fu::y C'ont~-01. Anii tcrdani .  

Sort h-Holla~id: Else\-ier Scicrice Pii blishcrs B.\*.. 19S.li. 

[li;] Sugeno. 11. and Iiang. Ci .  T.. *.Fiizzy .\lotlelling and C'ont rol of 1 l i i l i  ils!-rr 

Incinerator.". F u x y  Sct.4 a n d  .S'y..tf rns. \ol .  l d .  19Sb;. pp.:12!)--:14(;. 



Suzuki. K.. Saka. 1'. and Bito. K.. O-Fuzzy lfultimodel Control of a H i l h -  

Purity Dist iIIation SJ-stem." in F u z q  Engineering Towa rd H u r n a  ri Frit n d / g  

Syst-fems. Terano. T.. Sugeno. XI.. Ifukaidono. 11. and Shigemasu. K.. cd. 

.\mesterdam: IOS Press. 1992. pp.684-693. 

Takagi. T.. and Sugeno. 11.. "Fuzzy Identification of Systems and iis .-ip- 

plications to l lodel ing and Control." IEEE Trnncnctronc on S!ptr rr1.5. .\lnir. 

and  C ' g b c r n ~ t i c . ~ .  1-01. SlI( '-  15. 50. 1. 19S.5. pp. 1 16-13?. 

Takahashi. I i .  and 1-arnacla. 1.. ..Seural-Set work B a d  Leamino ('orit 1-01 of 

Flexible lleclianisni n-itli :\pplicat ion t o a Single- Lirik Fiesil>lt. -4rni." .4.5'.\1E 

Tong. R.11.. '-The C'onst iuct ion and Ei-aliiat ion of Fiizz>- lIorlrl~." i11 . - \c l-  

r n r i c t .  to Furq S e t  Thcoi-y a n d  .4pplicatioa.*. Gupta .  1f..\I. d.. Seiv \.'Loik: 



Tong. R.11.. ".An ;\nnotat ed Bibliography of Fuzzy C'ont rol." In Indus f  rini 

.-lpplications O/ Fuzzy Con trol. Edited hy Sugeno. 51.. Amsterdam. Sort h- 

Holland: Elsevier Science Publishers B.\-. . l 9 S .  pp.249-269. 

Tzafestaç. S.G.. Dis f r ibu td  P a r a r n t t ~ r  C'ontrol Systcnia. Osford. Seiv \ o r k .  

Toronto. S>.dney. Paris. Frankfurt : Perganion Press. l9S-l. 

iachtsc~anos.  Ci.. Farinwata. S.S. a n d  liang. H.. '-.\ Systeiiiat ic Dr i ig t i  

.\let hod for Fiizzy Logic C'ont r d  u-it l i  -4pplicat ion to .Aiitoiiiat i \.e Idle S p r i h f l  

Contro1.- Procctdiriy.~ o j  tlrf 31th C'ortJfr~ricf  oii Dtcizinri a n d  ( ' o n t r d .  Tur- 

son. .Arizona. Dec. 1993. pp.2i-li-23-IS. 

ikhtse\-anos.  G.. Farinu-at a. S.S. and  Pirovulou. D.Ii . .  ..Fuzz!- Loi$- ('ont rol 

of a n  Automoti\.e Engine." IEEE cor if^-01 Syatr rirs .Ilng«zirir. . J i i r i f .  1<I!1:1. 



[ l Z ]  \Vang. B.H. and \achtseranos. G.. -Learning Fuzz>* Logic C'ontrol: .An In- 

direct Control Approach.' Procerdinga of IEEE International C'on ft re nc f  on 

Fuzzy Sys tems .  San Diego. California. Slarch 1992. pp. 197-304. 

[l74] Mang. H.O.. Tanaka. K. and Griffin. I1.F.. s*Paral!e! Distrihuted Conprn- 

sat ion of Xonlinear Systems by Takagi-Sugeno Fuzzy 'rlodel." froc.  Fiir:. 

IEEE/IFES '9.5. 199.5. pp.53 1--53s. 

11 ;G]  \\'aiig. H.O.. Tanaka. I?. arirl C;riffiri. 51.F.. --;\ri .-\ppruacli to Fiizzy (.'orit t-oi 

of Xonlinear SJ-st~riis: Stahi l i t~.  and Drsigii Iiiiies." IEEE Truri.+ort/orr.* nri 

!l- - -  a .  L X .  a r i e 1  J 1 . .  --Bacli-PI-opagat ioii Fiizzy SJ-~tci i i  a. Soiilin- 

ear D ~ m a r n i c  S>.steni Ident if ers." Pr-o<~r i i tngs  of IEEE Iriir i.ri«t iorriil (-'oril; 1.- 

cricr orc Fuz:y S y s t m . ~ .  San Diego. C'alifurnia. JIarcli 199.'. pl> 140!i-14 15. 

[1T9] \ \ m g .  L .S .  and Ilendel. .l..\l.. "Fiizzj* Basis Functions. Ivrii\-ersal -4ppros- 

imation. and Orthogonal Least Squares Learning." IEEE Truosnclion.~ o n  

,\.cura1 .Ycfu.or.l;s. 1,-o!ume 3. 5 0 .  5 .  September 139'1. pp. 807-$14. 

[ l  do] \Yang. L . S .  and Nendel. J .JI .. "Cknerat iiig Fuzz>- Riiles hj- Learriing frürii 

Esamples." IEEE Tran.5nction.s on Syefc rris. .\Ion. n n d  C'!ybr r n r  tir.. .  litni^ ni^ 

2. 50. 6. Sol-ember/Deceniher 199'1. pp. i-ll-l-14-7. 



[181] Wang. L . S .  and 3lendel. J.11.. "Fuzzy Adaptiïe Filters. with Application to 

Xonlinear Channel Equalizt ion." IEEE Transaction o n  Fu'u--y Syst r rr i . i .  \*01.1. 

50.3. 1993. 

[IS?] \Yang. L.S. .  -Stable Adapt ive Control of Sonlincar Sj-stems.'. IEEE rra nà-  

actions on Fu::y S y i t ~ m s .  \,'alunie 1. So. 2 .  1993. pp. 116-155. 

[183] Wang. L.S.. *..A Super\-isory Controller for Fuzzy Conrrol SJ-st~iii.; t hat Giiar- 

antees Stabilit!.." IEEE Tmr.-rrctroris on  .-lutorrrrrtic C'ontr.01. \'ol.:Pl, 30.0. 

Sept.  1994. pp.lS4.i- lS47. 

[1S4] \Yang. L.S. .  . 4dnpt[rr  h z - r ~  STy.<tr ni* u n d  C'orttrnl. Eriglewood C'liffs. 3 . J  : 

PTR Prent ice Hall. 1!)94. 

W i i t  r. D.;\. and Sofgc. D.;\.. (d .  J Horidbook of Iutr lligr r i t  Corrf rol - .\'r iirwl. 

Furry. and .-ld«ptirc .4ppronrhr.~. Se\\. \'ork: \'an Scstrand Reirilioltl. I!)!)?. 

[lSS] Wdrow. B.. .\lcC'ool. .J. alid .\lecloff. B. "Adaptii-e C'ontrol II>- lni-erse l l od -  

eling." Proceedings of t lie i2t h ;\silomar Conference on Circuits. Sj-iterris 

and Cornputers. 1978. 

[189] \\'idrow. B.. -.-\dapt i ï c  Inversr C'ont rol." Pr*octrding.* O/ th r >ri(/ IE-1 C' 

Ilorkahop on .-ldnpti re Sy.$/c rns ln  C'oritiul a rld Sigrinl Proc f . ; s i i~~ .  Luntl. SN-+ 

den. 1986. pp.1-5. 



[19Oj \\'idrow. B.. \\ 'inter. R.G. and Baster. R..A.. --La>-ered Seural Sets for Par- 

tern Recognition." IEEE Trans. -4coust.. s p e ~ c h .  Signal Ptuce.ving. io1.X. 

30.7. July 19dS. pp.1109-111s. 

1 i e r  S .  .Yonl in~ar Problems in  Random Theory.  Cambridge. 11-4: 11IT 

f ress. 19.X 

[1%] l a g e r .  R.R. and Filev. D. P.. Esse nti«b of Fi~:zy . I l»dt l ing nrid ( B i r t  rwl. 

York. Chichester. Brisbane. Toronto. Siiigapore: .John \ \ ' i l q -  S- Soiis. Ii ic . .  

1991. 

[197] l a g e r .  R.R.. Ovcliinnikor. S.. Tong. R.11.. antl Sgiiyrii. H.T.. E c l i t r r l  Iïix!, 

Scts u n d  .-Ipplicntiori.i: Srlfctrd P n p f r .  by  L...l. Z n d r h .  .I»tiii  il^^- k Soris. 

Inc.. 19s;. 



Yager. R.R. and Zadeh. L.A.. (ed.) .-Ln Introduction t u  Fuzry Logic .-lpplicn- 

t i o m  in Intelligr nt  Syterns. Boston/Dordrecht /London: l i l u w r  -4cadeniic 

Publishers. 1992. 

Yagishita. O.. Itoh. 0. and Sugeno. Il.. --.-Application of Fuzzy Reasonirig to 

the \\ater Purification Process." In Industrial .-Ipplicatioris of Fu:-$ Cout  roi. 

Edited by Sugeno. SI.. .Amsterdam. S o r t  11-HoIIand: Elset-ier Science Piihlisii- 

ers B.\'.. 1 9 S .  pp.19-40. 

lurkoi-ich. S.. Pacheco. F.E. arid Tzes. .\.P.. .-On-Linr Freqiitwt-y Doniairi I i i -  

format ion for C'ont rol of a FIesi hle- Link Rol~ot \vit h \.ar?.ing Pa!+loatl." IEEE 

Tmrisactions o n  -4 utontatic Con tml .  \'alunie 31. 50. 12. Decenibcr l9SlI. pl). 

1:300-1304. 

Academic Press. 1965. pp. 3 3 S - 3 . 3 .  

Zadeh. L.A.. "A Rationale for Fuzzy C'ontrol." .JS.\lE 

Sptrrr2.s. . I [ é~ . sur~rnen f .  a n d  C'or2t1.01. \o Iume 94. 1972. D 

Zadeli. L..A..  .-Fuzzy Sets." lnjorrnation and  C'ontiol. \ ' o l u n i ~  S .  Smr 1-c~rk: 

F 



:326 

[?O61 Zadeh. L..A.. -0utIine of a Sew Approach to the .Anal>-sis of Cornples SYF- 

tems and Decision Processes." IEEE Transacf ions on Sysf  t ms. .\ln ri.  n n d  

Cyb~rne t ics .  Volume SIIC-3. 1973. pp. 23-44. 

Zadeh. L A . .  "The Evolution of Systems .\naIj.sis and Control: .-\ Personal 

Perspective." IEEE Controi Sys tcm.~  .\lagarinc. J u n e  1996. pp. %XI$. 

Zaki. .\.S.. Nir. H. and Elllaraghj-. K H . .  .*Initial Esperiments or1 t h e  I 'KO 

Flesible Jlanipulator." liingston. Ontario: Proccrdings of 1.: th C*u nnd,t ,n 

Coiigrcss of' - 4 p p l i c d  .\ltclinnic.i. May 1993. pp. 107- 10s. 

Zheng. L.. "-4 Practical C h i e  to Ttine of Proportional and Integral ( PI J L i k e  

Fl.izz!- C'orit iollrr." Prwr. 1st IEEE 1C'F.S. .\Ini.ch 1992. pp.Çifi3-iidii. 

Logitccli 30  .I lous~ a n d  Hcod Trnckt r Tech n icd  Rcjf r ~ n c c  .\l(111i1nl. Logit d i  

Inc.. Frernont . C'.\94.?3.?. 1992. 

Cempumotor-Dynnzr  r r  D.ll F DR S c r - i ~ ~  I l z f r  G ' a ~ d r .  C'oiiipiiniotor Divisiori. 

Parker Hannifïn Corporation. 5.500 Business Park Dr.. Rolinert Park. C'.-\!)-l!i'l\ 

I'S.4. 1992. 



[31.j] .\Iode1 3.31,' Quadrature E n c o d f r  I n p u t - P C  I-ser 's .Ilnnunl. Technolog>- 90. 

Inc.. 6.58 1Iendelssohn Ave.. llinneapolis. SlS5542T CSA. 1991. 

[216] RTI-POO/I1IP Hardwnrc .\fanual and RTI-800/8Z.j SoJwnrc  .\Innual. ;\nalog 

Devices. Inc.. One Technolog- Way. Som-ood. 'iI.\O206'2-9902 I - S A .  1990. 



Appendix A 

Dynamic Mode1 of Flexible Single Link 

Manipulator 

A. 1 Systein Configuration 

;\ niechariiral flesihle singlt* l i i ik  rolmt ic riiariipiilatoi i i  illiict rat v i l  i i i  tig..\. 1. ivliic-11 

R ~ l > c i t  irs Lal~orat or!. of C'ariarlian Spacp. .-\griir!-. Tilt. robot in ~iinriipiilaro~ 1 I l i +  

i r i  t liis plaiie. I j i i  t is rigid i i i  r lie vertical plant). The liiik is 1-ieii4 as ail <.la-t i i -  

pinried-free beani ivith a load .II, at its free end. The rotor of the actiiator ic 

considcreci part  of the beam located at t h e  pinned enci trith mass monieiit of i~itlrt ia 

.Ih. on  ~rhicli a torrlue Th is eserted. @ (  t J is the aiigiilar position of the rigiil iiiixlr~ 

of the beani. o(.r .  t ) is the actual aiiçuiar position at J- along the benni. aiid or .r. t 1 

is t h e  angle of deflection due to the structural Besibilit~.. \\è ha\-r 

- - . . .  
Iri  fig..i.Z. toj is t h e  fised reference frame witli origin O at tlie centcr of tlie iiiotor 

huh.  ;,oc, is a rotating frame that folloivs the rigid n i o t l ~  of t h c  Iwarii. itritl .',.->.< is 



Figure A . l :  .in Esperirnental Single Link  Robotic hlaniptilator 



Figiire A.?: .-\ Schematic Illustration of Single Liiik Robot ic .\laiiipiiletur 



a moving frame fised on a cross-section of the beam [vit h -FI aiivays contained in t lie 

deformed cross-sect ion and r, perpendicular to the cross-sect ion. Since the mot ion 
+ - 

is planar. i t  has k G ai, -Ck. The following relationships will be useful in later 

deyelopment jl-N]. 

Tiicrefore. eq.i.A.3) can be re\vritteri as 

s , ( . r . t )  = Zr(! ]  * d . r . t )  Q t )  . 
( :\-t; 1 

q s .  t )  = -a(x. f )  Z : ( t )  + q t )  - { - 
Let fi be the position vector of a material part ide  of t h e  henni init iallj. lorateti at 

4 4 

= zi  + y j  in the reference frame. Let u (  x. t 

and o, directions. respectii-el!. of a partide iiiit 

frame. \.\é ha\-e 

and ~ . ( . r .  f ) be t h e  moi-enicmt s in  cI, 

alIy located at ( r .  O ) i r i  t lie ref~rcvice 



For t h e  notational simplicity. esplicit indication of the arguments .r. y.  a n d  t \vil1 

o f ten  be omitted. Taking t h e  derivat ive on both sides of eq.( -4.7 t nrid considcriris 

eqs.(.'l.?) and ( -4.4) result in 

The square of t h e  norm of is 

A.2 Potential Energy and Kinetic Energy 

Assumption A.3 Thr striict iirni d a n i p i n g  o j  thc benni is negliyiblc. 

Assumption A.4 Th€ iond at th€ frvc e n d  O/ thc b t u r ~ t .  .\Ir. is coiict ~itrritrrl i t t  thf 

cerlter of thc cross-sccfioo. i. t.. its coordinntc in tht  rcjc ~ r r i c t  Jr~trrif iz i . te.  J .  z 1 = 

( L .  o. O ) .  

C'onsider Assiinipt ions A .  l -h.3. ancl furt  her assurne t liat t lie I~eani  of int r r t b s t  Ila. 

uni form cross-section \vit ii cross-sectional area -4. the total potent ial m e r g -  of t l i t .  



beam is compoced of pot en rial enerjh- due t O bendirig. s hearing. and t he axial st rrcs. 

i-e. [1-1!1!. 

where E is the )ouny's modiiIus. I: is t h e  secorid moment of area of t lie cro5s-wct iori 

about the neut  ral asis, G is t he  shear modultis. 7 is t h e  shear st rail:. z z  is 1 tic rt rairi 

in longit iidinal direct ion. 

The total kinetir energ). of the i!-sreiii is r o i i i p o d  of t l i c  ki~ictic t ~ i i t b i - g > -  of  t t i c .  

rot or at t h e  pinneci end of t lie h ~ a n i .  t hr kinrt ic erirrg?. of t l i t .  (-orir-i-wt i-ai<vl load a i  

the frec eiitl. arirl the kiiir3tir ~ r l r r q -  of th<> I ~ C ~ I I I  p s i - l ~ i ( i i ~ i g  ~ I J O I - P  t I)orl io11.s. i . t l . .  

The crois-secrional dimensiorir- of the  bearn is sliown i r i  fig..-1.3. TIiv kiii<.t ic eiiwr!- 

of t h e  beam is 









Remarks: 



the  beam. noting t har the t ip  load and t he motor hlib are consitler~d parti  of 

t h e  beam. 

0 The set of equations of motion are highlx nonlinear and heavily coiipi~d hr- 

tiveen flesural deformations and rigid body motion. i ihich are too comples to 

be of much ilse in control applications. and rherefore. i ve  lia\-e to niaka fiirt t i î r  

simplifications. 

BJ- .-\ïsiinipt ions .-\..?-A.;. i he ecpat ioiiï O S  niot ioii a n d  t lie iiat iiral hoiindar!. cvii- 

dit ions. eqs.( -4.2 1 -;\.28) are si~iiplifi ed as. 



I r  - - - - - - - - - - - - - - - - - - - - -  T l *  1, , 
Figure -4.4: Free Body Diagrani of the Bearii 



the bending moment incurred b>. t h e  t i p  load is also composer1 of t lit. sirile 

t hree effects. 

\\ aiso kno~v t hat 

Sumniariziiig almve dircussioris. ive ohtaiii t lie nrlr eqitat i o i i  01 niot ioii ai i f1 

boiindary condit ions as follou-S. subjrc t  to ;\ssiiriipt ions A .  1 -.-\.Y. 



~vhe re  t h e  nonlinear centrifuga1 ternis are still preseiit in eqs.( A.4-l) aiid i l . 4 6  1. 

The s>-st em ci>-naniic niodel. eqs.(.A..jO--4.5-1). ma'. be sini pli ficd 5)-tiiholicitll~. I i ! .  

defiiiing a variable t ransforniat ion. 



A.4 Remarks 

where the nen. i-ariable. w ( x .  t 1. is t h e  superposition of rigid body motion and  f l~su ra l  

vibration of the  beanl. \je have 

The tlynarnic mvdel of t lie systeni. eq5.i .\.iO-.A..i4]. is liiirar. aiirl tlici.i*I;)ix>. 

can he solved by stanclard matheniatical approaclie5. such as niodal rspari+irtri 

metliod. This mode1 ha. heeti ividely used i n  controllri. de~igli  for flesihlc l i i i k  

niaiiipulators. e.g.. [2. 69. Q. 96. 125. 136;. jiist to iianic a frii-. B I I ~  OIIP ha- I O  

keep in niintl that this rnoriel lias hteri ohtairirtl after sc\-rrP iiiiiplifiratioiis of 

t h e  pliysical systerris. i.a.. .-Iss~iinpt ioiis .-1.1 -.A.!). Aiid aii!. . - ;gi , , j i r«i~t rloi.i;itiori 

{ 

/ 

ii(r.t) = C ( ~ . / ) ~ . r 6 ( t ) .  

t r * ' ( x . t )  = r ' [ x . f ) + @ ! t ) .  

t )  = r f ' ( x . t ) .  

t r y x *  t ) = v f t f ( x .  t ) 

l P f ' (  .r . t ) = t T S .  t  ) . 

~ L ' ( 0 . f )  = r ( 0 . f ) .  

ï  = i : ' ( O . t i - Q , i ~ . t ~ .  
\ 



Figure ..\..j: Shear  Force on t h e  Free End of t h e  Beam 

of tlie real system from t h e  assumetl conditioris could result in uniat isfactor~.  

r~s111ts a n d  cause potent ial problerni- in applicat ions. For rsari iplr .  i t lin. I i t ~ i i  

shown tha t  a n  uncoupleci niodcl of a I3cani can leac! to fatilt!- prrvlict i o i i  of t 1 ; ~  

natural freqiiencie- of vihrat ion [54. 20-1. I t  lia5 also heen indirat ed 11 -11): t  lia^ 

the  crrit rifugal effwt i r i  cqiiat ions of mot ion bal-r. r i~icial  solv u-it l i  r i a ra r~ i  ru 

t lie ztabilit>- of a rapidl>- rot ar irig i)earri. 

0 Equatioiii ( . - \ .52)  and ( .\.53,i indicate r lia1 . a 

moment is zero whilc t h e  shear force is no t .  

t the  

This 

t ip of t h r  hearn. t l i t .  Iw~i(liiic 

is t h e  rcsiilt of .-lsiiiiipt ioii 

-4.4. i.e.. the  t ip load is concentrated a t  tlie center of t h e  beatii ci.oc;+wct ioii 

of the  free end.  Since the load i5 assumed to  he  point load. i t  tloe.; iiot i r i r i i i .  

an!- bendiiig nionient. But. silice i t  lias m a s  i t  doer; inciir a ahcar forr i*  O I I  

t h r  crocs-sect ion of t lie henni a': a rciiilt of t rarii;\.rrsc \-ihrat ior: ai id  riyid lio(l!- 

niotion. a s  illiistrated in fig.h..?. n-lirw Q rcp rcxn t s  slipas korcfx. 



A.5 Eigenvalues and Eigenfunct ions 

To obtain  the  eigenlalues and eigenfunctioni of t h e  systeni. \VP let esternal forct.5 

vanish. i.e., 

Therefore. 

hc positive [ l  :FI!. Denor c 



where ,\ a n d  iL'(x) are t h e  eigenl-alue and  eigenfunction of t h e  s ! - s tem.  respectii-el>-. 

and is t h e  na tura l  frequency of t h r  sxstern. 

C'se eq.(;\.68 j in eqs.! -4.64-;\.67). ive hat-e 

n . l i < > i - ~  c aiid . are c u r i t  aiir5. [ - s i r ~ g  eq.[ .\.51 1 ~ I I  w1.1 .\.Y2 1 .  n-c 01)t ai11 t 1 1 t b  ~ 1 i x i 1 i a r ~ -  

eqiia t iori 

Root.: of t hi.; eqiiat iori are solvetl as 



where ci. k = 1.2.3.1. are constants. Reorganize eq.( -4.à-L). ire ha[-e 

where cs. k = 1.2.13.4. are new constants  to be deterni incd Ironi tmiirir1ar~- ccinrli- 

tions. lrse eq.(.-\.C-5) in eqs.( .\.7i-r\.à0). and af ter  sorne nianipulat ions ive have  



eq.(A.91) gi\-es the characteristic equation of the syctern.  

Or. by eq.(.\.90\. 

Fur .\, f O. i = 1.2. . . .. i-e.. for flesural iiiotle.;. Ironi eq.( -4 .\7 i .  ive I ~ a \ - v  

n-here C'r i(  A ,  1 ancl C'22i.\? ) are gi\-rii i i i  rq.i ;\.!i? 1 .  [*s in?  ~ V I ? . I  . \ . ! IT t .  I - \ . Y <  1 .  a11(1 

1 .-l.S9 J in eq.t ;\.Si). r he e igrnf i tnc t  ion>. or riiorlo sliapb'. of t I I < .  .-!-%t r i i i  n r r  ohti~iiitvl 



al; 

eigeni-alue?;. A, L.  i = 1. 2. 3. arr shoicti iii fig..4.6. 

A.6 Ort hogonality of Eigenfunct ions 



rigid body motion. \lé noir- show t hat the mode shapes. gi\-en hy eq.( ;\.c)S i. arid 

corresponding to different eigeni-alues or nat urai freqiiencies. are ort hogorial. 

Sirnilari>*. ire caii obtairi 



Let 

If A, # A,. Y i f j .  ive have 

Let 

A.7 Uncoupled Equations of Motion of Undamped 

System 

1.-sing t h e  espansion theorem [1Oï] .  ive ivrite t h e  soliition of s~*stein q i i a ~ i o n s  of 





Considering eqs.(.\.lO.ji and (-4.109). we ha\-e 

By t h e  ortliogonalitj- of niode shapes. eq.i A .  106 i and eq.( .A. 110 1.  1 a t hr 

uncoiipled cquat ions of motioti 

A.8 Damping Resistances 

ivhere c, is a daniping constant . Tlir resultant of I Iip st  rtls. oti a croc-stbrt i c i 1 1  

cari Ilr e s p r e s d  in tprnis of a briitliiig mciiiierit. .Il,. 



\-iscous dainping on the rotor of t h e  actiiator at the root of the beani. irhicli 

is espressed as 

n-here ch is a damping constant. 

Daniping resistance on t lie t ip loarl causeci h ~ -  esteriial forces oppo-iris t lie 

t ransl-erse \.ihrat ion of the t ip load. r.g.. air reciit nnîr .  whicli is rsl>ri*'-(~( I ii' 

where nu and a l  are constants .  the tlariiping teriiic cari al50 sati?.l\- t l i r  oit 1to:oiiaIit~- 

re la t  ionçliip. Tlir correspondiriy eqiiat ioiii of iiiot ion a r r  



Let 

A.9 State Space Representation 

.. .. -. .- Foi. simplici t y. i r e  will replace t lie apprusiniat  ioil s>-nibol s \ v i t  l i  = t 1it.uiieli~i.i - t 

th is  work. Bu t  it sliould lx kept iii niiiicl tliat t lie ioiirt 11 a n d  Iiiglit~r Hes1ira1 rilori<.. 

are truncated iri eq.(.\. 1:I.j 1. 



ivhere O (  O. f ) represents t he  angular mowrnent a t  the  root of t h e  beam. and 1 . 1  L .  f i 

representa t h e  flesural vibration of the  tip of t h e  beani whi rh  is the  disp1ac:eiiieiit of 

t h e  t ip  of the  beam l e s  t h e  port ion of rigid body mot  ion. \\ ha\-e 



A.10 The Joint Friction of the Manipulator 

In view of t h e  motor. Th is t h e  e s t e r n a l  torque load. Let Tm h e  t h c  electro-magrlet ii- 

torqtie produced on rotor. and T j  be lrict ion torque or1 rotor. su tiiat 

\\é will  niotlel the friction T j  follo\rin; t lie approach presentecl h>- de \\'it et al ::(fi:. 

1 . i f  . r > O .  

.5gn ( .r j = O .  i J x = 0 .  

- 1  . i.f . r < r ) .  

The stiction. T,. is $\-en as 



k, and d, represent a stiff spring and a damper. respectii-ely. for rriodelin~ st ict ion. 

(ao -t Q I )  represents the break atr.a>. friction torque which lirnits stiction. < is a 

variable represent ing the relatii-e disphcement froni the position at wliicli st ict ioli 

occurred. and is characterizcd b. 

ring the friction of t iie niotor. the state space drscrip t ion of t tir :- : ~ ~ 1 1 1 .  

~ T I I C ~ P  7'- i ï  t lie r l~r t  ro-riiao~irt ir torqiir of t lie niot or. aiid T! i \  t lie. frict iori rlii-irirc- 

tt>rized bj- ~ ~ ~ ~ . ~ . - ~ . 1 - 1 5 - ~ - ~ . 1 ~ ~ ~ .  Thc - j - \ t ~ r i ~  n ~ o d d  ma). h t >  i ~ ~ t u i t i ~ - t k l > .  iI111-trartd a-  

i f i  i t  t h  t h -  i r  i t  e t  f l  , rtJpscwiit~ t I i t 3  i . i j r r i r i i i i i i < l  

\-olt ao r  sigrial t O t l i ~  niutur. /.,, ( - 1  rtBprtwrit 1 l i t 1  f ~ ~ r ~ c t  i o r i  wlat i11z t l i t >  ~ X J I ~ I I I ~ ~ I I ~ ~  

a t h  f i t  , ( i r p t ~ ~ i d ~  o r i  .p*.ciîic riioior niitl i t 3  opt~rn~iiig r i i o ~ i t l .  I I  is <.lt*ôi. 

t liat t lie mot or frirt ion niakes t lie 5 > - 4 1 ~ 1 1 1  d!-~iit~il ic 1ilod~1 norilin(~a~- anri (-~1ip1tvl. 





Appendix B 

Experimental Testbed - A Single Link 

Robotic Manipulator 

B.1 System Configuration 

A flexible single linli rot,ot ic iiianipiilator lias tweii tltbi-rlupd i i i  Rülmt i c b  LaIura tur~-  

of Directorate of Spa<< .\Iechanics at C'aiiadiaii Spacr  A g ~ n c y .  a i  slioivii ii: fi5.H. 1 .  I r  

lias brm 5eri.ing as ail esperiniental t e s t h l  for researcli oti ideiitificaiifiri arirl w r i t  SOI 

algorit tinis. This s!-hteiii iz  -clieniat ically s l i m v i i  i r i  fio.B.2. ii.liicli ii r o n i ~ ) o - t d  (JI' ii 



B.2 Direct Drive Motor and Interface to Corn- 

B.2.1 Introduction 

The actuator of the  manipulator i-: a D>,nascri- DAI1 I.iO;\ direct drii-r DC' n io tor  

made b!- Parker Hannifin Corporation [?II] .  wliicki is a higli torqur .  lo iv - spc~d .  ~ i i t  r r -  

0 Rotor iiiertio : J ,  = 0.142 !\'y >r,' 

- q . i , ' s *  - .  Analog ve1ocit~- loop w i t  h 1-elocitj- constant of 1.25M ,. . 

a I t  can be operateci i r i  folloivirig corit rol riiotlr. 



1 P Typr irlociiy Coniioi 
W o c i  t !- Cont rol )Iode 

[ Pi T y p e  I -elocity Corit rol 

Torque C'ont rol Alode 

a .\ccepts & I O \ '  for \élocity C'ontrol )Iodtl: 

O -4ccept- &S\  ' for Torqiie ('ont roi )Iode: 

The iriternal control loop of t h e  niotor nlaJ- h e  xheniaticall>. shoivii i r i  fig.B.:l. 

The motor operat iiig riioik rail 1w c e t  b!- confiriiririq t l i r  jiiriiper~ i r i  t htb iiiotoi 

-,:,j,#' 
u*liere Ii i . ir  = I .2i(iG,. T2ir roninianti voltagr of the motor. \ A. is grri~rattvl i i i  

the conipiirer and sent out to t lie niotor cont roller t hrougli t lie sanie data acqiii-i t ioii 

(.A/D Sr D/.\) board. The interface beriveen the coniputer ancl rlie niotor rontrulir~i. 

is sholvn in  fig.B.4. The coniriiarid voltasp. 1,. ran bt- gen~rate(1 i i i  tira ira>-5. i v i t l  

a joy-st ick operated by a Iiriniaii operator. or with an automat ir corit iol algorit l i n  

inipleiiiented as a cornputer prograni. I>orli of tliem are usefiil i r i  t his iwrk. 



B.2.2 Motor Operat ing Modes 

U*e are only interested in Torque Control Slode and \ é loc i t~*  C'ontrol )Iode in t hic; 

work. In Torque Control Sfode. t h e  t o q u e .  Tm. is proportional to t lie ronirniirirl 

L-olt age. I ii. i-e.. 

C'onsider t tie d!-namic mode1 for a single link manipiilator deri\-cd i n  .-lppcri(.lis -4. 

i.e.. ecl..\. 1-51. For t hc torquc cont rot mocle. it hac 

i l  1- a l  1 -  a r r  c l t - f i r i t4  i i i  t ~ i . 1  .\.13'71. .4. B. aiid ( '  art3 t lrli i ird i t i  r v p . ~  1 . 1  I I  

.A. 1 4 3  1. t f i ~  friction T ;  i +  d~îi i lod 1))- eq5.! A .  14.5 .A. 1.30 1 .  Tlii.\ 1 1 ~ 1 e l  i5 il11151 ra~ tv l  

i r i  fiç.B.5. Iri c spr r i r i i twt~ .  ire foiiiirl tliat t h e  iiiotor a c r t~ l<mt ion  is toc, Ili? fo i .  

t Iir Resit,lt. I>eaiii ro s tand.  F;,r rsaniplt*. I :.: = 2 1 - irotilrl r a i i w  s r \ - iwB pla-1 i f -  

dcforriiatioii f o r  t l i i l  t)t%ain. Tlierefore. t l i i c  nitjrlt~ ic; o~ll!- 11. t t~1 i i i  +ii!illlat i011 s t i~(li t--  

/ > r r t  iiot iri e s ~ , t ~ r i r ~ i e n t s .  

111 P -I->-J)P  loci 1)- (-'ont soi \ l w I t > .  t l i t )  nlot o r  a~icii ias ~ * t > l ~  , ( . i l  J- is j)r(-,l)tji-t io t~a!  I O  

t tir coninlarici 1-oltagrb. i.t.... 

il-liere O, reprrsrrit s t l i r  aiigiilai- vrlocit!. of t tir riiutor l i i i l i .  (Yi- is a proj>or~ iu11al 

miistaiit.  In this situation. the niotor lias an interna] control loop to  rc~~1i ia t t~  i i -  

angiilar \ -e lo r i t~-  t o  be proport ional t o  irs coniniarld volt a-e. Th(. parariii.1 of : l i i .  

interna1 loop is unlinon-n to tis. i.e.. t h e  ftiiict iori f,,. in eq.;\. 1.52 is iiriktioii-11. TIiv 

cl?-iiaiiiic riiocl~l of the  sJ-strni in t1ii.s mode  i i  iIltistratrd i r i  fig.H.(i. Froiii ~ s [ > t * r i n i r i i t ~ .  

WC found t liat the  motor velocit~.. O,, . deiiioiist rates cornples riuiiliiit~ar w1a1 iori.liil, 

ivir h t lie mot os ronirnancl voltagr. I A. instcatl of heing prupoi-t ional to t Iic c~iii i i i i i i i~l  



voltage as suggested in eq.( B..j). Hoivever. in Our esperiments. ive treat  the irhole 

s>-stem as a black bos. and therefore. it is not necessarj- t o  ohtain acciirate s>-itt'ni 

d!-namic mode1 and i t  s paramet ers. 

B.3 The Flexible Beam 

The beam is made of stainless steel. \v i t  h ma55 derisit!. p = 7.S.5g,'crri' aiid 1;jiirig'- 

nioduluil E = .10û.7C;.\'l'n~' 1231. a n d  itc tliiiimcioiii art- qhoivii i r i  fig.R.7. A I  o r l ~  t ~ 1 1 , l -  

t he  heani is clainperl t o  the motor liuh. whicli can oril! IF drii-tw i i i  1 lie tiorizoiiral 

plane. ;\t the otlier r i i t l .  t Iie Iwani i. f r w  a n d  I I I ~ J -  siihjrct to a loaïl. i t 1 .:>iriiii 

B.4 Ultrasonic Position and Orientation Sensing 

System 

The posi tioii and  orieritat ion of t h e  receii-cr can  Ije niea~;iired anci ><-rit  tu c.i>ri!- 

puter throiiçh t lie serial port R -  T h e  t ransniit t er is rrioiint(~(l oii t l i ~  l i i i l ,  of 

the niotor. ivhile t h e  receiver is fisecl a t  t h e  tip of the hearii. heirig parallt~l tu t l i c  

t ransmit ter. The  t r a r i ~ ~ * e r s c  tleflect ion of t lie t ip  of t lie bearii caii hrl riivii-iirwl. i v i r  11 

t lie rrsoliit ion of I /2iO of an inch 1 - 1 3 ] .  The nieapurements arc iipdattd at t l i ~  s ~ x w l  

of 5OHz. ancl t lie niasimal pei-iliit ted trackirig ï p t 4  of t lir r r c r i iw  i. :3O i i i ( - l i t a -  ~wi.  



second i2 131. 

The speed of transverse deflect ion cari be ohtained t hrougli riurnerical d i f f t w n t  i -  

ation of t h e  deflection. i.e.. 

where r . (  t ) is the transi-erse deflection of t Iie t ip of t h e  heani at time iri.itarit t .  

ineasiired \ri t h t h e  3 D  l~eact t racker. and T i ~ ;  t he  t inic increnient . 
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Figure B.:: Dirneiil;io~is of t lie Bearii 



io  Parallei Port i, R S - 3 2 )  
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