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Descrição do Produto


Towards a Paradigm for Fuzzy Logic Control F. L. Lewis and K. Liu Automation and Robotics Research Institute The University of Texas at Arlington 7300 Jack Newel1 Blvd. S Ft. Worth, Texas 76118 Research supported by NSF grants MSS-9114009 and IRI-9216545



Abstract Some scalar definitions in fuzzy logic control (FLC) are extended to the n-dimensional case, including vector fuzzy number and membership vector. A rigorous mathematical expression is given for the function g(z) (e.g. the 'reasoning surface') manufactured by a fuzzy associative memory (FAM). For the existence and uniqueness of solutions in any closed-loop system with a fuzzy logic controller, it is shown that the FAM function g(z) must be Lipschitz. This places restrictions on the allowed rules in the FLC. An algorithm is proposed for FLC design. It is shown that, under appropriate assumptions, the FLC manufactures an easily computed Lipschitz FAM function g(z) passing through a certain set of sample points associated with the membership functions. 1 INTRODUCTION The use of fuzzy logic in control applications has expanded at an increasing rate in recent years. Although phenomenal success shows this use to be justified, little has been done to study mathematically the stability of fuzzy logic controllers (FLC) or to provide repeatable design algorithms for FLC. A main problem is that, while FLC are easy to design in one or two dimensions, their usefulness in the n-dimensional case seems to be limited due to: (1) the limits to our intuition in higher dimensions, and (2) complications arising from dealing mathematically with n-dimensional fuzzy concepts. Some rigorous control analysis has been done for FLC. Langari and Tomizuka [7] have provided a Lyapunov stability analysis technique for a general sort of membership function. Chiu and Chand [3] have provided a cell-bycell Lyapunov stability analysis for a specific FLC design. Chen and Ying [2] and Precup and Preitl [lo] have drawn relationships between FLC and classical PID controllers, with the former showing stability using the small gain theorem. Buckley [l] and Ying [ll, 121 have laid a mathematical foundation for FLC the latter showing that a fuzzy associative memory (FAM) [SI produces a function g(z) (e.g. reasoning surface) that consists of a nonlinear proportional-plus-integral part plus an offset part. 0-7803-2125-1/94 $4.000 1994 IEEE



There have been severe problems in extending FLC design techniques to dimensions higher than two. In this paper, some scalar defininitions in FLC are extended to the n-dimensional case, including 'vector fuzzy number' and 'n-D membership vector'. A repeatable algorithm is proposed for FLC design. Some engineering insight is given on the selection of the membership functions, rulebase, inferencing technique, and defuzzification algorithm. Based on the selected membership functions, rulebase, inferencing technique, and defuzzification algorithm, a rigorous mathematical expression is given for the function g(z) (i.e. the so-called 'reasoning surface') manufactured by a FAM. For the existence and uniqueness of solutions in any closed-loop system with a fuzzy logic controller, it is shown that the FAM function g(z) must be Lipschitz. This places restrictions on the allowed rules in the FLC. It is shown that, under appropriate assumptions and using Larsen's product inferencing, the FLC manufactures an easily computable Lipschitz FAM function g(z) pssing through a certain set of sample points associated with the membership functions. This simple net result of a FAM s e e m to have been generally missed in the literature on FLC. 2



MATHEMATICAL FRAMEWORK FOR FUZZY LOGIC CONTROL



This section provides a mathematical framework that makes the ideas behind FLC precise, bringing together and formally extending some work by Langari, Buckley, and Ying. To accomplish this, it is necessary to discuss the main components of a FLC: the state membership functions (MFs), the control MFs and representative values, the rules relating the state and control MFs, the inferencing method for the rule antecedents, and the defuzzification method used to resolve several active rules into a single crisp control action. A main objective is to provide a setting for dealing with n-dimensional fuzzy numbers. Some mathematical concepts are first reviewed. Let 72 denote the real numbers, 72" the real n-vectors, RmX" the real m x n matrices. Let Z denote the interval [0,1] and
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2" Z x 2 x . . . Z ( n times). Denote by Af the natural numbers { 1 , 2 , ...}. Given an integer M > 0, define = { 1 , 2 , . . . , M } . Given two sets A and B , a relation f on A x B is a set of ordered pairs ( a , b ) in the Cartesian product A x B . A relation f is a function from A to B if (a, b) E f , ( a , b') E f implies that b' = b. Then, if (a, b ) E f we may write b = f ( a ) . If a function f is defined for all elements of A, we say f maps A into B or that f is a I 1 mapping from A to B. Let S be a compact simply connected set of R" and f : S -+ Rm a continuous function. Recall that a continuous Figure 1: Fuzzy logic feedback controller function maps compact sets to compact sets. We denote by 11 . 11 any suitable vector norm; when it is necessary to The properties of the closed-loop system are deterbe specific the pnorm is denoted as 11 . I I p . Function f ( z ) mined by the feedback function g(x). It is seen in the is said to be Lipschitt on S if there exists a constant L > 0 next sections that the fuzzy logic controller (FLC) does such that nothing but manufacture g(r) as the 'reasoning surface', so that the required properties of the FLC are determined by the desirable properties of g ( x ) . See Fig. 1 (where The Lipschitz condition guarantees (uniform) continuity. u = g ( e ) , with e ( t ) the tracking error). In the sequel we plan to show that for closed-loop conThe general counterexample i = z u , u = -2' shows trols purposes, the FLC rules must satisfy certain restric- that g ( z ) need not be one-one for stability. However, in tions, specifically, they must provide a mapping between view of the above existence and uniqueness result, g(x) two specific index sets. These restrictions arise from two should be a function and defined for all x , that is, g(z) directions: (1) A key property of FAM is that close in- should be a mapping. Moreover, since the sum of two puts should be mapped to close outputs; this is closely Lipschitz functions is Lipschitz, existence and uniqueness connected to the ability of FAM to reconstruct complete of closed-loop solutions is guaranteed if g ( x ) is Lipschitz. solutions from incomplete information. This requires the If the actuator limits on the input ~ ( tare ) U m i n , U m a s I full fuzzy system function g(z) to be continuous. (2) For the use of the control range is achieved if g(x) is as well onto existence of unique closed-loop solutions, g ( z ) must be [Umin, umaz]. Lipschitz. 2.2 VECTOR FUZZY NUMBERS AND MEMBERSHIP VEC2.1 DYNAMICAL SYSTEMS TORS



P



R



Given z E R" and a nonlinear function f (z, t ) : R" x -+ R" , the differential equation



has a differentiable solution z ( t ) if f ( z , t ) is continuous in x and t . If f ( z l t ) is in addition Lipschitz in z for all t 2 to, then both existence and uniqueness of solutions are guaranteed (as long as Ilf(zo,t)ll is bounded for t 2 t o ) . The solution x ( t ) is said to be globally uniformly ultimately bounded ( G U U B ) if for all 10 there exists an c > 0 and a number T ( c , z o ) such that Ilz(t)ll < c for all t 2 to T . In this paper we shall be concerned with controlling nonlinear time- invariant dynamical systems of the form



In this subsection the primary interest is in providing some basic definitions connected primarily with extending standard fuzzy notions to the case of a vector 2. Definition 2.1 (Scalar Fuzzy N u m b e r ) : Given 2 E R and an integer N , a fuzzy number on 72 is an ordered pair X i f (z, p i ( . ) ) , i E p,where the i-th membership function (MF) i s p i ( z ) : R + Z. Define the library of fuzzy numbers X { X i } and the set



+



A fuzzy number is a relation (actually a function) on



R x 1.Thus, the i-th membership function could as well be denoted as X i ( . ) (c.f. [l]). In FLC applications the MFs are selected by the design engineer, subject to some restrictions that will be detailed subsequently.



with x E R" and f ( z ) : R" + R" Lipschitz. We take the Definition 2.2 (Vector Fuzzy N u m b e r ) : Given z = [z' . . . PIT E R" and integers Nk, k E 5, control input u ( t ) to be a scalar. Let u ( t ) be computed define fuzzy numbers according to the nonlinear state-variable feedback



x: 95



E (zk,p"zk)),



i E F k , k Eii



(2.6)



lhgfw d MembersMPfor a Fixed x Far the specific x shown,



%,r (x) = (0.3,0.6,0.6)



Fig. 2 Sample Membershlp Functions for n= 3,N, = 5 with membership functions pf : R sian products



+ 2. Define the Carte-



x = {Xi'}x {Xi"}x . . . x {Xi.}



Note that the terms 'membership vector' for (2.5) and (2.8) evaluated at 2 are loose ones, though, for fixed 2, the set p ( z ) in (2.5) is isomorphic to the vectors of length NI and p ( z ) in (2.8) is isomorphic to the vectors of length



(2.7)



+ + +



which is termed the library of fuzzy numbers, and



... x { p y ( z " ) } . (2.8) - Given a set of natuml numbers ill i2 ,. . . ,in with ik E p ( 2 ) = { p f ( z l ) } x { p f ( z 2 ) }x



NI N2 . . . N,. For computational purposes in ndimensional FLC, it is convenient to use the Kronecker product and stacking operator.



Definition 2.4 (Truth and Equality) : 1. Given 2 E R and a libmry of fuzzy numbers X, if Nk,a fuzzy number on R" is defined as pj(z) # O for some i E iV we say 2 is xi, or x = Xj (to degree pi(")). In logical parlance we say simply that, for Xil,ia..., ,i n (XtllX:aj..,Xin)E X (2.9) a given +,Xjis true to degree p j ( z ) . 2. Given 2 E R" and a libmry of fuzzy numbers X, with n-dimensional membership function R" + 2" defined if pfk (zk)# 0 for all k E 5i and some set i l l i 2 , . . . ,in, by we say 2 is Xi1,ia,...,i n , or 2 = Xil,i,..., a i n (to degree p i l , i a ,...,in(x)). In logical terms, for a given Z , X i l , i a ,...,i. pil,ia,...,in(z) ( ~ : ~ ( t* l )* i,~ r , , ( z "E ) )~ ( 2 ) - (2.10) is true to degree pil,ia,...,in(z)* Sample 3-Dmembership functions are shown in Fig. 2. Remark: It is common in the litemture to denote z = Definition 2.3 (Degree of Membership and X i1,ia,...,inby Membership Vector) : 1. Given a fixed 2 E R,define the memberskip vec(zlisX:l) .and.(z2isX:a) .and. . . . .and.(z"isX,!'). (2.11) tor for 2 as p ( z ) in (2.5) evaluated at x. For a given iE the value pi(.) is the degree of membership of The fuzzy numbers Xf are generally described in linguis2 in Xj. Note that forfixed z , p ( z ) C Z and pj(Z) E 2. tic terms such as 'positive big', 'negative small', etc. Note 2. Given a fized t = [2' . . .2"IT E R", define the that we define the 'degree of membership' of this logical n-dimensional membership vector for 2 as p ( z ) in (2.8) expression as a member of 2",so that we have not yet adevaluated at 2 . For - a specified set of natuml numbers dressed the problem of 'fuzzy inferencing', i.e. combining i l I i 2 , . . . , i n , i k E Nk, the Uahe C(jl,ja ,...,j,(Z) is the de- the pfk into a single element of 2. gree of membership of z in Xjl,ja,.. . , i n . Note that for The next definition sets up the fuzzy number framefisted 2,~ ( 2c)Z" and pil,ia,...,in(z)E 2"work needed for decision-making in the context of dynamical systems.
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3 Mathematical Framework for n-D Fuzzy Logic Control



Given state fuzzy numbers X and control fuzzy numDefinition 2.5 (State and Control Fuzzy Numbers) bers U, define the rulebase ?R as a set of L rules where, Given the system (2.3) with state x E R" and control for each rule Rc E %,e E f;: U E 72, select integers Nk, k E A, and M and define state 1. The left-hand side associates a member of X to the fuzzy numbers (2.6) and control fuzzy numbers antecedent. 2. The right-hand side associates a member of U with U j = ( U , V j ( u ) ) , j E Z. (2*12) the consequent. Define the library of state fuzzy numbers X by



(2.7), and the (n-D) state membership vector for given z E 72" by (2.8).



a



The rules are thus of the form



If (Xil,ia,...,i n ) then ( u j ) (2.14) Define the library of control fuzzy numbers U = {U,} and the control membership vector for a fired which is usually expressed in the literature as uE'Ras 4.1 = {vj ( U ) ) . (2.13) If [(z' is X;l) .and. ( x 2 is X,?2) .and.. . . .and. (2" is Xrn)] then ( U is U j ) . 2.3 FAM RULEBASE (2.15) The upcoming development is associated with provid- We denote this rule by ing a rigorous expression for the function g ( z ) manufactured by a FLC in terms of the selected MFs, rulebase, R t l , i a , ...,i n , j . (2.16) inferencing method, control representative values, and defuzzification scheme. Reference to Fig. 3 is useful at this A more general class of rules is defined if the antecedent point. can be a logical function defined on X. However, this First define a class of rules relating the state fuzzy complicates things, and our framework can be extended numbers and the control fuzzy numbers. to this more general case in a straightforward manner. Definition 2.6 (FAM Rulebase) : Moreover, the definition suffices for a large class of control 97



systems, namely, almost all FLC contained to date in the literature. The association of the antecedent with a member of X is equivalent to associating the antecedent with a member of p ( x ) . Denote this operation for the e-th rule as s i ( p ) . For the class of rules given, this association is isomorphic to a relation on x 7 2 x . .. x Fnx E , given for the e-th rule as (ill,i 2 ( , . . . ,ini,t). The association of the consequent with a member of U is equivalent to associating the consequent with a member of U("), denoted for the e-th rule as r ( ( v ) .This can be taken as a relation on x E, given for the e-th rule as ( j t , t ) . Definition 2.7 ( R u l e Vectors of S t a t e MFs and Control MFs): Taking into account all L of the rules, define



to the fuzzy nature of the antecedent and consequent, to provide functional relationships between the state x ( t ) and the control u ( t ) a few more pieces of mathematical machinery are required. These are captured by the functions now defined, namely p (with respect to the consequent) and U (with respect to the antecedent). Definition 2.8 ( C o n t r o l Representative Values) : 1. Given control furry numbers U j ,j E %, select representative values ii, E R . Define the function p specifying the control representative values by Tij = p ( v j ) E R. 2. Define p ( r ( v ) ) = [p(ri) p ( r 2 )



. ..



RL



~ ( T L ) E] ~



(2.18)



as the representative control vector for the rule consequents.



The representative control values are selected by the designer, and may be the median, the mode, the centroid, etc., of the u j ( u ) . For instance, the centroid is



(2.19)



W e call s ( p ) the vector of s t a t e MFs associated to the rules, and r(v) the vector of control MFs associated to the rules. For a fixed x E R" and U E R , we have r(v) E ZL and s ( p ) E 2" x 2" x . . . x 2" (L times).



Note that in point of fact the actual control MFs uj are completely immaterial. The only quantity related to u ( t ) of any importance in FLC is the vector of control representative values associated to the rules. For convenience, only, this is specified in intuitive linguistic terms through the control MFs. This is by now being addressed in the literature by selecting the control memberships as unit pulse functions (e.g. 'singletons') centered at i i j . Turning now to the rule antecedents, let there be prescribed an element Xil,io,...,inof X with MF pil,ia,___, i,(t). For fixed x E R" the degree of fulfilment of the statement x = X i l , i a,...,i , (i.e. the truth value of Xjl,i2,...,in, see (2.11)) must be specified as a member of 2 . Computing this value as a function of the degree of membership pil,i2,,,,,i,(x) E I",as per Definition 2.3, is termed inferencing, and is accomplished by defining a function U : 2" + 2 . In the rules (2.14), (2.15) the components X/k of the antecedent are combined using the binary logical 'and' operator. To turn the map Xi" + p f ( x k ) for a fixed xk into a semigroup homomorphism, a binary operator @ must be defined on the pf . This operation should be a T-norm, and several alternative definitions are possible [9, 41, among them Mamdani's max-min inferencing which uses (2.20) 0 d2= min(dl ,d2),



In our view, therefore, the Gth rule is Ri = ( s ( , r ( ) , with st (resp. r ( ) the relation associating the antecedent (resp. the consequent) with the elements of X (resp. of U). The rulebase is the entire set 3 = { ( s t , r i ) } . Note that we interpret the rules somewhat differently than in other approaches in the literature. The rule is not seen as a function from X to U . In fact, given the oneto-one correspondence between the elements of s ( ~and ) r ( v ) , a rule can be viewed as a relation on the Cartesian x m 2 x . . .x x i?f. This possibility is hinted Product at in [l]and is more profitable in the sequel. This point of view justifies denoting the rule (2.15) as (2.16). These constructions define a Fuzzy Associative Memory (FAM), where fuzzy sets in x are mapped to fuzzy sets in U . A key property of FAM is that close inputs should be mapped to close outputs; this is closely connected to the ability of FAM to reconstruct complete solutions from incomplete information. As we shall see, the FAM property places restrictions on the admissible relations (si,.() and Larsen's product inferencing which uses the product defined by the rules. (2.21) p!$ 1 @ p? $ 2 = p! I 1 p2 $2' 2.4 INFERENCING , REPRESENTATIVE CONTROLVALDefine the inferencing function UES, DEFUZZIFICATION



m,



/dl



The rules encode in a heuristic manner a relation defined on X x U = { X i ' } x { X : } x . . . x { X i . } x { U j } . Due 98



Definition 2.9 (Degree of Participation) : 1. Consider a rule Ri and a fixed x E R". Define the degree of fulfilment of the antecedent as st) E Z. 2. For a rule Ri and a fixed x E R", the degree of participation of the consequent is taken as equal to the degree of fulfilment of the antecedent (assuming all rules hove certainty factor of 1.0). 3. Denote the degree of fulfilment vector for all the rules as U(.)



= [ u ( s ~ ) u ( s ~ .). . u ( s L ) ]E~Z L .



Definition 3.2 ( F L C F A M function) : Given a FLC candidate F , the FLC FAM function g ( x ) i s defined as U



=d x ) = ~ ( 4 S ( C L ( ~ ) ) ) ) ,



(3.25)



where p are the state MFs, s is the relation associating the state MFs to the rule antecedents, U is the inferencing function, T is the defuzzification function. The overbar qualifying r denotes that the control representative values (2.23) p of the rules are fixed parameters of the function r.



The rules ( s t , r i ) plus the inference function U ( . ) and Fuzzy Logic (FL) Control relies on a largely ad hoc the control representative value vector p now give us the controls design technique having the following steps: equipment for the next constructions. Definition 2.10 (Defuzzification Function) : Algorithm 3.1 (Fuzzy Logic Controller Design) : 1. Define a defuzzification function r(cr,p) : Z L x 1. Select the state MFs of x E R". 'RL +'R. 2. Select the control input MFs of U E R. 2. Treating the representative value vector p as a fixed 3. Specify the rules (of the form (2.14) associating the pammeter, define T ( u ) r ( u , p ) . state MFs with the control MFs. 4. In the antecedent (IF side) of the rules, select the There are many defuzzification techniques, using the method of inferencing U . centroid, minimum, and so on. The centroid is given by 5. Select the control representative values p. 6. Select the defuzzification function r ( u , p ) for computing a single crisp control value from the consequent (THEN side) of several relevant rules. The inference function U determines the method of inferencing (i.e. computing truth values of composite and/or 3.2 SOME CONSIDERATIONS I N F L C DESIGN expressions) when the antecedent side of the rules contains Unfortunately, the Design Algorithm just given lacks several fuzzy numbers X;" . The defuzzification function r rigor and suffers from the concomitant problem of nonis used to determine crisp values of the control u ( t ) when repeatability, in that different engineers, even though all several rules dictate using different values of control. using good sense, are virtually guaranteed to come up with different selections for the design choices. The FLC design 3 FUZZY LOGICCONTROLLER (FLC) DESIGN steps do nothing but define the feedback control mapping There now follow various definitions related to a FLC g : R" + R (called the 'reasoning surface') such that and an algorithm for constructing a FLC. It is argued that, U = g ( x ) (Fig. 1 ) . Therefore, we can use the desirable for suitable control performance, the FLC rulebase must properties of g ( x ) to aid in FLC design, thereby giving satisfy some restrictions, often violated in the literature. some guidance for each step of Algorithm 3.1. Then, the reasoning surface g ( x ) is an easily computed The FLC is a fuzzy associative memory FAM [5] in function passing through a set of sample points associated that fuzzy sets in x are mapped to fuzzy sets in U. A key with the state and control MFs. property of FAM is that close inputs should be mapped to close outputs; this is closely connected to the ability of 3.1 F L C DEFINITIONS A N D ALGORITHM FAM to reconstruct complete solutions from incomplete The machinery of the previous sections now allows the information. Since continuous functions map compact sets next definitions. to compact sets, the FAM property is guaranteed if g ( x ) Definition 3.1 ( F L C Candidate) : is at least continuous. According to Theorem 3.1, system A fuzzy logic controller candidate is F = theory considerations (i.e. existence and uniqueqess of so(X,U , 9, p, U , T ) , where: lutions) dictate that the FLC design should also guarantee X is a library of membership functions (MFs) for x E g ( x ) is a Lipschitz function onto [umin,um,,] defined for 'R" all x . U is a library of MFs for U E R SJZ = { ( s i , r t ) } i s a set of rules associating elements of Theorem 3.1 (Lipschitz Requirement) : Let F be a FLC candidate with the FAM function g(.) a X to elements of U Lipschitz mapping. Then in the closed-loop system (2.3), p is a function defining representative values of Uj (2.4) there exist unique solutions. U is an inference function r i s a defuzzification function. This motivates the next definition



=
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Definition 3.3 (Admissible F L C ) : n-dimensional case x E R”, though then g ( 2 ) is not pieceA FLC candidate F as said to be an admissible F L C wise linear. if the FAM function g ( x ) as a Lipschitz function mapping REFERENCES 2 to U . [l] J.J. Buckley, “Universal fuzzy controllers,” AutomatDefinition 3.4 (Stabilizing F L C ) : ica, vol. 28, no. 6, pp. 12451248, 1992. A n admissable FLC i s said to be stabilizing if, an the [2] G. Chen and H. Ying, “On the stability of fuzzy PI closed-loop system (2.3), (2.4) x ( t ) is GUUB. control systems,” Proc. Int. Conf. Industrial Fuzzy These requirements on g ( x ) impose conditions and Control and Intelligent Sys., Dec., 1993. guidelines on-selecting the M F s for x and U, selecting the rules mapping 2 to U, and choosing the inferencing and [3] S . Chiu and S. Chand, “Fuzzy controller design and stability analysis for an aircraft model,” PlDC. FUZZY defuzzification schemes. It is not difficult to derive the Workshop for Industrial App., Texas A&M requisite restrictions on the allowed FLC rules, which is Univ*, lggl* accomplished in a more expanded publication. The u p coming theorem is representative of the sort of results ob[41 M.M. Gupta and J. Qi, “Theory ofT-normsand fuzzy tained. inference methods,” Fuzzy Sets and Systems, vol. 40, For the system (2.3) let x E R,n E R. Select pp. 431-450, 1991. a compact set [Zmin, ma,] E R, an integer N , and a [5] B. Kosko, Neural Networks and Fuzzy Systems, New strictly increasing partition { x i } r of [xmin,zmar],that is = 2’ < 2’ < .. . < zn = zmar.Select trianJersey: Prentice-Hall, 1992. gular state membership functions p i based on this partition. Similarly, select a compact set [Umin, U,,,. E R (e.g. [GI V. Kreinovich, C. Quintanal and R. Lea, ‘‘What pr* cedure to choose while designing a fuzzy control?,” based on actuator limits), an integer M , and a strictly inPt-0~.Fuzzy Control Workshop for Industrial App., creasing partition {uj}? of [umin,u,,,]. Select singleton Texas A&M Univ., 1991. control MFs V j centered at the values u j .



Theorem 3.2 (Restriction o n F L C RulebaseScalar Case): For the system (2.3) let x E ~ , E n 2. Let the state MFs pj be triangular based on the partition {xi) along 2, and the control MFs uj be singletons centered at u j . k t product inferencing and the centroid defuzzification scheme (2.24) be used. Denote the rulebase by ?R= { R l } . Then: 1. Let the rulebase provide a mapping from {i} to { j } SO that every pi8 is mapped to a single V j t . Then the FAM function g(z) is a Lipschitz function such that g(+) =



[7] R.Langari and M. Tomizuka, “Analysis of stability of a class of fuzzy linguistic controllers with internal dynamics,” proc. ASME Winter Annual Meeting, paper 91-WA-DSC-13, Dec. lggl. [8] K. Liu and F.L. Lewis, “Some issues about fuzzy logic D ~ ~and, control, ~ , pp. ~ ~ control,,, proc. IEEE 1743-1748, Dec. 1993.



conf.



[9] M. Mizumoto, “Fuzzy controls under various reasoning methods,” Information Sci., vol. 45, pp. 129-151, 1988.



Ujr



digita1 2. Conversely, suppose the rulebase does not provide [lo] R*-E. Precup and s. Preitl, “On a PID predictor controller,” Proc. IEEE Meditemnean function 9 ( + ) a mappingfrom {q to { j } . Then the may not pass through the points be Lipschitz.



( x i t ,u j t ) ,



Symposium On New Directions an Automation, pp. 569-573, June 1994.



and/or may not



and



Unfortunately, in many FLC designs in the literature, Ill] H. Ying, “A nonlinear fuzzy controller with linear control rules is the sum of a global two-dimensional attempts are to simplify computations by multilevel relay and a local nonlinear proportionalrules’; that is, by omitting rules for some ofthe state MFS. integral controller,” Automatica, vol. 29, no. 2, pp. This violates the conditions of part 1. of the theorem since 499-505, 1993. the rulebase is not then a mapping between X i and U,. Therefore, even the existence and uniqueness of closed- [121 Ying, analytical structure of loop solutions cannot be guaranteed if rules are omitted. fuzzy controllers and their limiting structure theoThis relates imtimately to some further discussion in [8]. rems,” Automatica, vol. 29, no. 4, pp. 1139-1143, It is very interesting to note that the theorem shows the 1993. FAM function g(x) (‘reasoning surface’) passes through the sample points ( t i l , u j l ) , which makes for very convenient controls design. This property also holds in the 100
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