Fuzzy controllers of  Mamdani and Takagi-Sugeno type

Design of fuzzy controllers:

· Granulation (G)

· Fuzzification, (F)

· Inference, (I),

· Agregation, (A),

· Defuzzification  (D).

F-I-A-D for controllers of Mamdani type

Fuzzification:

In fuzzyfication stage there are formed membership functions for input variables. This operation is for condition of demonstration example illustrated in Fig.1. In case of deeper structuralization of premises, e.g. 

SYMBOL 60 \f "Symbol"Jesliže(((e(k) = A1)OR(e(k)=A2))AND(SYMBOL 68 \f "Symbol"e(k)= B))SYMBOL 62 \f "Symbol" SYMBOL 222 \f "Symbol" SYMBOL 60 \f "Symbol"Pak (u(k) = C)SYMBOL 62 \f "Symbol", 

It is necessary to use a consistency  operator: 

                   SYMBOL 109 \f "Symbol"A(x10) = max SYMBOL 123 \f "Symbol" SYMBOL 109 \f "Symbol"A1(x10), SYMBOL 109 \f "Symbol"A2(x10)SYMBOL 125 \f "Symbol"

SYMBOL 125 \f "Symbol".                     

Fig.1.:

Inference

Recapitulation of  Madani  inference:

SYMBOL 183 \f "Symbol" Mamdani fuzzy inference for value  x=x0 : 

Let us have fuzzy sets  A, B defined on continuous universem universech X, Y. 

Composition rule for Mamdani implication (computed for each y SYMBOL 206 \f "Symbol" Y, for 

x=x0) the following form:

SYMBOL 109 \f "Symbol"BM(y) = min SYMBOL 123 \f "Symbol"

SYMBOL 109 \f "Symbol"A(x0 ), SYMBOL 109 \f "Symbol"IMM(x0, y)SYMBOL 125 \f "Symbol"

SYMBOL 125 \f "Symbol" = min SYMBOL 123 \f "Symbol"

SYMBOL 109 \f "Symbol"A(x0 ), minSYMBOL 123 \f "Symbol"

SYMBOL 109 \f "Symbol"A(x0), SYMBOL 109 \f "Symbol"B(y)SYMBOL 125 \f "Symbol"

SYMBOL 125 \f "Symbol"

SYMBOL 125 \f "Symbol". 

Comparing quantities  SYMBOL 109 \f "Symbol"A(x0) and  min SYMBOL 123 \f "Symbol"

SYMBOL 109 \f "Symbol"A(x0), SYMBOL 109 \f "Symbol"B(y)SYMBOL 125 \f "Symbol" we have to consider three following cases :

                           (i)   (SYMBOL 109 \f "Symbol"A(x0) SYMBOL 62 \f "Symbol" SYMBOL 109 \f "Symbol"B(y)) SYMBOL 222 \f "Symbol" (SYMBOL 109 \f "Symbol"BM(y) = SYMBOL 109 \f "Symbol"B(y)),

                           (ii)   (SYMBOL 109 \f "Symbol"A(x0) ( SYMBOL 109 \f "Symbol"B(y)) SYMBOL 222 \f "Symbol" (SYMBOL 109 \f "Symbol"BM(y) = SYMBOL 109 \f "Symbol"A(x0)),                                   

                           (iii)  (SYMBOL 109 \f "Symbol"A(x0) = SYMBOL 109 \f "Symbol"B(y)) SYMBOL 222 \f "Symbol" (SYMBOL 109 \f "Symbol"BM(y) = SYMBOL 109 \f "Symbol"A(x0)).

Derived expressions for x=x0 and for all y SYMBOL 206 \f "Symbol" Y, and for the case of continuous universes X ( Y ( R1 ( R1 give very clear graphical construction for SYMBOL 109 \f "Symbol"BM(y) - Fig.7.4.

                   [image: image1.png]



Fig.7.4.

Example: 

Let us consider two rules: 

SYMBOL 60 \f "Symbol"IF(((e(k) = A1)AND(SYMBOL 68 \f "Symbol"e(k)= B1))SYMBOL 62 \f "Symbol" SYMBOL 222 \f "Symbol" SYMBOL 60 \f "Symbol"THEN (u(k) = C1)SYMBOL 62 \f "Symbol", 

SYMBOL 60 \f "Symbol"IF(((e(k) = A2)AND(SYMBOL 68 \f "Symbol"e(k)= B2))SYMBOL 62 \f "Symbol" SYMBOL 222 \f "Symbol" SYMBOL 60 \f "Symbol"THEN (u(k) = C2)SYMBOL 62 \f "Symbol", 

Input: e(k) = x10 , SYMBOL 68 \f "Symbol"e(k) = x20.

Fig.:

Aggregation

As a result of “Inference” we obtain a few fuzzy sets that represent consequences of activated rules. Each of these rules “recommend” own fuzzy set of action variable.  Každé z těchto pravidel "doporučuje" jinou fuzzy množinu akční veličiny. 

These fuzzy sets is necessary to combine to one (by operation Aggregation). 

Aggregation is formed as union of fuzzy sets:

                             C(x10, x20) = C1(x10, x20) SYMBOL 200 \f "Symbol" C2(x10, x20),      

Defuzzification

The goal of defuzzification is to transform a resulting fuzzy set C(x10, x20) into one real number (quantity of action variable).

There are a few methods:

1) Centre of gravity of C(x10, x20):  u(k) = ( ((C(u) u du) / ( ((C(u)du).

2) A generalized mean quantity: u(k) = (( (C(ui) ui) / (( (C(ui)) , pro i=1, …,n.

3) Quantity that is assigned to a maximum value (C(ui). 

Other methods are known as  “coa” (center of area), “mom” (mean of maxima).

F-I-A-D for controllers of  Takagiho - Sugeno type

These controllers differs from Mamdani type in the right side of rules and in ways of “aggregation and defuzzification”. On the right side is not a fuzzy set but a real function.

Type of rules:

SYMBOL 60 \f "Symbol"IF ((e(k) = A) AND (SYMBOL 68 \f "Symbol"e(k) = B))SYMBOL 62 \f "Symbol"  SYMBOL 222 \f "Symbol" SYMBOL 60 \f "Symbol"THEN (u(k) = f(e(k),SYMBOL 68 \f "Symbol"e(k)))SYMBOL 62 \f "Symbol",  

e.g.:

SYMBOL 60 \f "Symbol"IF ((e(k) = A) AND (SYMBOL 68 \f "Symbol"e(k) = B))SYMBOL 62 \f "Symbol" SYMBOL 222 \f "Symbol"

SYMBOL 60 \f "Symbol"THEN (u(k) = e(k) + 2 SYMBOL 68 \f "Symbol"e(k)))SYMBOL 62 \f "Symbol", 

SYMBOL 60 \f "Symbol"IF ((e(k) = A1)SYMBOL 62 \f "Symbol"  SYMBOL 222 \f "Symbol" SYMBOL 60 \f "Symbol"THEN  (u(k) =  0.4 e(k)))SYMBOL 62 \f "Symbol",                       

where  e(k), SYMBOL 68 \f "Symbol"e(k), A, B, A1 have the same content and meaning as for Mamdani models and real functions in right sides are

f1(e(k),SYMBOL 68 \f "Symbol"e(k)) = e(k) + 2 SYMBOL 68 \f "Symbol"e(k)),

f2(e(k),SYMBOL 68 \f "Symbol"e(k)) = 4 e(k) + 0 SYMBOL 68 \f "Symbol"e(k)) .

Quantity of u(k) that represents activated rules is computed as a mean value

                                 m             m
                         u = (SYMBOL 83 \f "Symbol" wi  ui)/ (SYMBOL 83 \f "Symbol" wi ) ,                     

                                 1              1  

where wi are “values of membership functions of ui(k)” computed for each rule. Number m is a number of rules. Quantities  wi are computed from values of membership function in left sides of rules. 

For example in rules above for  e(k) = x10    SYMBOL 68 \f "Symbol"e(k) = x20  we have:

              w1 = min SYMBOL 123 \f "Symbol" SYMBOL 109 \f "Symbol"A(x10 ), SYMBOL 109 \f "Symbol"B(x20 )SYMBOL 125 \f "Symbol" , w2 = SYMBOL 109 \f "Symbol"A1(x10 ).

Example: Let us consider Sugeno model with two rules and with fuzzy sets expressed in form of fuzzy numbers

A = SYMBOL 91 \f "Symbol" 5.0, 6.0, 2.0, 1 SYMBOL 93 \f "Symbol", B = SYMBOL 91 \f "Symbol" 0.5, 0.6, 0.2, 0.1 SYMBOL 93 \f "Symbol", 

A1 = SYMBOL 91 \f "Symbol" 0.1, 3.0, 0, 1.0 SYMBOL 93 \f "Symbol" .

Compute the value of action variable ! 

e(k) = 3.5  a  SYMBOL 68 \f "Symbol"e(k) = 0.6.

SYMBOL 109 \f "Symbol"A(3.5 ) = 0.25 , SYMBOL 109 \f "Symbol"B(0.6 ) = 1.0, SYMBOL 109 \f "Symbol"A1(3.5) =0.5,

w1 =min SYMBOL 123 \f "Symbol" 0.25, 1.0 SYMBOL 125 \f "Symbol" = 0.25.  , w2 = 0.5,

u1 = 3.5 + 2 * 0.6 = 4.7 , u2 = 0.4 * 3.5 = 1.4.

Resulting quantity of action variable:

                u(k) = (0.25 * 4.7 + 0.5 * 1.4) / (0.25 + 0.5) = 2.5 .

Pozn.: Pokud jsme přijali výklad konceptů agregace a  defuzzifikace u regulátorů Mamdaniho typu, je vhodné poznamenat, že u Sugenovských modelů regulátorů  nedochází doslova k agregaci fuzzy množin (jak je jistě zřejmé), zejména proto, že výsledkem vyhodnocení každého pravidla je jednoprvková fuzzy množina SYMBOL 123 \f "Symbol"hodnota u(k), hodnota funkce příslušnosti u(k)SYMBOL 125 \f "Symbol". 

Podobně speciální význam má postup defuzzifikace. Do výpočtu vstupují  jednoprvkové fuzzy množiny a  forma výpočtu má nejblíže k metodě zobecněné střední hodnoty.

2.4.2. Basic steps in design of fuzzy controllers

S1.:   Selection of the type of the controller.

S2.: Assignment of lingvistic variables to the selected systém variables (inputs, outputs, actions). 

S3.  Determination of extents of fuzzy values and formation of profiles of fuzzy values.

S4.: The synthesis of rules of  the controller.

S5:  The selection of inference model.

S6.: The choise of aggregation procedure.

S7: The choise of the defuzzificarion methods.

Poznámka:


Postupně s prohlubováním teorie fuzzy regulátorů a s jejich aplikacemi se stále více ukazuje, že jde o velmi tvárné nelineární regulátory adaptovatelné k nejrůznějším řízeným systémům, spíše než o modifikace odvozené z univerzálních klasických regulátorů P, PI, PID, apod. Koncept "fuzzy regulátor" představuje tedy víceméně prostor pro syntézu  speciálního nelineárního regulátoru "na tělo" k řízenému systému.

Basic types of fuzzy controllers

Fuzzy  P-controller  :  

SYMBOL 60 \f "Symbol"IF (e(k) = A)SYMBOL 62 \f "Symbol"  SYMBOL 222 \f "Symbol" SYMBOL 60 \f "Symbol"THEN (u(k) = B)SYMBOL 62 \f "Symbol"                                            

Fuzzy  PD - controller :

SYMBOL 60 \f "Symbol"IF ((e(k) = A) AND (SYMBOL 68 \f "Symbol"e(k) = B))SYMBOL 62 \f "Symbol"  SYMBOL 222 \f "Symbol" SYMBOL 60 \f "Symbol"THEN  (u(k) = C)SYMBOL 62 \f "Symbol"             

Fuzzy  PI - controller :
SYMBOL 60 \f "Symbol"IF ((e(k) = A) AND (SYMBOL 68 \f "Symbol"e(k) = B))SYMBOL 62 \f "Symbol"  SYMBOL 222 \f "Symbol" SYMBOL 60 \f "Symbol"THEN  (SYMBOL 68 \f "Symbol"u(k) = C)SYMBOL 62 \f "Symbol"           

Fuzzy  PID - controller :

SYMBOL 60 \f "Symbol"IF ((e(k)=A)AND(SYMBOL 68 \f "Symbol"e(k)=B)AND(SYMBOL 68 \f "Symbol"

SYMBOL 68 \f "Symbol"e(k)=C))SYMBOL 62 \f "Symbol" SYMBOL 222 \f "Symbol" SYMBOL 60 \f "Symbol"THEN (SYMBOL 68 \f "Symbol"u(k)=D)SYMBOL 62 \f "Symbol" ,     

where  e(k) is a control error in k-th interval of sampling, SYMBOL 68 \f "Symbol"e(k) is its first difference, SYMBOL 68 \f "Symbol"

SYMBOL 68 \f "Symbol"e(k) is the second difference of  e(k), u(k)  is a action variable  and  SYMBOL 68 \f "Symbol"u(k)  is its first difference. Symbols  A, B, C, D are lingvistic values (tj. fuzzy sets) of the correspponding lingvistic variables.


To je samozřejmě velmi hrubá klasifikace. Není tím řečeno, že všechna pravidla např. fuzzy PD regulátoru musí mít tvar (83.2). Jestliže např. jazyková proměnná regulační odchylky i jazyková proměnná její první diference byly granulovány do sedmi jazykových hodnot (Záporná velká, Záporná střední, Záporná nízká, Nula, Kladná nízká, Kladná střední a Kladná vysoká) je možno pro  fuzzy PD regulátor napsat základních 49 pravidel typu (83.2). 


Výstupy fuzzy regulátorů PI a PID jsou diference hodnoty akční veličiny SYMBOL 68 \f "Symbol"u(k) a jejich účinek je třeba "integrovat". U většině těchto fuzzy regulátorů se "integrace" realizuje "načítáním" přírůstků SYMBOL 68 \f "Symbol"u(k). To je samozřejmě velmi hrubá aproximace. 

