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General Fuzzy Systems

Multiple Input Multiple Output Fuzzy Systems
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Figure 5.20: Fuzzy system (controller

MIMO fuzzy system = m MISO fuzzy systems
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Fuzzy Systems:
« Standard fuzzy systems
* Functional fuzzy systems
Consequents are not linguistic, but a function:
b, )
or
bi=g i
Let R r of rules. For the functional fuzzy system we can
representing the premise (e.g., minimum or
y be obtained us
5
5
3




Takagi-Sugeno Fuzzy System

In the special case where
b; Gi(-) = a; 0 + a; quy + + Qi nliy

(where the a, ; are fixed real numbers) the functional fuzzy system is referred

Sugeno fuzzy system.”

to as

SR b(z)
y=S=al o (5.3)

1 1i(2)

If a; o 0, then the g;(-) mapping is a linear mapping and if a, # 0,
then the mapping is called “affine.” Often, however, as is standard, we will

apping as a lincar mapping for convenience. Overall, we see

refer to the affine
that the Ts Sugeno fuzzy system perform:
linear map) the linear mappings can each rep
a different line -Sugeno fuzzy system interpolates
between these and applies combination the linear controller outputs (similar
n scheduled control” in conventional control

a nonlinear interpolation be

gs. In control application:
ar controller and the

in some cases to what is called
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Mathematical Representations
Two Different Approaches
Rules and Membership Functions: To represent linguistic rules, i
1,2 n, and § denote the linguistic v bles that deseribe u;, i = oy,
and y, respectively. Let A] linguistic value for the i** input
universe of discourse (here, suppose that i 1,2 ,n, but that j can, for
listic-numeric values). Simi-

instance, take on values that are equal to the lir
larly, let B? denote the p™ linguistic value on th
that has linguistic variable . With this, a linguistic

of discourse

output unive
rule may be described

mathematically by

If diy is A
and s is A3
and ---
and i, is 1{,
Then j is BP

Membership Functions

MDA

Fifure 5.21: Some typigdl membership funetions

Acterization of Triangular Membership Funetions

Table 5.4: Mafhematical Chs

and related membership fanctions

: L 1 fu<c
Left 1 (u) - {“ 1+ it} otherwise
Cent ¢ max {0,1+ Ta<c

enters || 5 (u) max {0.1 4 S
Right uR(u) max {Ii_] AT ifu<c®
: ! otherwise




Membership Functions

Table 5.4: Mathematical Characterization of Triangular Membership Functions

Triangular and related membership functions

L 1 fu<e
Left (u)
s max {0,1+ F24}  otherwis
T 1
ax {0, 1 + ==~ fw P
Centers || pC(u max {
max 10, 1+ 1 otherwise

R

Right || u#(u) { max[0,1+ g5} ifu<e

1 otherwise

A single membership function that represents all three in Table 5.4 is

1 if(uy <eli=1)or(u; >e¢’,i=Nj)
N
it (uy) max {u 1+ ifu; < ¢ and (u; > e} and u; < ¢
] . N
max [li.l - ifuj > ¢ and (u; -f“AN\lH‘ <c;
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Membership Functions
] "
|
Figure §21: Some typical membership funcfions
5.5: Mathematfeal Characterization of Gaussian Mefnbership Functions
Gaussian and related membership functions
1 fu < ¢
. Liu L2
Lef # ep(-4(2£))  fotherwis
Centers uC(u) =exp (-4 —.[)
7 1 :
Right || u*(u) ew (-4 (%) ) ifuse
1 otherwise
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Approach 1

hip Functions, All Possible Rules: As-
ribing

Approach 1: Given Membe
sume that we 1
how to compute the output is

» center-avers

(5.4)

where for convenience we use ji; to represent the premise certainty for the i** rule




Approach 1

Suppose we use the shorthand notation

Goky... )
to denote the i'" rule shown above. In this notation, suppose the indices in
(the “tuple™) (j,k,...,I) ra over L<j< N,1<k Ny 1<1<N,
and specify which linguistic value is used on each input universe of discourse.
Correspondingly, each index in the tuple (j, k, . .. ,I) also specifies the linguistic-

numeric value of the input membership function used on each input universe of

discourse.

Let ‘
-
denote the output membership function (a singleton) center for the i** rule
Note that we use “i" in the notation (j, k, I;p); simply as a label for each
rule (i.e., we number the rules in the rule base from 1 to R, and i is this number)
Hence, when we are given i, we know the values of j, k, 1, and p. Be

of this, an explicit description of the fuzzy system in Equation (5.4)
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Approach 1

Approach 1: Given Membership Functions, All Possible Rules: As-
sume that we use center-average defuzzification so that the formula describing

how to compute the output is

T b »
v="7— n (5

S r
PN 1T RN

ent the premise

This formula clearly shows the use of the product to repr
Notice that since we use all possible combinations of input membership funetions

R H N

to form the rules there ar¢
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Approach 2

eterization in Terms of Rules: A different approach

ding some of the complications encountered in specifying a fuzzy system
mathematically is to use a different notation, and hence a different definition for
the fuzzy system. For this alternative approach, for the sake of variety, we will
use Gaussian input membership functions. In particular, for simplicity, suppose
of

rule, suppose that

we only use membership functior
h

nput universes of dis

that for the

nter

Table 5.5. For the i*

n form shown

the A

the input membership function is

1 fu;—¢
exp| -5 | ——
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Approach 2

for the j** input universe of discourse. Hence, even though we use the same
are different from those
ership functions here, and

notation for the membership function, these cente
used above, both becanse we are using Gaussian m
because the “i” in ¢! is the index for the rules, not the membership function
on the j™ input universe of discourse. Similar comments can be made about
the of, i 1,2,...,R, j 1,2, n. If we let by, i 1,2, R, denote the
center of the output membership function for the i'" rule, use center-average
defuzzification, and product to represent the conjunctions in the premise, then

SE e (-4 (252))
S e (-4(252))
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Neural Networks and Fuzzy Systems:

Techniques from one area can be used in the other

In some cases the functionality is identical

MLP: nonlinearity can be tuned by changing
weights and biases

Fuzzy Systems: nonlinearity can be tuned by changing
the membership functions,
incorporate heuristic knowledge
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Multilayer Perceptrons

4.4 Radial Basis Function Neural Networks

A locally tuned

apping receptive field is found in parts of the cerebral
cortex, in the T i

1 cortex asis
function neural network based on these biological systems (but once

nin, the model is not necessar
terpart).

rate, just inspired by its bi

By receplive
field units

Figure 4.18: Radial basis function neural network model.
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Multilayer Perceptrons

¥ = Fas(,0) =3 bRi(x)
i=1

(4.10)

» and @ holds the b
1d units.
1 units” Ry(x):

2. We could choose

1
Ri(x) —
Tren

3. In each of the above cases you ean ¢

hoose to m:
on the input dimension (which makes sense if the
scaled differently). In this case for 1 above, for e
o' = [o},04,...,04] and

Ri(z) .‘.m( L.

1 for the 3 input for the i' rece
h that we will use in th

example in the
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Neural Networks
and Fuzzy Systems:

RBF:

Some radial basis functio

ters for the r “\l:‘
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Tanker Ship Steering
v,
N v
J T .
ot o
Figure 5.3: Fuzzy controller for a tanker ship steering problem
Normalization and Scaling:
Iv. v
¥ - - Voslh -
e}
Figure 5.22: Fuzzy controller for tanker ship with scaling gains gy, g1, and g
18
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Normalization and Scaling:

Furry flrgl—  Tamk -
Figure 5.22: Fuzzy controller for tanker ship with scaling gains go, g1, and ¢
e If gy = 1, there is no effect on the membership functions and there is no
effect on the meaning of the linguistic values.
e If g < 1, the membership functions are uniformly “spread out” by a fac
tor of 1/gy (notice that multiplication of each number on the e universe
iscourse of Figure 5.23 by = which is 1/g;, gives you Figure 5.8 on
166). This changes the meaning of the linguistics so that, for ex
ample, “poslarge” is now characterized by a membership function that
represents larger numbers
e If g, > 1, the membership functions are uniformly “contracted This
changes the meaning of the linguistics so that, for example, “poslarge
is now characterized by a membership function that represents smaller
numbers 19
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Figure 5.8: Membership functions for a ship steering example

20
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Figure 5.23: Normalized
ship (and boxed values of the
tions shown in Figure 5.8

wes of discourse for fuzzy controller for tanker
pains give

the original membership func
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Subroutines .

22
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Fuzzy controller pseudo code

Obtain x1 and x2
(Get inputs to f

1u

ontroller)

o

Compute mfi[i) and mf2(j] for all i, j
(Find the values of all m
for x1 and x2)

mbership functions given the values

3. Let num=0, den=0

(Initialize the COG numerator and denominator values)

For i=1 to 11, For j=1 to 11,
(Cycle through all ar

to determine COG)

pron(i,j1=min(af1[i],nf2(31)

sareaimp[rule(i,j],prea(i,j]]
npute numerator for COG)

den=den+areaimp(rule(i,jl,prea(i,jl]

minator for COG)
5. Next i,

6. Output ucri
(Output the v

controller)
7. Go to Step 1
23
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Fuzzy Controller Tuning for the Tanker Ship

Performance for the First Guess

of fuzzy controller for tanker ship steering, go = 3%

24




Tuning the Derivative Gain to Reduce Overshoot

Figure 5.25: Response of fuzzy controller for tanker ship steering, o =

o =1, and gy = 200

25
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Tuning the Proportional Gain to Decrease the Response Time

Figure 5.26: Response of fuzzy controller for tanker ship steering, g0 = 3%
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Nonlinear Control Surface

- -

Figure 5.27: Nonlinear control surface implemented by the fuzzy controller
27
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Effects of Disturbances and Plant Changes
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Figure 5.25: Respon ntroller for tanker ship steering, “full” condi
tions, o i s £
28
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Effects of Disturbances and Plant Changes
i
PR WS N N P SN S —
Figure 5.29: _]<-~\w'w of m_fﬂ controller for tanker ship steering, wind distur
bance, go = 42, gy = 2, and gy = 250, 2
29
Effects of Disturbances and Plant Changes
Figure 5.30: Response of fuzzy controller for tanker ship steering, speed de
crease, go = 35, gy = 2, and g = 250 %
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