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abstract

In this paper, a decomposition-based approach is proposed to simplify the design of
the fuzzy controllers. Usually, the antecedents of the fuzzy rules in the fuzzy rule base
of the multi-input single-output (MISO) fuzzy controller are constructed to include all
the combinations of conditions of input variables. Assume that the triangular type
membership functions and the centroid defuzzification method are adopted in the fuzzy
controller. Furthermore, the algebra product is selected to be the fuzzy and operator.
Then a simple crisp output with the denominator equal to one is obtained for the MISO
fuzzy controller. By the proper design, the input variables in the crisp output of the
MISO fuzzy controller can be separated from each other so that the crisp output is
represented as the multiplication of terms.  Each term involves only one single input
variable. Thus, the MISO fuzzy controller can be decomposed into several SISO fuzzy
sub-controllers and the output of the MISO fuzzy controller is the product of the
outputs of the SISO sub-controllers. That is, with this decomposition-based approach,
the design of a MISO fuzzy controller can be simplified into the design of SISO fuzzy
controllers. This approach is adopted to design the PD-like fuzzy controller in this
paper. And simulations are also carried out to show the effectiveness of the PD-like
fuzzy controllers designed with the proposed approach.

Key Words: Decomposition-based Approach, Fuzzy Control.



1. Introduction

It is known that fuzzy logic techniques [2,12] provide a method for representing and implementing
the expert's experience and knowledge [6]. And the linguistic information from experts is usually
described by the fuzzy if-then rules with linguistic predicates [4,5,7,9]. Based on the expert's
knowledge, the fuzzy controller with the fuzzy if-then rules have been developed to control the
complex systems with unknown dynamics [1,8,11]. However, it is difficult to design and readlize
the fuzzy controllers with a large number of input variables. One approach to reduce the number
of input variables and simplify the design of the multi-input fuzzy controllers is to generate new
input variables by linearly combining the original input variables [1,10]. Nevertheless, the
number of the design parameters is decreased by the input variable combination approach, and the
system requirements may not be satisfied. In this case, a new simplification approach called
decomposition-based approach is proposed in this paper to aleviate the difficulty of the
performance degration for the implementation of the fuzzy controllers. Usually, the antecedents
of the fuzzy rules in the fuzzy rule base of the multi-input single-output (M1S0) fuzzy controller
are constructed to include al the combinations of conditions of input variables. Assume that the
triangular type membership functions and the centroid defuzzification method are adopted in the
fuzzy controller. Furthermore, the algebra product is selected to be the fuzzy and operator. Then a
simple crisp output with the denominator equal to one is obtained for the M1SO fuzzy controller
[3]. By the proper design, the input variables in the crisp output of the MISO fuzzy controller can
be separated from each other so that the crisp output is represented as the multiplication of terms.
Each term involves only one single input variable. Thus, the M1SO fuzzy controller can be
decomposed into several SISO fuzzy sub-controllers and the output of the M1SO fuzzy controller
is the product of the outputs of the SISO sub-controllers. That is, with this decomposition-based
approach, the design of a M 1SO fuzzy controller can be simplified into the design of SISO fuzzy
sub-controllers.  And the SISO fuzzy sub-controllers are constructed according to the reasonable
information directly acquired from the experienced operators. Moreover, if the transformed (input
coordinates rotated) M1SO fuzzy controllers can be decomposed into SISO fuzzy sub-controllers
with respect to the new input variables, and the output of the transformed M SO fuzzy controller
is equal to the multiplication of the outputs of the SI SO fuzzy sub-controllers, then the transformed
M1SO fuzzy controllers are shown to be improved with the decomposition-based approach. Since
the multi-input multi-output (MM O) fuzzy controller can always be separated into several M1SO
fuzzy controllers [5], the decomposition-based design approach proposed here can be further
applied to the design of MIMO fuzzy controllers. The decomposition-based designs of the
PD-like fuzzy controller and the transformed PD-like fuzzy controller are included in this paper.
And simulations are also carried out to show the effectiveness of PD-like fuzzy controllers
designed with the proposed approach.

The remainder of this paper is organized as follows. The construction of the MISO fuzzy



controller is presented in Section 2. The decomposition procedure is described in Section 3.
Section 4 provides the proposed decomposition design for the PD-like fuzzy controller based on the
linguistic information for each SISO fuzzy sub-controller. The decomposition design for the
transformed PD-like fuzzy controller is studied in Section 5. Simulations are included in Section 6.
Finally, Section 7 provides a conclusion.

2. Construction of aMISO Fuzzy Controller

In this section, the construction of a MISO fuzzy controller is presented. Let the input variables
of the fuzzy controller be x;, j =12,...,m , and the output variable be ¥ .Also, we assume that
the universe of the input variable X; is partitioned into fuzzy sets Ay, A,',..., Ay, and the universe
of the output variable y is partitioned into fuzzy sets B;, B,,..., Bs. Moreover, for each
combination of conditions of input variables

X1 is Cli, Xo is Czi,..., and Xm is Cmi,

it is assumed that there is afuzzy rule in the fuzzy rule base of the M1SO fuzzy controller with the
form:

Ri: If xisCi,%isCy,...,and XnisCm, thenyisD'

where ' € {A{, AJ,.., A}, forl1 j myand D'e{Bi, By,.., Bg. Thatis, the fuzzy
rule base of the M1SO fuzzy controller consists of

n= Hrjn:1ki

fuzzy if-then rules. For the following discussion in this paper, the notations A( ),B( ),...$, are
used to represent the membership functions of fuzzy sets A,B,..., respectively.  With the algebraic
product as the fuzzy and operator, triangular type membership functions (see Figure 2), and the
centroid defuzzification method, the crisp output of the M1SO fuzzy controller is

y= Zin=1 % HLC} (Xj )
Zinzll_[rjn:lcii (Xj)

(1)

where p; is the value such that D'(p;) has the maximum value one. Note that the denominator of
Eq. 1 isequal to one and the output of the M 1SO fuzzy controller can be simply calculated as



y=2 Pl Cix) ?)

3. Decomposition Procedure for the M1SO Fuzzy Controller

Based on the M1SO fuzzy controller constructed in the Section 2, the decomposition procedure for
the MISO fuzzy controller is provided in this section. To simplify the explanation of the
decomposition procedure, the number of the input variables of the MISO fuzzy controller is
assumed to be two ( m=2 ) without loss of generality. And the crisp output y derived from Eq. 2
is

y=>rrell.Cix)

Let the crisp output y be expressed explicitly in terms of the fuzzy sets A{, AJ,..., Al, for
1 ] 2. Then wewill have

Y= PA DA (%) + DA ()A (%) ++ P A GG AG (%) + -+
+ p((kl—l)szrl)Ai-l () A (X,) + p((kl—l)k2+2)A|1.1 (%) A (%) +---+ Pik, A&l (Xl)Akzz (%) (3)

Furthermore, assume that we can find the variables ¢ and r; which satisfy the following conditions

P =G0, V1 (12, ] (12,..k) @

When  p;_y,.;) inthe Eq. 3 is substituted with grj, the output y of the M1SO fuzzy controller

Ko+ ]

becomes

Y= LA ) AT (%) + A () AT (X,) + -+ Gy, AT AL (X,) +-+-
+ 0O, rlA&l (%) A7 (%,) + 0y, r1A111 (%) A7 (%) 4+ A, M, Alil ()(1)'°‘k22 (%)
= > AAT)Y A () (5)

From Eq. 5, it can be seen that the input variables in the calculation formulafor the crisp output 'y
of the MI1SO fuzzy controller can be separated from each other and the crisp output y can be
represented as the product of terms.  Each term includes only one single input variable.



In the SI SO fuzzy controller with the input variable x;, the universe of x; is partition into fuzzy sets

Al AN, AL If g isthevalue such that

O|(q|):17 Vie {1,2,.--,k1}|

and O; is one of the output fuzzy sets of the SISO fuzzy controller, then the crisp output of the
SI SO fuzzy controller is equal to

Y= zikilqi Al(xl)
Likewise, the value
Yo = 2T AT (%)

can also be considered as the output of a SISO fuzzy controller. Thus, the M1SO fuzzy controller
can be decomposed into several SISO fuzzy sub-controllers and the output of the M1SO fuzzy
controller is the product of the outputs of the SISO sub-controllers. That is, with this
decomposition approach, the design of a MISO fuzzy controller is simplified to be the design of
SISO fuzzy sub-controllers.  Since the multi-input multi-output ( MIMO ) fuzzy controller can
always be separated into several M1SO fuzzy controllers [5], the decomposition design approach
proposed here can also be applied to the design of MIM O fuzzy controllers. In the next section,
the PD-like fuzzy controller is designed with its output being calculated as the product of the
outputs of two SI SO fuzzy sub-controllers with theinput variableeand €& respectively.

4. Decomposition-based Design of a PD-like Fuzzy Controller

In this section, the design of a PD-like fuzzy controller will be used to illustrate the proposed
decomposition approach. The decomposed PD-like fuzzy controller consists of a fuzzy-$P$
sub-controller and a fuzzy-D sub-controller with e and é as input respectively. The fuzzy
sub-controllers are constructed based on the common knowledge. And the output of the
decomposition-based PD-like fuzzy controller ( DPDFC ) is designed as the product of the outputs
of the fuzzy-P and fuzzy-D sub-controllers. Let the input variable e be defined as

e:d'yo,



where d is the desired output and Y, is the output of the fuzzy control system with the fuzzy
controller DPDFC (see Figure 1).

DPDFC

fuzzy-D ¥4

"l controller
Yo
—
fuzzy-P y
P controller Yp

Figurel. Block Diagram of the Fuzzy Control System with DPDFC.

A

1/s

[N
+
Q]

The universes of the input variables e and & are both partitioned into fuzzy sets Negative big
( nb ), Negative small ( ns), Zero ( ze ), Positive smal ( ps ), and Positive big ( pb ) with
membership functions shown in Figure 2. Then, the fuzzy-P and fuzzy-D controllers are
constructed based on the expert's experiences with only the input variable e and é respectively.
The PD-like fuzzy controller is assumed to have the general fuzzy control rules as shown in Figure
3(a). From theruletablein Figure 3(a), it is easy to find the characteristic that the fuzzy set ze of
the output variable is assigned to the cells on the diagonal line. And the output fuzzy sets with
positive (negative) sign appear above (below) the diagonal cells. If the diagona line happened to
be a vertical line, then the rule table in Figure 3(b) can be reduced to be a rule table in Figure 3(c).
(The reason to discuss this situation will be explained in Section 5.) In this case, the PD-like
fuzzy controller is equivalent to a fuzzy-P controller. Likewise, if the diagonal line is assumed to
be a horizontal line, then the PD-like fuzzy controller is equivalent to afuzzy-D controller with the
rule table as in Figure 3(d). Let the zero output and the positive/negative sign of the output of
DPDFC be determined by the output of the fuzzy-P controller. The rule table for the fuzzy-D
controller is modified as the Table 1. According to Figure 3(c), the output variable y, of the
fuzzy-P controller is partitioned into fuzzy sets Negative big ( nb ), Negative small ( ns), Zero
( ze), Positive small ( ps), and Positive big ( pb ) with membership functions presented in Figure
4(a). Also, from Table 1, the output variable yq is partitioned into fuzzy sets Positive small ( ps)
and Positive medium ( pm ), and Positive big ( pb ) (c.f. Figure 4(b)).

To obtain the outputs y, and yg, the triangular type membership functions and centroid
defuzzification method are adopted. And the outputs y, and yq are calculated as

Yo =2 GAE) and y =) 1 AN 6)

where g, and r; are the values at which the membership functions of the output fuzzy sets have the
maximum values. The A" and A represent the input fuzzy sets.
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Figure 2. Membership functions for input fuzzy sets and A’'s are adopted to represent
corresponding fuzzy sets in the calculation formula.
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Figure 3. (a) Two-dimensiona rule table. (b) Two-dimensional rule table with the ze output fuzzy
set on avertical line. (c) Reduced rule table of (b). (d) Rule table of afuzzy-D controller.
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Table1l. Thefuzzy rules of the fuzzy-D controller.
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Figure4. Simplified membership functions for output fuzzy sets.

Therefore, the output y of the decomposition-based PD-like fuzzy controller ( DPDFC ) can be
obtained as

Y=Yo*Ya = 2, GA @Y, AN (7)

If EqQ. 7 is expanded for the crisp output y, then y can be considered as the output of a PD-like fuzzy
controller with two dimensional rule table specified in Figure 5(a) in which P;(qgir;))=1. That is, we
have completed the design of the decomposition-based PD-like fuzzy controller with two SISO
fuzzy controllers ( fuzzy-P and fuzzy-D ). Since the rj, j=1,2,...,5, are al positive, the
positive/negative sign of the fuzzy sets of the output y can be seen as in Figure 5(b). The
simulations in Section 6 are carried out to show the effectiveness of the decomposition-based
design approach.

€

| S

Al Alz Alj Al4 As

nb ns ze ps pb nb ns ze ps pb
A25 PO Pis | Pss Pis Pus Pis pb
Ai P3Py [Py Py Pa Py ps
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Ay 28 B3 By Py Py Py & Z€
Azz us B, Py Pu Py Ps ks
AZI nb Py |Py Py Pu P nb
(a) (b)

Figure 5. (a)Two dimensional rule table for the PD-like fuzzy controlle (b)The positive/negative
sign of the output y.



5. Decomposition of A Transformed PD-like Fuzzy Controller

As mentioned in Section 4, the general fuzzy control rules are presented in the Figure 3(2). And
the important feature of the table in Figure 3(a) is that the fuzzy set ze of the output variable is
assigned the diagonal cells.  And the output fuzzy sets with positive (negative) sign appear above
(below) the diagonal cells. Thus, if the coordinates (e, € ) istransformed (rotated) with

x, =€ cos(f)+ e sin()
X, = —esin(6)+ecosd) (8)

to the coordinates (x;,X) as shown in Figure 7(a), then the PD-like fuzzy controller can be
transformed with respect to the new input variables x; and x,.  With the universes of the new input
variables, x;, Xz, being partitioned into fuzzy sets Negative big ( nb ), Negative small ( ns), Zero
( ze), Positive small ( ps ), and Positive big ( pb ), the control rule table for the transformed
PD-like fuzzy controller is designed in the Figure 7(b). With the centroid defuzzification method,
the output of the transformed PD-like fuzzy controller is

Y = z;q F(x) :Z;q Fr(x)*1
= AR (%) €)
where g, and r; are the values at which the membership functions of the output fuzzy sets have the
maximum vaues. The F' and sz represent the input fuzzy sets with the triangular type

membership function in Figure 6. Let the fuzzy-x; and fuzzy-x, controllers are two SISO fuzzy
controllers with input variables x; and x,, respectively. Then the outputs of the fuzzy-x; and

fuzzy-x, controllers, y, and y, are

yX1 = Z?:lqi Fil(Xl) and yX2 = ZTer] FJZ (XZ)

ri=1,Vvj, (10)

the transformed PD-like fuzzy controller can be decomposed into two SISO fuzzy controllers
(fuzzy-x; and fuzzy-x, controllers) with

Ye = Y, * Yy, -



Since the specia condition in the Eqg. 10 is adopted in the structure of the transformed PD-like
fuzzy controller, the performances of the fuzzy control system with the transformed PD-like fuzzy
controller may not satisfy the system requirements. In the following, it is shown that the
transformed PD-like fuzzy controller can be improved to have better performances with the
decomposition-based design approach. From the same discussion in the section 4, the rule tablein
Figure 7(b) can be reduced to a rule table in Figure 7(c). Then the transformed PD-like fuzzy
controller is equivalent to a fuzzy-x; controller. The same approach can be applied to obtain the
fuzzy-x, with the rotation angle ¢ in the Eq. 8 replaced by ¢ (c.f. Figure 7(d)). And the rule
table for the fuzzy-x, controller is presented in the Figure 7(e). Thus, the decomposition-based
design of the transformed PD-like fuzzy controller is to generate the output y; of the transformed
PD-like fuzzy controller by multiplying together the outputs of the fuzzy-x; and fuzzy-x,
controllers. That is,

Ye =Yy *Yy, = z;qi Fil(xl)Z?zlrj sz(xz)- (11)

where g, and r; are the values at which the membership functions of the output fuzzy sets have the
maximum values. With the comparison of Eq. 11 and Eq. 9, it can be seen that the condition in
the Eq. 10 needs not be satisfied in the Eq. 11. And the transformed PD-like fuzzy controller can
be improved to have better or at least equivalent ( rj=1, V j) performances with the
decomposition-based design approach.

ca ¢ Cp C1 C2

(b)

Figure 6. Input membership functions.

6. Simulation results

For simulations, the linear, nonlinear, and delayed discrete systems with difference equations
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Figure 7. (a) (e, € ) coordinates rotated to (x1,%2) coordinates. (b)Two-dimensiona rule table of
the transformed PD-like fuzzy controller. (¢) Reduced rule table of (b). (d) Coordinates rotation
with angle 6 (e) Rule table of afuzzy-x, controller.

y(K)=y(k-1)+.1u(K), (12)

y(K)=.6y(k-1)+.4[y(k-1)]*3+.1u(K), (13)
and

y(K)=y(k-1)+.1u(k-2) (14)

are used as the plant models where y is the output of the model and u is the output of the fuzzy
controller. To show the effectiveness of the decomposition-based design approach proposed here,
the performances of the three systems with the DPDFC are compared with those of the same
systems utilizing the M1SO PD-like fuzzy controller with rule table in Figure 3. Since the
number of design parameters of the fuzzy controller DPDFC is larger than that of the M1SO
PD-like fuzzy controller, the systems with proper designed DPDFC can be expected to perform
better than the systems with the M1SO PD-like fuzzy controller in the following three subsections.

6.1. Fuzzy Controller for The Linear Plant

The performances of the fuzzy control system with the linear plant in Eq. 12 are required to satisfy

® |u<10.



® no overshoot and zero steady state error.
® time index k < 5 when the output y of the fuzzy control system gets to 90 percent of the
referenceinput. That is, therisetimeislessthan 5.

With the fuzzy sub-controllers fuzzy-P and fuzzy-D constructed, the decomposed PD-like fuzzy
controller generates the output by multiplying the outputs of the fuzzy-P and fuzzy-D
sub-controllers.  The input membership functions of fuzzy-P controller is asin Figure 2(a) with
[b bi by by b=[-2/3 13 0 13 2/3].

And the input membership functions of fuzzy-$D$ controller in Figure 2(b) has

[C2 €1 C € C]=[-2000/3 -1000/3 O 1000/3 2000/3].

The output membership functions of the fuzzy-P and fuzzy-D subcontrollers contain the pick
values as

[[(10 -7 0 7 10] and [7/12 7/16 7/16 7/16 7/12],

respectively. Figure 8 indicates that the fuzzy controller DPDFC can be fairly designed to
produce better performances than the M1SO PD-like fuzzy controller.

Figure 8. Performances of fuzzy controller DPDFC (solid line) and MISO PD controller (dashed
line) for linear plant.

6.2 Fuzzy Controller for The Nonlinear Plant



The desired design requirements for the fuzzy control system with the nonlinear plant in Eg. 13 are
assumed to be

lu] < 10.

no overshoot.
therisetimeislessthan 5.
steady state error is zero.

Asin Figure 9, both performances of the nonlinear systems with DPDFC and M 1SO PD-like fuzzy
controllers satisfy the performance requirements. However, the performance of the system with
DPDFC is more preferable in the sense of short settle time.
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Figure 9. Performances of fuzzy controller DPDFC (solid line) and MISO PD controller (dashed
line) for nonlinear plant.

6.3 Fuzzy Controller for The Delayed Plant

Assume that the design requirements for the fuzzy control system with the delayed plant in Eq. 14
are

lu] < 5.

no overshoot.

therisetimeislessthan 10.

steady state error is zero.

The simulation results in Figure 10 show that the required rise time performance is not satisfied
when the M1SO PD-like fuzzy controller is adopted. Moreover, the performance in the transient
period isimproved by the DPDFC fuzzy controller.
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Figure 10. Performances of fuzzy controller DPDFC (solid line) and M1SO PD controller (dashed
line) for delayed plant.

7. Conclusion

A decomposition-based design approach is proposed to simplify the design of the fuzzy controllers
in this paper. With the algebraic product as the fuzzy and' operator, triangular type membership
functions, and the centroid defuzzification method, the ssmple crisp output with the denominator
being equivalent to one can be obtained for the M1SO fuzzy controller. By the proper design, the
M1SO fuzzy controller can be decomposed into severa SISO fuzzy sub-controllers and the output
of the M1SO fuzzy controller is the product of the outputs of the SISO sub-controllers. That is,
with this decomposition approach, the design of a M1SO fuzzy controller can be simplified into the
design of SISO fuzzy controllers. The decomposition-based design approach can also be applied
to decompose the transformed MISO fuzzy controller into the product of several SISO
sub-controllers. The decomposition-based design of the PD-like fuzzy controller is included in
this paper. And the simulations indicate the effectiveness of the decomposed PD-like fuzzy
controllers.
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