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Abstract

In order to control systems which are dominantly subjected to modeling errors and uncer-
tainties, control strategies must deal with the effect of modeling errors and uncertainties.
Since most of control methods based on system mathematical model, such as LQG/LTR
method, have been developed mainly focused on stability robustness, they can not smartly
improve the transient response disturbed by modeling errors and/or uncertainties.

In this research, a fuzzy PID control method is suggested, which can stably improve the
transient responses of systems disturbed by modeling errors as well as systems not entirely
using mathematical models.

So as to assure the effectiveness of suggested control method, computer simulations are

accomplished for some example systems, through the comparison of transient responses.

1. Introduction

Design purpose of control systems lies in
assuring nominal stability for plant model, in
improving tracking performance for re.ference
input or setpoint and disturbance rejection per-

formance, and lies in assuring stability robust-

ness against modeling errors and uncertain-
ties.

As industry has been developed day by day,
the demand for control system design has been
changing in the direction to accomplishing
more accurate and more faster control by imp-

rovement of transient response. In order to sat-
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isfy this requirements, the effect of modeling
errors or uncertainties must be considered,
being accompanied in the process of mathemat-
ical modeling for the controlled plant or pro-
cess.

In the postdecade of 1970, a large number of
design methods'™ about multivariable control
systems assuring stability robustness against
modeling errors or uncertainties, have been
developed since the singular values of matrix
has begun to be applied as the measure of sta-
bility robustness of systems, in view of engi-
neering aspects rather than mathematical
aspects. The representative method of these is
LQG/LTR(Linear Quadratic Gaussian with
Loop Transfer Recovery)® which is model based
compensation technique with design procedure
of the first step for target filter loop design and
the second step for loop transfer recovery, using
singular values and their frequency responses.
But LQG/LTR method has the constraint that
controlled plant is linear, stabilizable, detect-
able, nonsingular and minimum phase so that
desirable loop shape and loop transfer recovery
are assured. In recent, an application in non-
linear systems was tried by Kim" named as
QLQG/LTR(Quasi - linear Quadratic Gaussian
with LTR) and reserches™ about loop transfer
recovery for nonminimum phase systems were
discussed as well as loop shaping problems™™
for singular systems. Also reserch trends on H”
control and H™/LTR control using the infinite
norm of transfer matrix in steady state instead
of singular values, are appeared and discussed
nowadays.

By the way, many methods about stability
robustness are very effective and useful in view
of sufficient satisfaction about stability require-
ment, but these methods do not supply tools
which improve transient responses disturbed

by modeling errors, uncertainties, or distur-

bances because of their fixed controller struc-
tures.

In this research, general fuzzy logic con-
trollers with variable structures' are dis-
cussed, which reflect and controi the effect due
to uncertainties etc.Then a new fuzzy logic con-
troller is suggested named fuzzy PID controller
which controller parameters are varying acco-
rding to input signals of controller. And com-
puter simulations are accomplished to evaluate
the performance of suggested control method
through the comparison of its responses with
those of standard LQG/LTR method. In order to
assure the excellence of suggested method,
many example systems are employed such as
linear system, nonlinear system, and nonmini-

mum phase system.
2. Standard LQG/LTR control method

In general the state equation of controlled

plant is described as

D

y,(0=C, x, (t) 2.1

PP

£(O=A4, x, ()+B, u,

where x,(t)ER", u,(H)&R", and y() &R And
given plant is assumed to be nonsingular so
that A exists. Also it is assumed that design
plant model should be selected by adding free
integrator on the feedforward path in order to
make steady state error be zero if free integra-

tors do not exist in plant transfer matrix.

Ky=Ax(t)Y+ Buft)
M= Cx(t) (2.2)

where

ity =lu, () x OV wlty= g, (0)

fo o I ‘
A 1 CB=| |, C=10 ¢, (23
B, A, 0

The structure of standard LQG/LTR control
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Fig. 2.1 Structure of standard LQG/LTR control system

system is given as Fig. 2.1.

The design procedure of LQG/LTR is divided
into two parts. At first, target filter loop is
designed to obtain desirable loop shape for
design plant model; next, loop transfer recovery
is accomplished so that the singular values of
loop transfer matrix of control system may be
recovered to the singular values of loop trans-
fer matrix of target filter loop.

The transfer matrix of LQG/LTR controller K(s)
given as Fig. 2.1 is described as

Kisy=G(s ~A+BG+HC)'H (2.4)

where design parameter H is selected in design
process of target filter loop and G is selected in

design process of loop transfer recovery,
2.1 Design of target filter loop

* In order to design LQG/LTR control system,
it is assumed that design plant model should

be disturbed by disturbance and sensor noise.

O =Ax(t) ~ Bult)+ L(¢)
Y =Cx(t)+8(1) (2.5)

where {{t) is disturbance, 8(t) is sensor noise, and

both are Gaussian processes with zero mean.

E[L6)]) =0, E[{e7 0] =18t 1)

——TM — H '—-i(sm)"|»—-| c '—r—vy(“

Fig. 2.2 The structure of target filter loop

E[6(t)] =0, E[0()"6(D)] =uld(t-1) (2.6)

The blockdiagram of target filter loop is
shown in Fig. 2.2.
When filter loop is cut at output or at error sig-
nal, the loop transfer matrix is given as

Gs)=C(sI-A)'H (2.7)

Then filter gain matrix H as the design param-
eter of target filter loop is selected by solving
Kalman filter problem for the fictitious sensor

noise.

1
H=——pC" (2.8)
u
where P is the solution of the following filter
algebraic Riccati equation.

1
AP+PAT+LLT - - PC' CP=0 (2.9)
n

To solve eq.(2.9) u and L must be selected. so
that u and L are ultimate design parameters of
target filter loop. n and L can be obtained using
Kalman filter frequency domain equality®.
That is, the approximate loop transfer matrix

of target filter loop is given as
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1
~ — AV
Gls)= 7 CisI-A)Y'L (2.10)
Then L is selected in view of obtaining desir-
able loop shape with respect to reference input
tracking performance and modeling error con-
straint®.
(1) case in equalizing singular values at low

frequency range

L=-CJC,A, ' C!

or L=~ A, CIC,CH" (2.11)

(2) case in equalizing at high frequency range

L=C;(C,CD" (2.12)

(3) case in equalizing at low and high fre-

quency range simultaneously

L. {—(C,,A;,IB,))I}

e e (2.13)
chc,Ch)

Another design parameter p is selected in the
way that the singular value shape of target fil-
ter loop satisfies demanded cutoff frequency or
bandwidth.After p and L are selected, filter
gain matrix H of LQG/LTR controller is com-
puted using eqs.(2.8) and (2.9).

2.2 Loop transfer recovery

Loop transfer recovery can be accomplished
by solving cheap control linear quadratic regu-
lator problem®. In order for loop transfer recov-
ery to be accomplished, the solution K of con-
trol algebraic Riccati equation must be solved
as p approaches zero, where p is selected arbi-

trarily.
KA+ATK+CTC~%KBBTK:O (2.14)

And control gain matrix G of design parameter
of LQG/LTR is selected as following expression.

G=—BK
p

Then if singular value shape is recovered into

(2.15)

that of target filter loop, the design procedure
of LQG/LTR controller is completely accom-
plished.

3. Design of fuzzy logic controller

During the past several years, fuzzy control
has emerged as one of the most active and
important branch of fuzzy set theory since the
invention of the first fuzzy controller using
Zadeh's fuzzy logic by Mamdani'® in 1974. A
large number of literature on fuzzy control and
application in industrial processes have been
growing rapidly, making it difficult to present a
comprehensive survey ™.

Fuzzy logic controller(FLC) is based on the
fuzzy logic which is much closer in spirit to
human thinking and natural language than the
traditional logical system. Viewed in this per-
spective, the essential part of the FLC is a set
of linguistic control rules related by the dual
concepts of fuzzy implication and the composi-
tional rule of inference. Then, in essence, the
FLC provides an algorithm which can convert
the linguistic control strategy based on expert
knowledge into an automatic control strategy.

In particular, the methodology of the FLC
appears very useful in case the processes are
too complex for analysis by conventional con-
trol technique, and in case the available source
of information are regarded inexactly or uncer-
tainly. However, at present there is few litera-
ture on the systematic procedure for the design
of an FLC purely. The trends are appeared in
order to design an FLC systematically and to
assure global stability with the aid of conven-
tional logical control theories, such as sliding
mode control*” and PI control****.

In this research, the author may try to derive
nonlinear fuzzy PID control law with time

varying PID gains by development of nonlinear
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fuzzy PI control theory suggested by H.Ying
et.al.,® in order to control systems which are
dominantly subjected to modeling errors or
uncertainties, and also to control nonlinear sys-
tems.

3.1 Description of a fuzzy logic con-
troller(FLC)

The basic configuration of FLC is described
by Fig. 3.1 which compirses four principal com-
ponents.

1) The fuzzification interface measures the
values of input variables of FLC and performs
a scale mapping that transfers the range of val-
ues of input variables into corresponding uni-
verses of discourse. And also it performs fuzzi-
fication that converts inputs into suitable lin-
guistic values which may be viewed as labels of
fuzzy sets.

2) The knowiedge base consists of a data base
and fuzzy linguistic control rule base. The data
base provides necessary definitions which are
used to define linguistic control rules and fuzzy
data handling in an FLC. The rule base charac-
terizes the control goals and control strategy of
the related system experts by means of a set of

linguistic control rules.

3) The decisionmaking logic has the capabili-
ty of simulating human decisionmaking based
on fuzzy concepts and of inferring fuzzy control
actions employing fuzzy implication and the
rules of inference in fuzzy logic.

4) The defuzzification interface performs a
scale mapping which converts the range of val-
ues of output variables into corresponding uni-
verses of discourse, and performs defuzzifica-
tion which yields a nonfuzzy control action
from an inferred fuzzy control action.

3.2 Derivation of fuzzy PID control
law

The blockdiagram of the FLC suggested in
this research is described by Fig. 3.2.

Although most popular fuzzy controller
developed so far employ two inputs, such as
error and rate of change of error( “rate” for
short) about a setpoint, an additional input
named as accelerated rate of change of
error({ “acc” for short) is used for FLC. Using
these three inputs, the structure of the FLC is
composed of two independent parallel fuzzy
control rules and defuzzifier blocks.Then the

defuzzification

f controlled{output

interface system

knowledge
base
setpoint fuzzification
+ 4 interface
decisionmaking
logic
FLC

Fig. 3.1 General description of fuzzy logie controller
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Fig. 3.2 The structure of FLC suggested in this paper

incremental output of the FLC is formed by
algebraically adding the two outputs of each
fuzzy control block.Here we employ the follow-
ing notations :

e(nT)=setpoint - y(nt)

e~ (nT)=F(e*), e*=GE xXe(nT)

rinT)= [e(nT) ~e(nT - T}/T

r (nTY=F(r*), r*=GRxr(nT)

anT)=[r(nT)—r(inT - YT

= [e(nT) - 2e(nT - T)+e(nT - 2T)]/T?

a” (nT)=F(a*),a*=GA xa(nT)

unT)=dunT)+unT-T),

dunT)=GU xdUnT)

dUnT)=dU(nT)+dU,nT)
where n is positive integer and T is sampling
period.

The y(nT), e(nT), r(nT) and a(nT) denote pro-
cess output, error, rate and acc at sampling
time nT, respectively.

GE(gain for error) is the input scaler for
error, GR(gain for rate) is the input scaler for
rate, GA(gain for acc) is the input scaler for acc
and GU(gain for controller output) is the out-
put scaler of the FLC. F(.) means fuzzification
of the scaled input signal(.). The du(nT)
denotes the incremental output of the FLC at
sampling time nT. The dUi(nT) (i=1,2) desig-

nates the incremental output of the fuzzy con-
trol block i from defuzzification of the fuzzy set
“output i’ at sampling time nT.

Thus the components of an FLC suggested in
this research include :

1) input scalers GE, GR, GA and output
scaler GU

2) a fuzzification algorithms for scaled error
e*, scaled rate r* scaled acc a* and outputs for
control blocks

3) fuzzy control rutes for each control block

4) fuzzy decisionmaking logics to evaluate
the fuzzy control rules for each control block

5) a defuzzification algorithm to obtain crisp
output of each control block for the control of

process.

3.2.1 Fuzzification algorithm for scaled inp-
uts

The fuzzification algorithm for scaled inputs
is shown in Fig. 3.3.

The fuzzy set "error’ has two members
EP(error_positive) and EN(error_negative) ;
the fuzzy set “rate” has two members RP
(rate_positive) and RN(rate_negative) ; the
fuzzy set “acc” also has two members AP(acc_-

positive) and AN(acc_negative). The fuzzy set
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membership

EN, RN, AN T

EP, RP,
1'0‘ RP, AP
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Fig. 3.3 Fuzzification algorithm for the inputs of
FLC e*, r* and a*

membership
4
I
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e . e —
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~~ 0.5 S
a o
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~L 0 L outputl

Fig. 3.4 Fuzzification algorithm for the incremen-
tal output of fuzzy control block 1 in FLC

membership

ONM T OPM
1.0

L L
> 0 5 output?2

Fig. 3.5 Fuzzification algorithm for the incremen-
tal output of fuzzy control block 2

“outputl” has three members OP(output_posi-
tive), OZ(output_zero) and ON(output_nega-
tive) shown as Fig. 3.4 for the fuzzification of
incremental output of fuzzy control block 1.

The fuzzy set “output2” has two members
OPM(output_positive_middle) and ONM(out-
put_negative_middle) as shown in Fig. 3.5 for
the fuzzification of incremental output of fuzzy
control block 2.

Although the grades of membership function

of the output members may be decided from

the fuzzy control rules, the definitions of fuzzy
set “outputl” and “output2” are necessary for
the fuzzification and fuzzy control rules. And it
should be noted that the fuzzification algo-
rithm for the output2 is different from that for
the outputl.

3.2.2 Fuzzy control rules and fuzzy logics
for evaluation of the fuzzy control
rules

Fuzzy control rules must be made based on
expert experience and control engineering
knowledge, or based on operator's control
action. In this research, fuzzy control rules
were made based on expert experience and con-
trol engineering knowledge, and each control
rule set was composed of four linear fuzzy con-
trol rules for each fuzzy control block.For fuzzy
control block 1, four linear fuzzy control rules

are given as ;

R1: if error=EP and rate=RP then output=0P
R2 : if error=EP and rate=RN then output=027Z
R3 : if error=EN and rate=RP then output=0Z7Z
R4 : if error=EN and rate=RN then output=0N

For fuzzy control block 2, four linear fuzzy
control rules, different from that of fuzzy con-

trol block 1, are given as ;

R1': if rate=RP and acc=AP then output=0PM

R2': if rate=RP and acc=AN then output=0NM
R3': if rate=RN and acc=AP then output=0OPM
R4’ if rate=RN and acc=AN then output=0NM

We, then now, apply fuzzy control logic to eval-
uate each fuzzy control rules. The fuzzy logics
with which we are concerned are those of
Zadeh and of Lukasiewicz. In evaluating the
control rules, it is proper to use the Zadeh AND
logic to evaluate the individual control rules,
but the Lukasiewicz OR to evaluate the
implied OR between control rules R2 and R3 in
control block 1.
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If p, and pp represent the grades of member-
ship of an ohject in fuzzy sets A and B, respec-
tively, then these logics are defined as ;

Zadeh logic :

AND(u,, pup)=min(iy, pg)
OR(p,, pg)=max{py, ug)
Lukasiewicz logic :

AND(uy, pp)=max(0, py+ug - 1)
OR(py, pp)=min(1, ps+py)

The control rules R1-R4 and R1' ~ R4’ all
employ the Zadeh AND of two conditions in the
antecedents, such as one on the scaled rate,
and the other on the scaled error. Since the
Zadeh AND is the minimum of two values, two
different conditions arise for each rule in fuzzy
control blocks, that is, one when the scaled
error is less than the scaled rate and one when
the scaled rate is less than the scaled error in
control block 1. In the similar manner, two con-
ditions also arises between scaled rate and
scaled acc in control block 2.

The eight different combinations of scaled error
and scaled rate constituting inputs to the con-
trol rules are shown graphically in Fig. 3.6 for
the control block 1.

For the control block 2, the eight different com-
binations of scaled rate and scaled acc are
shown in Fig. 3.7.

These combinations of inputs must be consid-
ered when the fuzzy control rules are evaluat-
ed. The results of evaluating the fuzzy control
rules R1, R2, R3, and R4 when scaled error and
rate are in [ - L, L], are given in Table 3.1.In
Table 3.1 ugp and pgy (gp and pgy) mean the
membership values of EP and EN(RP and RN)
in the fuzzy set “error’( “rate”).

For example, when the values of scaled error e*
and rate r* are given, let the membership val-
ues obtained by using the fuzzification algo-

rithm shown in Fig. 3.3, be given as ugp and

r'= GR#r(nT)

(IC18), (Ic12y (IC11y (IC17
L e
S aca | acs s
(IC13H4 S e (1C10%

N P
acsy . 7 aczy
-L| acen 0. e | L
ac1ay A

e’ = GE*e(nT)
-

(IC9

(IC191 (IC151 (IC161 (IC20%

Fig. 3.6 Possible input combinations of e* and r*
for control block 1.

a’ = GAxalnT)

!
AC18) Ct2e | UCID: , (CIT:
} L
(ICD: | e,
ac1: o CACIo),
(es ' oy,
1CHN ' (1c2y S GRere
LiUCeY, 0 uch: L
C 1), (IC9).
|
I 4 (1C8Y,
L
(IC19). HCI5): acley o Uczoy,

Fig. 3.7. Possible input combinations of r* and a*
for control block 2.

Table 3.1 Results of evaluating the fuzzy control
rules for all combinations of inputs us-
ing Zadeh AND logic when e* and r* are
within the intervall - L, L]

Input I Membership obtained by evaluating fuzzy control rules
combination - T T e
of e* and r* RL ¢ R2 ' R3 R4

(1IC1), o Hee | Hgy | MHey Ugx

(1C2), ! Ugp B i lllfm' Tv\ ) HF\L (U3

(IC3), { }J.p;f o HR;Y B ‘ llf N HgN

, (IC4), } UEP 7 l WHRN . UM : Han

, ,,(ICS)I, , 7UEI> | H,EP ; Ugrp He
aco, | we e [ ome L me

(IC7)', | WHRP - Wep Hgrp Hex )

(IC8), i Ugp ; Hep | Hgp | Men
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ugp. Then, say in rule R1, the membership
value associated with the member, ON, of the
fuzzy set “outputl” is the Min(j.p, ). In this
way, the membership values listed in Table 3.1.
Notice that

Wep=[r*+L]/2L=[GE xe(nT)+L]/2L (3.1)

Upyv=[L -GE Xe(nT)]/2L (3.2
Upp=[GR xr(nT)+1L)/2L (3.3
Upy=[L -GRxrinTh]/2L (3.4}
Wep t ey =1 (3.5)
Wpp b ipgy=1 (3.61

Also, be aware that in our case the Lukasiewicz
OR reduces to the sum of the grades of mem-
bership being ORd, since this sum can never he
greater than one for the fuzzy controller under
study.

In the same manner, Table 3.2 shows the
results of evaluating the fuzzy control rules for

all combination of inputs when the scaled rate

r* and acc a* are within the interval| L. ..
for the case of Fig. 3.7. Notice that
Upp= LGR X rinT1+L)/2L (3.7
By = (L~ GR X rnTH) 2L (3.81
Wyp= GAXalnTV+L]/2L 3.9
Wiv=iL -GAXanTN /2L (3,100

Table 3.2 Results of evaluating the fuzzy control
rules for all combinations of inputs us-
ing Zadeh AND logic when r* and a* are

within the intervall 1., L}
[r:pue Membership chiained by evaliating fuzze o s
combiation
A and e R1’ R2 R3’ R4
e Hap LN LAY U,
e Hap Moy Hpn W,
A, Upp My Hyy Lian
C e My Uy My
aeH, U;.'/' Hep typ tyy
C6, 7 Upp Hep Hayp %N
e, Hap e Hap {19758
s, Map Hpep Wyp ey
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U lpy =1 (3.11)
Wap Flyv=1 (3.12)

3.2.3 Defuzzification algorithm
In this research, the center of area method is
used as the defuezification algorithm. which
amounts to a normalization of the grades of
membership of the members of the fuzzy set
being defuzzified to a sum of one. The defuzzi-
fied output of a fuzzy set is defined as
Zimembership of memberi x(value of member

dl = —
Zimemberships)

(3.13)

The value. used in the defuzzification algo-
rithm, for example the defuzzification algo-
rithm for the control block 1, is the value for
the members of the fuzzy set “outputl” which
are chosen as those values for which the grade
of membership in 7 L, L is unity, that is.
those values for which the grade of member-
ship is maximum. Therefore, these values are L.
for the fuzzy member OP, 0 for the fuzzy mem-
ber OZ and - L for the fuzzy member ON as
shown in Fig. 3.4.

The values used in the defuzzification algori-
thm for the fuzzy control block 2 are 2 for the
fuzzy member OPM and {)‘ for the
mber ONM. )

When the defuzzification algorithm given as

fuzzy me-

eq.13.131 is applied to Table 3.1, in case the
Lukasiewicz OR is used for the membership of
the member OZ of the fuzzy set “outputl”, the
incremental output of the fuzzy control hlock 1
at sampling time nT. dULnT), can be described

by the following two equations.

If GRxtrinTV <GEX leinTV <L,
0.5 x L
2L GEx le(nThl
GExenTVv+GR X rinTy
3.1

dUinT=
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If GExleanT | <GRx 1rinTH] <L,
0.5xL
dUnTy=- e e
2L - GRx1r(nTl
TGExeinT)+GR xrinT)]
3.15)

These results can be observed with careful
examination of Fig. 3.6 and Table 3.1,

If scaled error andior scaled rate are not within
the interval [ L, [L; of the fuzzification algo-
rithm shown in Fig. 3.3, the incremental ontput
of the fuzzy control block 1 is as listed in Tuble
3.3 for the defuzzification algorithm eq.(3 B

In a similar tashion, when the defuzzification
algorithm is applied to Table 3.2, the incremen-
tal output of the fuzzy control block 2 at sam-
pling time n'T, dU,nT), can be given by the fol-

lowing two equations.
If GAX lainT | <GRx IrtnTH <L,

0.25xL
dUnTh= — e e [GA X atn T}
- 2L -GRx lrinTHt
13.16)
If GRx IrinDl <GAX latnT) <L,
0.25 %L

dUnTr= -- -

- s QA X atn T
2L - GAX la(nT)l

i3.17

If scaled rate and/or scaled acc are not within
the interval ~ - L. L] of the fuzzification algo-
rithm, the incremental output of the fuzzy con-
trol block 2 is as listed in Table 3.1
Table 3.3 The incremental output of the fuzzy con-

troller when e* and/or r* are not within
the interval [ L, L] of the fuzzification
algorithm

Table 3.4 The incremental output of the fuzzy con-
troller when r* and/or a* are not within
the intervall L, L] of the fuzzification
algorithm

Input combination Incremental output of the

e
)

ax <hown in Figs 3.7 fuzzy centrol block 2. dUnT

HCO L OO L TC L, 052 GAxanT
AC T O BT EC TS, 0.5 %L

T, 101901020, DAL

Input combination Incremental output of the

as shown in Fig. 3.6

(1C91,. (IC10y,
(C 11y, (IC12,
1C131, IC1 Y,
(IC15 ., 10167,

fuzzy control block 1. dUnT:

[GRxrinTy +Li2
[GE xeinTit L2
[GRxrinT+ L2
[GE xemTr LYV2

(IC17, L.
1C18),, 11020, 0
11C19, L

Consequently. the overall ineremental output
of the FLC. dUinT, can be obtained by adding
incremental output dU,onT) from fuzzy control
block 1 and incremental output dU.anTi ont of

tuzzy control block 2.
13.18)

Then the crisp value of incremental output.
durnD, can be obtained via multiplving dUinT)

by output scaler GU.

dutnTy=GU xdUinT) (3.19

Thus far. the process through which the
incremental output could be obtained using
FL.C' structure being suggested in Fig. 3.2, was
discussed and developed.

Conclusivelv, the ineremental ouput of FLC
can be divided into four different forms accord-

ing to the following conditions :

VIS GRx brin TV <GE X TetnT <L and
GAxlanT <GR X rinThV| <L,
0.5 xLxGU
2L GEX leinThl
(GE xetnTYy+GR xrinT))
025 x LXxGU
9L - GR> 1 rnT)
2 If GRx IrinT)! <GEx leinTVl <[ and
GRx rinT) <GAX la(nTV<L,
0.5 xLxGU
9L - GEx le(nT)|
[GE xenT)-+GR xr(nT)]

dutnT) =

| [GAxainT)] (3.200

dulnT)y==

(158)
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0.25xLxGU
2L - GA X la(nT)|
If GEX le(nT) <GR X | r(nT)| <L and
GAX lainT)| <GRx IrinT)<L,

[GAxa(nT)] (3.21)

dutnT)— 0.5xLxQGU
O L GR % 1)1
[GE xe(nT)+GR xr(nT)]
025 xLxGU
T (GAXa(nT)] (3.22)

2L~ GR X | r(nT)l
4HIf GExlelnT <GRX IrinT)l <L and
GRXIrnT) <GAX la(nT)<L,
0.5xLxGU
2L -GR X I r(nT)!
[GExe(nT)+GR x r(nT))
0.25x L xGU
2L -GAx la(nT)}

du(nT)=

[GA xa(nT)] (3.20)

If scaled error, rate and/or acc are not within
the interval[ - L, L] the incremental output of
the FLC is obtained from the combinations of
incremental outputs for the fuzzy control
blocks given as Table 3.3 and Table 3.4.

Here, if we carefully observe eq.(3.20), then
we can find important fact described as below.

0.5xL x GUXGE
2L - GE x le(nT)]
0.5xGU xGR
2L~ GEx le(nT)|
0.25xLxGUXGA
2L~ GRX I rnT)

dulnT)=

Xe(nT)

Xr(nT)

Xa(nT)

(3.24)
Let

2L -GE X le(nT))
0.5xLXGUXGR

P 2L -GEx le(nT))

025 xLxGUXGA
K=

1

(3.25)

Then we can obtain the following equation
and can find that the fuzzy controller in this

paper is a nonlinear PID controller with K, K
and K, changing with error, rate and acec.

du(nT)=K; x enT)+K, xr(nT)+K,;x a(nT)
(3.26)

This nonlinear PID controller is naturally
named as fuzzy PID controller, where K, is
defined proportional gain, K; defined integral
gain and Kd defined derivative gain.

In a similar fashion, K,, K; and K; can be
obtained for equations (3.21)~(3.23). We also
define the static proportional gain K, static
integral gain K and static derivative gain Ky
when error, rate and acc are zero. Then they
are defined as following from eq.(3.25) and they
are always the same through all conditions.

GUXGR
K, =2 XCR
4
GUXGE
szs:’“
4
GU xGA
K=" (3.27)

There are infinitely many combinations of
GE, GR, GA and GU so that eq.(3.27) holds
true. Once GE, GR and GA are selected, GU
can be uniquely determined to satisfy eq.(3.27).
Therefore, although most of all the convention-
al control strategies are not applied to control
the process since the mathematical model for
the process can not be defined or partially
defined, the suggested fuzzy PID controller
could be applied only if static proportional gain
K,; is selected using process input/output so
that K, may satisfy rising time requirement in
control specification. And also, linear PID con-
troller can be, naturally, composed by using
K., Kj; and Ky obtained from pairs of GE, GR,
GA and GU in eq.(3.27), in spite of the mathe-
matical model for controlled process not being

known.
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4. Computer simulations

In order to assure the performance and the
effectiveness of fuzzy PID controller, computer
simulations were executed for the following

examples.

(1) Plant transfer function 2

s(s+1)

This example is an illustration of stable
undamped system. It is used to test whether
fuzzy PID controller improve transient resp-
onse or not.

The results were given in Fig. 4.1. As shown
in Fig. 4.1 fuzzy PID controller as well as
LQG/LTR controller exhibits a good unit step
response with nearly zero overshoot, more
faster rising time and satisfactory settling time
than those of nominal plant. In this viewpoint,
the fuzzy PID controller is considered to be

designed correctly.

1.5

o 3 . s 12
Fig. 4.1 Comparison of unit step responses
(a) nominal plant (b) LQG/LTR (c¢) fuzzy PID

{2) Nominal plant described by differential
equation y+3y=0.5y*+2u

This example is an illustration of nonlinear
system which is diverged exponentially and
slowly. This is used to assure that fuzzy PID is
more effective than LQG/LTR.The results were
shown in Fig. 4.2. As shown in Fig. 4.2, fuzzy

PID controller exhibits good transient response

o

o

o 3 6 9 12
Fig. 4.2 Comparison of unit step responses
(a) nominal plant (b) LQG/LTR (c¢) fuzzy PID

and control action despite of divergent nominal
controlled process. But LQG/LTR exhibits poor
transient response and steady state response,
because of modeling error caused by lineariza-
tion, and ultimately does not track setpoint or
reference input. In this respect, the fuzzy PID
controller was turned out nonlinear controller
and exhibited good performance without regard

for controlled plant to be linear or nonlinear.

02

(3) Plant transfer function €

s(s+1)

This example is an illustration of time delay
or nonminimum phase system.

In this case LQG'/LTR controller may not
accomplish loop transfer recovery effectively
and may exhibit poor transient response. How
the response of fuzzy PID is ?

The simulation results were given in Fig. 4.3.

o 3 3 9 12

Fig. 4.3 Comparison of unit step responses
(a)nominal plant (b) LQG/LTR (c) fuzzy PID
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As was expected, the fuzzy PID controller
exhibits better performance than that of LQG
/LTR controller. LQG/LTR controller exhibits so
worse response that it can't be used a con-
troller for this case. Thus it should be noted
that the use of LQG/LTR controller for the con-
trol of nonminimum phase system requires
much carefulness and observation.

By the way, in the design of fuzzy PID con-
troller suggested in this research, it also was
known that the combination of GE, GR, GA
based on nominal plant input/output relation
and GU based on proportional gain K, must be
selected carefully, especially proportional gain
K,; used to decide GU, against the possibility of
divergence. By the simulation experience,
when controlled process is stable minimum
phase system, the selection of K, may be
allowed to be decided the value slightly greater
than unity, then the performance may not
nearly be different regardless of variant values
of K. But when controlled process in nonlin-
ear and/or nonminimum phase system, Kos
must be selected carefully as the value smaller
than unity, which must not generate exceeded
control input as GU is varied and must be
tuned step by step with small incremental val-
ues to obtain stable desired output.

o

J

| : ; ;

(1] 3 [ ‘9 12
Fig. 4.4 Unit step responses of fuzzy PID accord-
ing to K,

(a) Kps=GU=0.17 (b) Kps=GU=0.4

() Kps=GU=0.6 when L=5, GE=5,

GR=4, and GA=25

Fig. 4.4 shows step responses according to
the values of Kps and so GU.

5. Conclusion

In this research, a fuzzy PID control algo-
rithm was derived in order to control systems
with modeling errors and/or uncertainties. The
fuzzy PID controller derived has the character-
istics of nonlinear controller, so is named non-
linear PID controller, and is expecially power-
ful for the linear and nonlinear time invariant
systems, but must be carefully designed for the
nonmimum phase system. The most important
advantage of fuzzy PID controller developed in
this paper is that it is possible to design control
system whose plant dynamics, so called mathe-
matical model, is not known, by only using the
input/output information. Also, linear PID con-
troller can be designed, which is derived under
the procedure of fuzzy PID controller , although
plant dynamics is not known.The usefulness
and effectiveness were assured through the
computer simulation for several example sys-
tems, in spite of the simple fuzzification and
defuzzification algorithms. Thus controller
designers can expect effecient design of control
system in real time with good transient perfor-
mance, by only employing serial type micropro-
cessors without computational burden.

Further research works will be concentrated
on persuit of more fine control rules develop-
ment and stability improvement about nonmin-

imum phase system.
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