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Design of a Hybrid Fuzzy Controller
with the Optimal Auto—tuning Method
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I . Introduction
The aim of designing controllers is to compensate the
plant
Because of simplicity of the parameter tuning and the
controller desigr, the PID controller has heen well
established and widely employed. However, the con
ventional PID controller with linear relation to plants
becomes so sensitive to the control environment and the

dynamic characteristics of the under control.

change of parameters that the efficiency of its utility for
the complex and nonlinear plants has been questioned in
transient state [1,4,9,16].

The fuzzy logic controller (FLC) may be able to utilize
a large number of the linguistic control rules based on
the human experience and knowledge, and it has been
proved that the fuzzy logic controller is suitable for
controlling the linear plants as well as the nonlinear plants
[1]. The FLC’s output can be biased because the linguistic
control rules are difficult to express precisely the human
experience and knowledge [3,5,11-13]. The hvbrid fuzzy
logic controller that uses the PID in steady state and the
fuzzy logic in transient state should be required.

One of the difficulties to control a complex system is
in the selection of optimum parameters, such as the
linguistic control rules, scaling factors, membership
functions, PID coeefficients and weighting coefficients of a

(hybrid) fuzzy logic controller. These parameters are
very important elements of a (hybrnid) fuzzy logic
controller in order to improve control performances

[6-10,14]. The
parameters by means of the analysis of plant responses

novel algorithm for auto-tuning of
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should be developed.

In this paper, first, a hybrid fuzzy logic controlier
(HFLC) is proposed. The control input of the system in
the HFLC is a convex combination by a fuzzy variable
of the FLC’s output in transient state and the PID’s
output In steady state. Second, a powerful auto-tuning
algorithm improve the
performance of hybrid fuzzy logic controller, utilizing the
simplified reasoning method and the improved complex
method. The algorithm  estimates  automatically  the
optimal values of the linguistic control rules,
factors, PID
fuzzy logic controller, according to the rate of change
and limitation condition of control output. The algorithm
is developed for the (hybrid) fuzzy logic controllers. such
as fuzzy PID including fuzzy PIl, hybrid fuzzy (fuzzy PID
+ PID) and hybrid fuzzy with Smith-predictor[17]. They
are applied to the plants with time-delay and nonlin-

1s presented to automatically

scaling

coefficients and weighting coefficient  of

earity, such as the activated sludge process of sewage
treatment system. Computer simulations are conducted at
the step input and the system performances are
evaluated in the ITAE (Integral of the Time multiplied
by the Absolute value of Error).

. Hybrid Fuzzy Logic Controller

The hybrid fuzzy logic controller (HFLC) consists of a
fuzzy PID controller (FLC) and a PID controller. In other
words, the control input of the system is a convex
combination of the output of the FLC and the PID. The
principal elements are scaling factors, linguistic conrol
weighting coefficient and PID coefficients. The
block diagram of the hybrid fuzzy logic controller is
shown in Figure 1.

rules,

The fuzzy controller with linguistic control variables
consists of the N control rules which are implemented by
the fuzzy logic implications as (1) [13].
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R . If E,is A, 4dEs B, and 4°E, is C,, then

AU, is D, (1)
where

R’ i-th control rule, (i = 1,2,..., N)

N ! the number of control rules

E, : error

AE,. change of error

A°E,: change of variation input

AU,.change of plant control input

A, B, C;and D, : linguistic values
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Fig. 1. The scheme of a hybrid fuzzy logic controller.

AE,, and A°E,, are

substituted for the fuzzy rules in (1), these are fuzzified

by membership functions. The
antecedent part in each rule is calculated as (2).

W= min{ua(Ep), #s{4Ey), uc:(LEp} (2

If the linguistic value, D, of consequent part in (1) is

If the non-fuzzy values, E,,

inferred value of

not fuzzy set but singleton, the non-fuzzy value of the

fuzzy PID controller is derived from (3), using the
simplified reasoning method.
U= ——— (3)
5w

The PID controller is composed of a conventional one
with kp, ki and kd. PID coefficients are tuned with the
other parameters of fuzzy controller. The output of
hybrid fuzzy controller is presented as (4). The
weighting coefficient d, between fuzzy and PID controller,
is assumed as a fuzzy variable, defined by ZR(E). a is

tuned with parameters in fuzzy logic controller
simultaneously. In this paper, all the parameters are
automatically estimated and optimized by improved
complex method. Optimal parameters are applied to
hybrid fuzzy logic controller.

AU= JU,+4U, (4)

M. Autotuning by Improved Complex Method

Consider the optimal control to minimze the output
error, using ISE (Integral of Square Error) or ITAE
(Integral of the Time multiplied by the Absolute value of
Error) that shows an error characteristic of the control
reponse to the step input and is a cost function to
evaluate the optimal tuning state.

Hybrid fuzzy logic controller also has an objective to
minimize ISE or ITAE as cost function. As we regulate
the scaling factors, rules, weighting
coefficient and PID coefficients in order to minimize ISE

linguistic control

ROt - XSS - ALEESt =2A KT dH M1z 19659
or ITAE, the cost function of hybrid fuzzy logic

controller has the nonlinear dynamic characteristics that
can not be formulated. Also hybrid fuzzy logic controller
apply optimal
techniques, because it is difficult to obtain the cost
function and differential of ISE or ITAE.

In order to solve the problems, the
algorithm adapts the improved complex method that
extracts the control
welghting  coefficient and PID
minimum error.

The variables of a cost function are given by scaling
factors, linguistic control rules, weighting coefficient and
PID coefficients. After we ITAE as
function, we try to minimize the cost function with the

has a serious problem to general

autotuning

scaling factors, linguistic rules,

coefficients  for the

select a cost
step input. Since ISE is also a single optimal value, it
can be chosen as the cost function. Even if ISE satisfies
the minimum value, the parameters of ISE are somewhat
different from ITAE. Hence, the overshoot and reaching
time etc. are a little different. When the difference is
small, low-order plant can use ISE or ITAE as a cost
function. However, as the difference is relatively big in
the high-order plant, ISE or ITAE is chosen according
to the object of control.

vvvvvvvv Opumization Cost function
PID and of parameters
........ wning paramelen (TTAE}
. e
r + P
GI FLC
2, G

Fig. 2. The auto-tuning scheme of a hybnd fuzzy
logic controller.

The scheme of the hybrid fuzzy logic controller as
shown in Figure 2 will autotune all the parameters at
the same time. After the control output is calculated in
off-line, ITAE is obtained. Such a series of values are
repeatly calulated by the improved complex method until
the standard deviation of ITAE is smaller than somec
prescribed small quantity. The parameters of optimal
ITAE are stored as the new parameters of the scaling
factors, linguistic control rules, weighting coefficient and
PID coefficients.

We realize the algorithm to expand and unite the
simplex concept to the complex method {2] - constrained
optimization technique. The flowchart of the proposed
optimal autotuning algorithm is described in Figure 3.
The algorithm called the improved complex method, is
the constrained complex method that minimizes a cost
function, as follows:

Minimize f(x)

Subject to g,(x)=<0, j=1,2,-,m

xVex,<«x¥i=12-n

where | denote the lower hound and u, the upper bound.
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<step 1>

The set of the initial values for the parameters is
prepared more than the number of vanables, arbitrarily.
The parameters mean the linguistic
control rules, weighting coefficient and PID coefficients.
They Xp=(xf, xf, - x5 k=12, n,
n+1,---,m) in n dimensional space. In general, m is
selected as 2n (n is the number of initial vertices).
<step 2>

The initial values of o, ¥ and B is specified using the
Reflection, Expansion and Contraction of simplex concept
as follows:

scaling factors,

are defined as

1) Reflection : X,=X,+a(X,—X,) )

ii) Expansion : X,=X,+AX,—X,) (6)

iii) Contraction | X.= X, +8(X,—X,) (7)
<step 3>

X, and X, are the vertices corresponding to the

AX,) and
function value AX,). X, is the centroid of all the points

maximum function value the minimum
X, except i=h. Reflected point X, is given by (3), with
X, = max AX),(Gi=1,-k, X;=0/(m=1)((Z X,
X)—X,) and =X, -XN/IX,—X ]I

If X, may not satisfy the constraints, a new point X,
X,=(Xy+X,)/2. This process is con—
ducted repeatedly until

is generated by
X, satisfies the constraints. A
new simplex is started.

<step 4>

If a reflection process gives a point X,
AXIKAX),i.e. if the
minimum, we expand X, to X, by (6), with y=[IX,—
XIMX,—XxXIh1 .

If X, may not satisfy the constraints, a new point X,
X, =(Xy+X./2. This
conducted repeatedly until Xe satisfies the constraints. If
AXJICAX,), we replace the point X, by X, and
restart the process of reflection. On the other hand, if
AX)>AX), we replace the point X, by X,, and start
the reflection process again.
<step 5>

If the reflection process gives a point X, for which
AX)>AX), for all i except 1=h. and AX,){AX,), then
we replace the point X, by X,.
with  =11X.—X /I

for which

reflection produces a new

is generated by process is

In this case, we
contract the simplex as in (7),
Xi—X .

If AX,)>AX,), we will use X, without changing the
point X, If

constraints, a new point

previous X. may not satisfy the
X. 1s generated by X.

(Xo+X.)/2. This process is conducted repeatedly until
X, satisfies the constraints. If the contraction process
produces a point X, for which AX)<min[AX,), AX)] ,
we replace the point Xh by Xc. and proceed with the

reflection again. On the other hand, if AX)=
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min [f(Xh), .f(Xr)] ,
and start the reflection process again.
<step 6>

we replace all Xi by (X,+X)/2,

The method is assumed to have converged whenever
the standard devidtion of the function at the vertices of
the current simplex is smaller than some prescribed
small quantity € as follows!

wl AX) -AX)1
b
If Q may not satisfy (8), we go to step 3.

(8)

Start

ISelem membership mncu‘ons]

Initialize
membership parameters

[Selecl initial eoef‘flcioms( a8 1)]
—
Select f(X» ) = max[ 1(X )],
106 )} = min[ {Xe) }
and 1(X)

X
N ]

Fig. 3. The flowchart of proposed auto-tuning
algorithm.

IV. Computer Simulation and Results

To evaluate the performances and characteristics of
(hvbrid) fuzzy logic controllers with optimal auto-tuning
algorithm, the liner and nonlinear plants with time-delay
are given in (9)-(11) [16,18]. Computer simulations are
performed with the step input of sampling time 0.5[sec].
We analyze the various cases of the fuzzy PID and
hybrid fuzzy logic (with Smith-predictor) contollers with

3-fuzzy variables or 35 fuzzy vanables in examples.
Especially, Plant 1 is mainly explained for 3-fuzzy
variables. Table 1 and Figure 4 are initial linguistic
control rules and membership functions used in examples.
Plant 1 @ Y(s)/U(s) = "% / ((g+1)(s+2)) 9
Plant 2 : y(k+1) = 0.7 sin Qu{k)) + y(k) (10)

Plant 3 @ y(k) = uk-1) + 0.2 u(k-2) + 0.7 y(k-1)
103 y(k-2) - 0.1 yk-3) - 0.1 y(k-1)° (11
There are several types of parameterized membership
functions commonly used such as triangular and bell
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shape membership functions. This paper uses the
triangular type, because that is more convient than the

bell type.

Table 1. Linguistic  control  rules for  3-fuzzy
variables.
2pa - EE 2
() AE = N (b) AE = 7 (c) AE =P
_ : P —
N 7 ‘ P N 7 J P PN Z P
Al . !
o N m3| m3] m2 \F\ m3|-m2. ml N| m2| ml| 0O
i . ‘
E/ m2| ml| 0 EZ]{ ml| 0 ml
(1’ 0 [mlfmz P lml| w2
E or 3E s ZR(E)
N Z P_NB NMONS ZR PS PM._pB Vi
BT SN S 4
S B R I
N N A . "
-1 a I -m3 -m2 -mf 0 ml m2 m3 -mml 0 mml
ta) h) (c)

Fig. 4. (a).(b) Membership functions of lin-
guistic control rules (¢) Membership
function of weighting coefficient.

Tables 2-6 represent the initial and tuned parameters
for the scaling factors, linguistic control rules, weighting
coefficient and PID coefficients,
indices of ITAE, for hybnd fuzzy
Figures 5-9 also show the chacteristics
outputs and

and the performance
logic controllers,
of process
the convergence procedures to optimal
values of scaling factors under the hybrid fuzzy logic
controllers. Similarly, Plants 1, 2 and 3 are analvzed.
Figure 5 represents the fuzzy PID (FPID) controller for
Plant 1 smoothly carries out the tuning
ill conditioned initial values of the parameters. Figure 5
(a) shows the ocsillate under initial
conditions but gradually reduce the rising time, the
settling time and the reach the
reference values with the decreased steady-state error

under

process outputs

overshoot, finally

after tuning process. Simultaneously, Figure 5 (b) shows
that the scaling factors change abruptly under initial
condition, but converge the optimal values after several
iterations of the tuning process. Table 2 shows the initial
parameters, and parameters
indices for fuzzy PID controlller in Plant 1.

tuned and performance

Table 2. Tuning parameters and performance index
for FPID controller(Plant 1).

FPT - scaling factor tuning -

.
control

Controller type | ) i .
rule tuning + 3-fuzzy variables

Tnitial ITAE 1203050 | Tuned ITAE © 40.000
IInitial scaling factor | GE[0500] GD[1500[ 61 [Ge[asm0 |
Tuned scaling factor - GE|0.043° GD|0.118| GH ael 4977
Initial control rule ml| 0.333 " mZ | 0.667 | m3| 1.000
'I‘Un(‘(rl-;()ntml rule ml 0.460 ‘: m2 ().94‘7 m3 V].i%()()

Figure 6 represents the tuning procedure of process
output and the covergence
parameters by hybrid fuzzy PID (HFPID) controller for
Plant 1. In Figure 6 (a), though the initial overshoot is

procedure  of  optimal

MOt - Aissat - ABISS =2A1 M1 & M1 & 19% 9

big, but after tuning, the overshoot is decreased to
optimal output with the fast rising time. In Figure 6 (h)

Process output
16

s Jyf M- VoV VoV VLV
P /4
2 ................................
o}
1 50 100 150
Time
(a) Tuning procedure of process output.
Scaling tactor
]
—— =
300 400 800
Reration

(h) Convergence procedure to optimal values of
scaling factors.
Fig. 5. Process output of FPID controller and
convergence procedure to optimal values
of control parameters (Plant 1).
Table 3. Tuning parameters and performance index
for HFPID controller (Plant 1).

T RNETH
Controller type

FPID + scaling factor tuning +
control rule tuning - 3-fuzzy variables
90862 Tuned ITAE 31.960
LGEJoat0] 6D 0450 GH[4150] e [ 1600
Initial PID parameters | KP|0.100. KI_0.143| KD| 1.150
| GE 2713 GD[5.464 [ GH[6.125 | GC [12.841]
Tuned PID parameters K[" 1.1()4"1} KI [0.015| KD|0.019
Llnitial control 1‘u]€'.\‘ﬁ ml 0.33()13 m2!0.667 | m3|1.000| mml | 10.00
Tuned contrl rules [ m1[0.086 m2[0607| m3] 1064 | mml | 10.01

Initial ITAE

Initial scaling Jactor

Tuned scaling factor

and (c), we observe the scaling factors and PID
approach to the optimal Table 3

parameters and performance
indices for hybrid fuzzy PID controlller in Plant 1.
Figure 7 represents the tuning procedure of process
output  and the covergence procedure of  optimal
parameters by the hybrid fuzzy PID controller with
Smith-predictor (SPHFPID) for Plant 1. The controller,
consisted of the  hyhnd
Smith-predictor radically reduces the performance index,
ITAE, that evaluates the control accuracy. It has the fast

coefficients values.

shows the initial, tuned

fuzzy  controller  and

rising time but has a little overshoot. Therefore, when
less than the bounded values, the
from the

the overshoot is

controller extracts the optimal parameters

proper output through the tuning procedure.

Table 4 shows the initial and tuned parameters and

process
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performance indices for hybrid fuzzy PID controlller with
Smith-predictor in Plant 1.

Process autput
14

(a) Tuning procedure of process output.

Scaling factor
18

14

12

10

> O

o

iteration

(b) Convergence procedure to optimal values of scaling
factors.

Galn
s

800
[teration

(¢) Convergence procedure to optimal values of gains.
Fig. 6. Process output of HFPID controller and
convergence procedure to optimal values
of control parameters (Plant 1).

Table 4. Tuning parameters and performance index
for SPHFPID controller (Plant 1).

Controller Lype‘—ﬁ PI ' FPI +4 Scaling’ factor tunir_lg +
Smith-predictor + 3-fuzzy variables
nitial ITAE 107.340 Tuned ITAE | 20256
Initial scaling factor | GE[0192] GD| 0.115 [GH] | GC [ 0700
Initial PID parameters | KP| 0500] K| 0.650 | KD|
Tuned scaling factor | GE|0.960 | GD| 8.410 | GH e (1200
Tuned PID parameters| KP|0.806| KI| l.e-6 | KD

Initial control rules ml O,SBﬂmZ, 0.667 | m3|1.000 mmli 10.00 ]

Figures 89 represent the tuning procedures of process
outputs and the covergence procedures of optimal
parameters by hybrid fuzzy PID (HFPID) controller for
nonlinear systems like Plants 2 and 3. This controller
can also supply optimal outputs after auto-tuning the

scaling factors, linguistic control rules, PID coefficients
and weighting coefficient in the nonlinear system. Tables
5-6 show the initial, tuned parameters and performance
indice for hybrid fuzzy PID controlller in Plants 2 and 3.

2 Process output

10

(a) Tuning procedure of process output.

Scall 1
i aling factor

ac
L T3 S & T T

L T~ S I T T T I S T
Qb

lteration

(b) Convergence procedure to optimal values of scaling
factors.

lteration

{c) Convergence procedure to optimal values of gains.
Fig. 7. Process output of SPHFPID controller and
convergence procedure to optimal values
of control parameters (Plant 1).

Table 5. Tuning parameters and performance index
for HFPID controller (Plant 2).

PID + FPID + scaling factor tuning -

control rule tuning + 3-fuzzy variables

Controller type

.
Initial ITAE 916.126 Tuned ITAE 37.875

Initial scaling factor GE|0.140 ' GD| 0.160 | GH|1500| GC 11.000

Initial PID parameters} KP|0.120| KI| 0.115 | KD{0.010

Tuned scaling factor

GE|1.431| GD| 0167 | GH[16.77| GC 15.373

Tuned PID parameters{ KP|0.289 KI| 1.215 | KD|0.143 ‘J

Initial control rules m1{0.333 | m2| 0.667 | m3|1.000 | mml | 10.00|
2

0.845 | m3{1.112 | mml IOAll/l

Tuned contrl rules ml t0.412[ m2
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Process output
10

b} 100 200 300 400 450
Time
(a) Tuning procedure of process output.
Scaling factor
20
aH
_________________ Gg
GE
GD
300 400 800
Iteration

(h) Convergence procedure to optimal values of scaling

factors.
Gain
1.8
K
-
P L L R S S KO- -
800
{teration

(c) Convergence procedure to optimal values of gains.
Fig. 8 Process output of HFPID controller and
convergence procedure to optimal values
of control parameters (Plant 2).

Table 6. Tuning parameters and performance index
for HFPID controller (Plant 3).

PID + FPID + scaling factor tuning +

control rule tuning + 3-fuzzy variables

Controller type

Initial ITAE 1023.928 Tuned ITAE 44.760
EInitial scaling factor GE|0.052 ] GD|0.845 | GH|2.257 | GC I].680
Initial PID parameters | KP|0.912 | KI|0.125| KD 1.180 |

Tuned scaling factor | GE|[0.047 | GD|0.200 | GH| 1471 | GC ’0,816

Tuned PID parameters| KP|0.483 | KI10.378 | KD|0.024
Initial control rules ml{0.333| m2|0.667 | m3!1.000 | mml | 10.00
Tuned contrl rules ml|0.322 | m2|{0659| m3|0.989 | mml | 10.11

In the above-mentioned controllers, the proposed
auto-tuning algorithm can also tune the weighting
coefficient of membership function for control output and
finds the optimal weighting coefficient. These processes
show excellent characteristic of output near the reference

value, 10.

OH

MOt - KISt - AEIES =2A1 A1 dH M1z 19959

Process output
10

14

1

10

(a) Tuning procedure of process output.

. Scaling factor

....................... ac -
aD
200 300 400 GE 800
Iteration

(b) Convergence procedure to optimal values of scaling
factors.

1 100 200 300 400 SO0
lteration

(¢) Convergence procedure to optimal values of gains.
Fig. 9. Process output of HFPID controller and
convergence procedure to optimal values
of control parameters (Plant 3).
Table 7 shows the comparison of ITAE in each
controller of Plant 1. The ITAE is decreased to a large
extent, but on the other hand the performance of
controller is improved to a great extent..

Table 7. Comparison of ITAE in each controller of

Plant 1.

]
F PID[16] | SOFPID[16} | FPID HFPID} SPHFPID ’.
|
Plant 2 46 48.68 40 J31.960J 20.256 J'

SOFPID : Self-organizing fuzzy PID controller

Figure 10 shows ITAE’s of HFPID are being improved
along with the tuning procedure, in a case of Plant 1.
The ITAE's are rapidly decreased to a large extent in
the initial stage and are almost consistent in the tuned
stage.
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ITAE
100

80 I
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40

20

0 100 200 300 400
Meration

Fig. 10. The change of ITAE for HFPID in Plant 1.

Figure 11 also shows that the control input changes
and control input for HPID are being changed according
to the time change, in a case of Plant 1. The control
input and control input changes are oscillated in the
transient state, but on the other side they are set in the
steady stste. Especially, the control input is obtained as
the summation of the control input changes, namely, U,

= U, ,+4U, using (4).

Changes of control inputs

15

10

0 50 100
Time

-— . 4U; of FPID, .. © 4U, of PID
(a) The control input changes for FPID and PID.

Control inputs

30

20

10

0 50 100
Time
(b) The control inputs.
Fig. 11. The control input changes and control
inpur. for HFPID in Plant 1.

V. Conclusions
First, we propose the hybrid fuzzy controller that the
control input of the system consisted of a convex
combination, by a fuzzy variable, of the FLC’'s output in
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transient state and PID’s output in steady state. Second,

we have a new optimal auto-tuning algorithm to
optimize the scaling factors, linguistic control rules,
weighting coeffictent and PID coefficients using the

proposed complex ‘method. To demonstrate the improved
control performance of hybrid fuzzy logic controller, the
proposed method is applied to the linear and nonlinear
plants with time—delay and dead time.

Some results are drawn from computer simulation as
follows:
1. The scaling factors converge to the potimal values,
according to automatically adjusting the scaling factors
through the proposed method, iteratively.
2. It 1s easy to simultaneously autotune the scaling
factors, linguistic control rules, weighting coefficient and
PID coefficients, using the tuned parameters as the initial
values, after tuning the scaling factors and weighting
coefficient.
3. Because the optimal parameters are automatically
tuned under the rate of change and limitation condition
of control output, the proposed algorithm may be applied
to the real plant, such as the activated sludge process of
sewage treatment system [15].
4. The optimal parameters are obtained by not only the
determination of the initial parameters (as Chien Hrones
Reswrk and Cohen Coon methods), but also the choice of
the initial ill-condition, using the proposed algorithm.
5. In the step responses of the linear and nonlinear
plants with time delay, the hybrid fuzzy controller with
Smith-predictor shows a better result than conventional
fuzzy logic controllers.
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