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Abstract

This paper describes new PID control methods based on
the fuzzy logic. PID gains are retuned after evaluating
control performances of transient responses in lerms of
performance features.  The retuning procedure is based on
fuzzy rules and reasoning accumulated from the knowledge:
of experts on PID gain scheduling. For the case that the
retuned PID gains result in worse CLDR (characteristics of
load disturbance rejection) than the initial gains, an on-line
tuning schceme of the set-point weighting paramcter is,
proposed. This is based on the fact that the set-point.
weighting mcthod efficiently reduce either overshoot or
undershool without any degradation of CLDR. The
set-point weighting parameter is adjusted at cach sampling
instant by the fuzzy rules and reasoning. As a result,
better control performances were achived in comparison with
the controllers tuned by the Z-N (Ziegler-Nichols)
parameler tuning formula or by the fixed set-point
weighting parameter.

1. Introduction

The PID controller is perhaps the mosl common control
strategy and used in practice broadly and frequently because
of its simple structure and robust perfonnance in a wide
range of operating conditions. The important part in the
design of such a controller is to determine three paramcters,
proportional, integral and derivative gains. According to the
way of tuning parameters, the PID controllers can be
divided into two main classes. In the first class, the
controller paramcters are determined analytically  and/or
automatically by a certain proper design procedure and they
are fixed during operation [1].  While in the sccond class
the parameters are updaled continuously undcr a certain
degree  of knowledge of the process, and thus such
controllers arc called adaptive PID controllers [2-41.  Until
today many rtesearchers have presented many descriptions
on on-line tuning of the PID controllers in the literature,
and among these were several lechniques based on fuzzy
rules and reasoning [3, 4. They could control processcs
successfully in the aspects of reducing the overshoot and
the rise time. However, there are some drawbacks in that
since the parameters are varying with time, it is very

difficult to analyze the stability of the closed-loop control
system, and even if the asymptotic stability is assured, wild
start-up and abrupt sct-point change may be intolerable [4].
In practical point of view, it is common for plant operators
to have their own preferences for the best type of the
transient response. In such situations, one spcaks of the
optimal response as the one that looks the best to the
operator [2]. Therelore, it can be said that plant operators
want to find the controller parameters which can produce
the desired output under guarantee of stability. Such
parameters can be determined by applying the knowledge of
experts on PID control to the actual system through very
boring and laborious procedures.

In this paper, we present a parameter tuning method of
PID controllers based on fuzzy rules and reasoning to
determine the controller parameters by means of several
performance criteria of the siep response. And for the case
where the PID gains which improve the transient response
make the CLDR worse [5, 6], we also propose a ncw PID
control method based on on-line tuning of the sel-point
weighting paramcter.  The parameter is properly tuned at
each sampling instant by the fuzzy rules using the output
error and its first difference. Simulation results show that
the proposed PID control scheme can effectively improve the
control performances.

2. The PID Controller

The PID controller consists of three kinds of different
controllers, namcly,  P(proportional), Iintegral)  and
Diderivative) controllers where each controller  supports
others in operation.  The transfer function of the PID
controller has the following form :

G = Ky + 5 4 Kys (b

where, Ky, K and Kg are the proportional, integral and
derivatlive gains, respectively. The discrete-time equivalent
representation for the PID controller used in this paper is
expressed as follows

wR) = K(fr—v(B) + K,T}iI d) + Bt @
where, r stands for a constant referénce input, B is the

sel-point weighting parameter, T the sampling time, (k)
the control input at discrete-time %, (&) the error between
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the relerence value and the process output { ¥(£)), and ce(k)
is the difference between tlwo consecutive errors, that is,
ce(k) = e(k)— e(k—1). :

The Z-N tuning formula which is based on the
knowledge of the ultimate gain K, and ultimate period T,
{71 was developed by cmpirical simulations on  many
different systems. Conscquently, even though the dynamic
model of the process is unknown, the PID controller tuncd
Ly the Z-N tuning method can be used. Though this
tuning technique does not design to any specifications, years
of experience by process control engineers have indicated
that it produccs rather good sct-point responses (8], and
Hang [5] finds that the tuning method gives a sct of PiD
control paramelers that are good at load disturbance
rejection.  However, the method has a drawback in that it
olten lcaves closed-loop systems poorly  undamped.
Therefore, in order to satisfy the desired specilications
which include overshoot, undershool, rise time and so on,
the PID controller gains should be rctuned by very laborious
trial and error procedures from the gains computed by the
7Z~N tuning formula, and it is also necessary to improve the
excessive overshoot and undershoot in the step response
without worsening the CLDR.  In the following scction,
parameter scheduling imethods of the PID controllers bascd
on fuzzy rules are presented.

3. I"u'zzy Paramctér Tuning of PID

Controllers

3.1. PID gain tuning scheme

Our scheme on the fuzzy parameter tuning is started
with a nominal PID controller gain set. For the unknown
plant, since the heuristic Z-N tuning technique can still be
uscd, we make usc of the gains computed by the Z-N
tuning formula as initial values for the tuning procedure.
The approach laken here is to exploit performance featurcs
of step responses lo generate controller paramelers using
fuzzy rules and reasoning. Thus the petformance [eatures
are ulilized in fuzzy rules as inputs. A typical step
response and several performance features are shown in Fig.
I, and in the figure, it is divided into four arcas according
to the signs of the output crror and its first diffcrence.
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Fig 1. A typical step response

As shown in Fig, 1, in order to evaluate the degree of
salisfaction for specilications, we consider the following six
features  which  indicate the performance of  transicnt
responses 1) percent overshoot (1'0), 2) percent undershoot
(rey, 3 rise time (7,), 4 5% settling tme (75), 9

damping (D), 6) integral of the absolute error (IAE). The

names of above features are self-explanatory excepl
damping which is defined as
damping (1)) = -————;:8% i ;:(L]/

where POl and PO2 are, respectively, the percent overshoot
of the first and second peaks. For the purpose of
establishing the fuzzy rule base to determine the controller
paramcters which meet the desired control performance, the
refationship between each controller paramcter and the
performance features is surveyed first, and it is also
important to choose proper inputs for the fuzzy rules. By
considering existing knowledge and through simulalions on
many plants, we can describe the ordinary effects of the’
change of each parameter on step responses as follows :

1} Increasing K, decreases rise time, incrcases overshoot,
undershoot and damping, and makes step responses a
little oscillatory.

2) Increasing K; increases overshoot and decreases rise
time and undershoot especially when the ratio  of
overshoot to undershoot is smaller than 1.

3) Increasing K, decreases overshoot and increases damping

and risc time.

In order to express all of the above imformation in fuzzy
rules, we employ the following inputs,

IN, = ISF,- (POl (desired) — POl (actual)) (3a)
IN, = ISFy- (POl (actual) — PU(actual) ) (3
INy, = ISFy - ( Tr(desived) — Tr(actual) ) (3c)
IN, = ISFy- ( D(desived) — D(actual)) Bd)

where, ISIY; means the scaling factor for cach input. The
fuzzy rule bases arc divided into three parts, and gencrally,
since a specific demand on the overshool is considered first,
IN, is used as a common input in each rule base. The
plant operators’ various control aims can be easily
expressed by suilably setting the weights for the outputs
provided by each rule base and input/output scaling factors.
Consequently, the controller parameters are determined by
the fuzzy rules of the form

IF N, is A/ and INZ‘is Ay
THEN oK, is B/ and pK;, is B (4a)
IF N is ¢ and IN; is G
THEN pK, is D' and pK,y is Dy (4b)
IF N, is £ and IN, is R
THEN pK, is I’ (4c)
,‘ = 1' 2‘ e e,
where, A, A,, C,, Cy. E; and F, arc input fuzzy sets,
B, B,, Dy, Dy and F are output fuzzy sets, # is the
number of rules of cach rule basc, and the outputs, pK,,
pK,, and pK, which are obtained by the rules and

reasoning denote the incremental ratios of the corresponding
gains.  The MI's (membership funclions) for input and
outpul  fuzzy sets are shown in TFig. 2 and Fig. 3,
respectively.  Tn these figures, # stands for the grade of
membership, and P represents positive, N negative, ZE zero,
B big and S small For instance, PB  stands for
Positive-Big. Nole that the output linguistic variables may
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also be considered as fuzzy numbers which have a singleton
MF. On the basis of afore-mentioned relations between the
controlicr paramelers and the ~performance [eatures, the
fuzzy parameler tuning rule bases are given in Tables 1, 2
and 3.

NB NS ZE PS IB

NB NS ZE Is B

0 Input -1 -05 0 05 | Output
FFig. 2. MFs for inputs IFig. 3. MFs for outpuls

The final output values, oK, p K;, and p Ky obtained
from the defuzzificd output values { pK,, pl(;, and pK,)
denote the rates of change of the controller paramcters.
K, = K,"- (1 +pK,), where K,
means the adjusted proportional gain after n transients for
the tuning procedure. To stop the tuning procedure, we

For example,

Table 1. Rule base for adjusting K, & K;
(pK, and pK; arc scparated )

IN;

. NB | NS ZE PS PB
IN, ek oK) o, oK) pK) oK 0 K,| 0 K] 0K)| 0K,
'NB |NB|PB|NB| PS|Ns| zE| NS| NS zE| NB
‘N's | nBlpB|Ns| s Ns| ps | ze | Ns| Ps | NB
"zE |Ns|pB|Ns|ps|zE|Ps|ze| zE| PB| Ns
Ps |ze|PB|zE|PB| ZE| PB] PS | ZE |ZB)|ZE)

PB | ps|PB| zE| PB|zE)|zE) |zB) |z lzr) |zE)

* () means that the situation is hardly happened

Table 2. Rule base for adjusting K, & K;

(pK, and pK; are common )

NB N S ZE PS PB

Table 3. Rule base for adjusting K,

N B N S ZE PS P B

introduce an objective function which is formulated to check
the control performance after the parameters are adjusted.
This [unction combines the pragmatic approach of the
human tuner with the optimal response that the operator
wants in a practical as well as numerical sense. The
objective function, J, is deflined as

] = Z W (5)

where C; is the degree of satisfaction al a specilic
performance [eature, and W, is the weight for C. The
weights are used lo emphasize the order of priority of
selected performance features, which are determined by the
plant operator, and 2 W, = 1. The tuning procedure is
stopped when the value of the objective function becomes
larger than a predefined specific value that stands for a
tolerable degree of satisfaction at the overall control
performance.  The form of the function to compute C;
depends on the operator’s preference, and we tentatively use
a simple function as shown in Fig. 4. In this figure,
P(desived), i=1,2,+ -6, are the desired values of
afore-mentioned six features of transient responses, for
example, I(desired)=10 implies the desired value of the
percent overshool is 10%, and a; - P{desired) means the
boundary value on which the degree of satisfaction at the
performance fealure is 0, where a; is a mulliplicative
constant not less than 1.0.

Cy
1

—~

\\

Pi (dcsired) a;- P, (desired)
Fig. 4. The function C;

The degrees ol satisfaction, C;, r=1,2, + -6, are obtained
from V17ig. 4 as following eyuations and dcfuzzification and
reasoning procedures will be presented in chapter 4.

0. Pactual) > a;P’{ ref)
C;= 1, Plactual) < I'(ref) (6)

I’{actual) ;
aT elsetvhere

_ a
(I1—a) P re) (1—

3.2. New approach based on on-line tluning
of the sel-poinl weighling parameter

The excessive overshoot in a slep response can be
effectively reduced by wusing the set-point  weighling
parameter, £ in equation (2), whose value is smaller than 1.
The set-point weighting method causes a liltle increased
risc time, and no changes on the CLDR [9).
since it hardly affects undershoot, it can not be an effective
method to improve the transient response when both the
overshoot and the undershoot are excessive. In the
meantime, the CLDR is mainly alfected by the proportional
and integral terms of PID controllers as briefly mentioned
before. Here, for the case that the retuned PID gains lcad
to worse CLDR, we expect that the excessive overshoot and
undershoot can be  remarkarably  reduced  without
deteriorating the CLDR by the proper on-line tuning of the
set-point  weighting parameter.  And this scheme based
upon the (uzzy rules will be explained below,

The knowledge base of the tuning scheme for set-point
weighting parameter, 8, consists of collections of rules
describing the roles of the parameter in control actions.
These rules represent a  critical  starting point of the
proposed method. The parameter is dctermined by a set of

owever,
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fuzzy rules of the form.

IF Seis A’ and Sceis A,y TIHEN 48 is A,
i= 1,2, , m (7

where, m is the number of rules. A, and A," stand for

the input fuzzy sets, and A, for the output fuzzy set on
the corresponding supporting sets.  Se and Sce are scaled
output crror and its first difference, and 48 denotes the
output of each rule used o compute the final outpul value
at cach sampling instant.  The MI's of input and output
fuzzy scts are shown in Fig. 5 and Fig, 6, respeclively,  In
Fig. 6, the output variable, 48, and the grade of the MFs,
u(+), have the following relations,

sinm = _%ln(l+dﬂ) or dfyp = —1 + exp(~4s) (8a)
s = — (=49 or B = —exo(—410 (8b)
nrs = —% in (48 or  dBrs = exp(—4,) (8c)
Hrp = — % n(—~4p) o dfrm = 1 — exp(—4) (Bd)
p K

NB NMNSZEPSPM PB

-1 0 1 A8
Fig. 5. Fig. 6. MTs. for oulputs

The fuzzy rules to determine proper valucs of the
parameter al each sampling instant are extracted from the
step response of the process.  According to the signs of e
and c¢e, the step response of the process can  be
characterized by four regions as  shown in Fig. 1, and the
signs of e and ce in each region are represented in Table
4.

Table 4. The signs of e and c¢e of each region
ap [oam |

-

_sign (o)

The fuzzy rules [lor tuning g are established by sevcral
basic rules. Tirst, in order to avoid an excessive overshoot,
it is necessary to produce a small control signal in the
latter hal{ of the region (1) and all the region of (I,
Therelore, we nced to lower the value of g4 in such regions.
Similary, in the latler part of the region (II1) and throughout
the region (1V), we expect a large control signal to avoid
an excessive undershoot.  Thus, the values of 8 should be
large. On the other hand, to keep the rise lime at lcast not
longer than that of the simple set-point weighling method

Table 5. Rule for adjusting A8

NB | NM| NS | ZE | PS | PM | PB
:?-—zvvn’fj\j—? e ] S P§7 o Pg, :PB—-»
_{ PS | PB | PB

.PB | PB ) PB

using a fixed B, the values of A8 should be kept a litle
large in the f{irst hall of the region (I). Under the above
basic rules, and after many trial and crrors  through
simulations on a variely ol plants, the tuning rules for 8
are shown in Table 5.

4. Reasoning and Defuzzilication

For simplicily, the reasoning and defuzzufication
procedures [or adjusting the parameters, K, K;,, K;and 8
are explained logether in this chapter.  In order to reduce
the amount of computation, we use a logic based indirect
reasoning method.  The truth values of the i-th rules in
i

equation (4) and (7), »/ and ¢, respectively, are oblained

by the triangular norm (T norm) operations between the
MI7 vaiues of two inpuls in each rule. That is,

r,»'. = J vy (IN}) * 1 oy (IN}), i=2,3,4 (9a)
v; = /IA;(SG) A /tA;(Sce), i=1,2,--, n (9b)
where, LV is the specified input linguistic vanables, and

gy ) and p,.(+) are the MF values of the actual

inputs for the input fuzzy scis of

. . R U :
vy 1Ly oLV’ A A Al
uuv, /\ ﬂnvz ?
Py, E' Hay, ¢
sl il OUTPBT; artal setual Ovput;
inputy inpaty inputy input

(a) For retuning PID gains (b) For on-line tuning of B

Fig. 7. Implicalion process for cach rule

the i-th rule as shown in (4) and (7), respectively. The

operations, © ¢’ and ‘A’ stand for ‘algebraic product’ and
‘minimum’ between two MF  values, respoctively. The
implication process for each fuzzy rule is shown in Figs.
7(a) and 7(b). In thcse figures, ouiput; is the value of one
of the actual outputs (pK,, pK;. pK, and 48) of the i-th
rule corresponding to the truth value r," or v, Then we

express the truth values and outputs of the rules in matices
as follows :

rnomt .o
R= nt ot - "),
T
Pl)r[ ARy e Ky o p Ky .
o szl pKy' o op K"
ol= pKiIl (”‘,13 o K"
p Ky oKt p K"
pD=] p K} oKP: - - pKS)
[

[ LR

AB=[ 48 4§ - - 48"}

For the present work, we note that there are at most f{our
rules whose truth values are nol zero when the MFs of
inputs in Fig. 2 or Fig. 5 are used. By using elements of
the above matrices, defuzzification yiclds the value of each



output and the final outputs (p K,, n K;, pK; and 48 ) as

follows.

Zl rZi'f’Kpli il K]i'Pani
PRy, = ——————, pKy = e (10a)
gl i ii—l;l '
i oKy i r e K
PRy = 2 pKy = e (10b)
i Vz’ i 4]
=1 i1
"4i'!’Kdi
Ky = 'l—i:‘——‘ (10c)
=t r“
3o a8
4 = (an
._Il,,
PR, = OSF{-(a1-pKy + a2' pKy) (12a)
pKi= OSFy- (2, pKiy + 23 pKid) (12b)
pKy = OSFy- pKy (12¢)
AR = OSF-48 (13

where, OSF; are output scaling factors, and ¢, ¢, 2, and
2y are output weights used to express the priority order
(ay+a@3 =2z, +z;=1). Once the final output valucs are
obtained, the adjusted parameters are calculated from the
foliowing equations.

K" = K" (1+0K),) (14a)
K™ = K" (1+pK) (14b)
Ke™' = K" (1 +pKy) (14¢)
BCk+1) = By + 4B (15

In cquation (15), B, represents a standard value that is the

center of the possibie range of B, in other words, the value
of Bis in the range [ f, — OSF, 8, + OSF] .

5. Simulation Results

To investigate the adequacy of the derived rules and
the effects of the proposed tuning mcthods, two plants
- with the following transfer functions arc considered.

Hanl Gl = TG

~2.5¢
Plant2 @ Gys) = -(iTl)f

Unit step responscs by the proposed parameter  luning
method  after cnough transients to meet the required
specifications are plotted in Fig. 8 and TFFig. 9, respectively.
The results obtained by wusing the Z-N  tuned PID
controllers  are  also presented in Figs. 8 and 9 for
compuarison, and Table 6 shows the representative simulation
results.  Simulation results show that all the actual values
of  performance features except T, arec  very  close
approximation to the desired specifications, and the PID
controller whose parameters are determined by the proposced
tuning method can achieve much betier control performance

than the Z-N tuned controller does, which is confirmed by
comparing the values of performance [eatures.
Gi(s) is a deadtime-frec system, while the output of

Gys) is delayed for 25 scconds.  Consequently, the value
of K; (and K,) should be decreased to improve the transient
response of the plant like G(s), thus the CLDR get worse

as shown in Fig. 10. For the plant 2, howcver, the
controller retuned by the proposed tuning method results in
better CLDR than those obtained by the Z-N tuned
controller due to the increased integral gain, as shown in
Fig. 11. Thus, in order to improve transicnt responscs and
prevent the CLDR from getling worse, we apply the PID
control scheme based on on-line tuning of the sct-point
weighting paramcter to the plant 1. The step response of
the plant with load desturbance is represented in Fig. 12,
and in this figurc, the responsc obtained by using a fixed
set-point weighting parameter is plotted together to compare
their control performances. Note that the CLDR obtained
by using the method (I} are the same as the characteristics
of the Z-N tuned PID controller. The parameters used in
each simulation are shown in Fig. 12, The simulation result
indicates that the proposed control method () is more
efficient than' the method (I} which uses a fixed set-point
weighting  parametcr, in  the aspects of both the
characteristics of Llransient response and load disturbance
rejection.

Table 6. Numerical simulation result
Gi(s) Gy(s)

desired | before after |desired | before after
value |retuning |retuning value |retuning |retunin

Ko 2721 | 2927 0961 | 0.765
Ki 1.944 1.255 0237 | 0257
Kad 0.914 1.325 0933 | 0783

PO1(%) | 156 482 | 1521 10 1467 | 10.05

PU(%) 5 | 1086 287 5 20.25 3.93

D 0.5 032 | 0498 | 05 0.74 0.49
Ti(sec)| 0.7 0.7 0.8 20 2.0 23
Ts(sec)| 4.0 59 29 8.0 118 83

IAE 14 1758 | 1357 | 45 5.78 | 4537

] - 0.95 044 | 0958 | 09 052 | 0.904

r

- 8y using the raitiel gains
alter retuniag the garns

e

0 2 ] L] L] " 12 Time (sec)

Fig. 8 Unit step response of Gu(s)

.
.

“S-after retuniag the gains
2Ny

~—

/' By using the rortial gains

0 s 10 1 E) » X 7ime (sec)

Fig. 9 Unit step response of Ga(s)
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- By using the initial gains
B A r—

Fig. 10 Load disturbance rejection of G,(s)

¥ %)
12

FIR SO

oe \ -6y using the mll/.vlgnms
“-afler retuaing the garns

az

o

Fig. 11 .load disturbance rejection of of G(s)

r )
1.2
l‘(//
b R T - SHE ‘\'}Z'r’q‘;)‘_-
[
08 | &4
()
0.6 J
(1) - by the proposed metbod
0.4 (B =068 OSF=025) ]
(11) - by usiag & lixed set-poial
wrigbting paraweter (8= 0.59)
02
o =
o 2 4 L] 8 10 12 Time (sec)

Fig. 12 Unit step responses with load disturbance rejection
of Gy(s)

6. Conclusion

We preposed PID control schemes of retuning the PID
gains and on-line tuning of the set-point wecighting
parameter to improve the overall control performances
including CLDR. The basic objective of the proposed PID
gain luning is to retune the initial gains to improve the
characteristics of transient responses. These retuned PID

gains may have good or bad influences upon the CLDR
mainly according to the amount of changes of the
proportional and the integral gains. In this paper, we used
the gains dctermined by the Z-N tuning formula as initial
values. When the Z-N tuned PID controller is used, the
performance of the controller can be predicted from the
dimensionless paramcter called ‘normalized process gain’ K,
which is defined as the product of the ultimate gain K, and
the process sileady state gain K [10]. By considering the
anticipated form of transient responses, we can predict to
some degree of precision how much the value of each gain
is increased or decreased by the retuning procedure and
what influences the retuned gains have on the CLDR.
Therefore, the on-line tuning of the set-point weighting
parameter can be regarded as an aiternative control method
when the retuned PID gains which improve the transient
responses make the CLDR worse. Simulations on a variety
of plants have showed that the processes could be
satisfactorily controlled by using the proposed paramecter
Luning algorithms.
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