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Design of a Hybrid Fuzzy Logic Proportional Plus
Conventional Integral-Derivative Controller

Wei Li, Member, IEEE

Abstract—This paper presents approaches to the design of fuzzy logic controller. For implementing the fuzzy-HD
a hybrid fuzzy logic proportional plus conventional integral-  controller, only one additional parameter has to be adjusted.
derivative (fuzzy P+ID) controller in an incremental form. This Consequently, the manual tuning time of the controller can be

controller is constructed by using an incremental fuzzy logic fl duced i . ith a traditi | f logi
controller in place of the proportional term in a conventional PID greatly reduced in comparison with a traditional fuzzy logic

controller. By using the bounded-input/bounded-output “small ~ controller. Another motivation stems from our application
gain theorem,” the sufficient condition for stability of this con- of fuzzy logic controllers in industry. The control results

troller ?S derived. Based on the condition, we modify the Ziegler on a manipu'ator and stoker-fired boilers [6]' [7] show the
and Nichols’ approach to design the fuzzy R-ID controller. In & tiveness and the robustness of the hybrid fuzzy logic

this case, the stability of a system remains unchanged after . . .
the PID controller is replaced by the fuzzy PHID controller plus conventional controllers. In fact, a lot of industrial plants

without modifying the original controller parameters. When a have been controlled by a PID-type controller. Many control
plant can be described by any modeling method, the fuzzy engineers hope that a fuzzy logic controller should improve
P-+ID controller can be determined by an optimization technique. control performance yielded by the PID-type controller even
Finally, this controller is used to control a nonlinear system. without deteriorating the system stability.

Numerical simulation results demonstrate the effectiveness of the v f loai d . | hni
fuzzy P+ID controller in comparison with the conventional PID Recently, fuzzy-logic and conventional-techniques are com-

controller, especially when the controlled object operates under bined to design fuzzy logic controller, such as [5]-[16]. Some
uncertainty or in the presence of a disturbance. of the important research results among them are addressed in

Index Terms—Fuzzy logic, fuzzy PHID controller, hybrid sys- [10] and [11]. First, the formulations of the fuzzy proportional
tem, stability. derivative (PD) and fuzzy Rifuzzy derivative (D) control
systems are derived based on the “center of mass” approach;
and second, “small gain theorem” is used to analyze their
bounded-input/bounded output stability. In this paper, this

T is well known that up until now, a conventional pro-methodology is used to formulate the proposed fuzzP

portional integral-derivative (PID)-type controller is mostontroller and analyze its stability. The main idea of the study
widely used in industry due to its simple control structurés to use a conventional D controller to stabilize a controlled
ease of design, and inexpensive cost. However, the Plgbject and the fuzzy proportional (P) controller to improve
type controller cannot yield a good control performance Hontrol performance. According to the stability condition, we
a controlled object is highly nonlinear and uncertain. Anothefiodify the Ziegler and Nichols’ approach to design of the
type of controller based on fuzzy logic [1] is being increasingljuzzy P+ID controller since this approach is still widely used
applied to many systems with nonlinearity and uncertainty industrial control of a plant with unknown structure or with
[2]. Especially, the most successful fuzzy logic controllergonlinear dynamics. When the controlled object is described
applied into industrial plants are designed by control engineeps. any modeling method, such as behavior modeling [17], the
Unfortunately, defining membership functions of linguisti¢uzzy P+ID controller can be determined by an optimization
variables and formulating fuzzy rules by manual operatiagipproach, such as genetic algorithms.
is time consuming work [3]-[6]. Besides, a few of stability |n comparison with the exiting fuzzy PID controllers, the
analysis for the real applied fuzzy logic controllers are reportgfloposed fuzzy RID controller combines the advantages of a
so that many people worry about their reliability. fuzzy logic controller and a conventional controller. The fuzzy

One of the motivations for this study is trying to answep term plays an important role in improving an overshoot and
these questions by proposing a hybrid fuzzylB controller. 3 rise time response. The conventional integral (1) term reduces
This controller is constructed by replacing the proportional steady-state error, and the conventional D is responsible for
term in the conventional PID controller with an incrementahe stability of the system and the flatness of the response.

Furthermore, this controller has the following features.
_ _ _ 1) Since it has only one additional parameter to be adjusted
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Tl logic controller in place of the proportional term while the
M integral and derivative terms keep unchanged
ylt)

refft]

X ety » Kp (X Plant

Au(k) =u(k) — u(k — 1) = KpAuyp(k) + KiTe(k) — Kp

FIORTUEBEST .

Kp

% where K; and K are identical to the conventional PID
controller in (2), Auy(k) is the output of the incremental
(a) fuzzy logic controller, andky; is its proportional coefficient.
The relationship betweerk} and Kp will be discussed

in Section IV. The most important part in the fuzzy+ri®
controller is the fuzzy P term because it is responsible for
improving overshoot and rise time. The conventional | term
is mainly responsible for reducing a steady-state error if an
actual value is close to a reference signal. The conventional
D term is responsible for the stability of the system and for
the flatness of the response.

N
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Fig. 1. Control schemes. (a) PID-type controller. (b) Fuzyl[P controller. IIl. FORMULATION OF INCREMENTAL

Fuzzy LocGic CONTROLLER

In the fuzzy P-ID controller in (3), its proportional term
pAus(k) is used in place of{pAc(k) in the incremental

D controller, as shown in Fig. 1(b). The incremental fuzzy
) : i , logic controller is a standard one which has two inpe(s)

This paper is organized as follows: In the next section, Whd (k) and an outputhu (k). In this paper, the membership
present the fuzzy PID control scheme. In Section lll, We ¢,nctions of the inputs and the output are defined, as shown in
formulate an incremental fuzzy logic controller. In Section 'VFig. 2. The parametersandw are variables of the membership
we discuss the sufficient stability condition for the controlletnctions with regard to the fuzzy P controller's input&h)

In Section V, we propose approaches to design of the proposgg..( ) and we define = \w. In this controller, membership
controller. In Section VI, we report simulation results ORunctions(V, Z, P) assigned with linguistic variables are used
control of a nonlinear system by the PID-type controller ang fuzzify physical quantities. For inputs(k) and é(k) we
Fhe fuzzy P|-ID_ control_ler. Finally, some remarks are giverhave(e.n,e.z,e.p) and(é.n, é.z, é.p). For the outputha(k),
in the conclusion section. we have(o.n, 0.z, 0.p). The fuzzified inputs are inferred to a
fuzzy rule base, which is used to characterize the relationship
Il. HYBRID Fuzzy P+ID CONTROLLER SCHEME between fuzzy inputs and fuzzy outputs. In this study, the

At present, the PID-type controller is most widely adoptet¥zzy rule base of the incremental fuzzy logic controller is
in industrial application due to its simple structure, as showied, as shown in Table I. It consists of the following nine
Fig. 1(a). Its control signal is easily computed by combininfyzzy rules:

3) The sufficient stability condition shows that the sam
stability remains unchanged if the original PID controlle,':,I
is replaced by the fuzzy-PID controller.

proportional integral-derivative terms Rule 1: Ife(k) = N andé(k) = P then Au (k) = Z
_ . Rule 2: Ife(k) = Z andé(k) = P thenAuy(k) = P

u(t) = Kpe(t) + K1 / o) dt = Koy(t) (D) Ryles: Ife(k) = P andé(k) = P then Auy (k) = P

Rule 4: Ife(k) = N andé(k) = Z thenAuy(k) = N

e a0 1 e ool pramelers. e 5. 11.(4) = 2 andilh) = 2 teniuh) = 7
Rule 6: Ife(k) = P andé(k) = Z thenAuy(k) = P
Au(k) =u(k) —u(k — 1) = Kple(k) — e(k — 1)] Rule 7: Ife(k) = N andé(k) = N thenAwyp (k) = N
y(k) — 2y(k — 1) + y(k — 2) Rule 8: Ife(k) = Z andé(k) = N thenAus(k) = N

+ KiTe(k) - Kp T : Rule 9: Ife(k) = P andé(k) = N then Aup(k) = Z.

@ The response of each fuzzy rule is weighted according to the
The reason for the popular use of the PID-type controllelegree of membership of its input conditions. The inference
is that this controller can be easily designed by adjusting ordgygine provides a set of control actions according to fuzzified
three controller parameter&’r, K7, and K. In addition, its inputs. The commonly used inference engine is the MAX-MIN
control performance can be accepted in many applicatiomsethod. In the rule base shown in Table I, only Zadeh'’s logical
Therefore, we would like to keep the advantages of the PIDAND,” which is the MIN operator is used. Since the control
type controller while designing a fuzzy logic controller. Thisctions are described in a fuzzy sense, a defuzzification method
idea leads to propose a hybrid fuzzy-BP controller shown is required to transform fuzzy control actions into a crisp
in Fig. 1(b). This hybrid controller uses an incremental fuzzgutput value of the fuzzy logic controller. For the incremental
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Fig. 2. Formulation of the incremental fuzzy logic controller by fuzzy reasoning.

fuzzy logic controller, a widely used defuzzification methoéxpressed by

is the “center of mass” formula [10], [18] 1) @) (36)
Aug(k) = {Auf (k),-,Auf (k),---,Auf B}  (5)

membership value of input Since Aug(k) = FLC(e(k),é(k)) is an antisymmetrical
x output corresponding to th function, that is—Aw (k) = FLC(—e(k), —¢(k)), it is easy
membership value of input (4) to obtain the following relationship:

Auy(k) = , )
Z {membership value of inpht Augf)(k) _ _Au;%,jﬂ)(k)’ =118 (8

In order to analyze the fuzzy4AD controller, we derive On the basis of (6), we only need to compute
the formulation of the incremental fuzzy logic controller{Augcl)(k),---,Augcls)(k)} by fuzzy reasoning. In doing
Au)f(k) = FLC(e(k), é(k)) as follows. According to the it, we divide the first 18 regions into three categories. Regions
defined inputs’ membership functions and the fuzzy rule base,which there is only one rule to be activated are defined
we get 36 combination regions, as shown in Fig. 2. Therefoires the first type. Only regions 1 and 6 belong to the first
the output of the incremental fuzzy logic controller can bgpe because none of membership functionse@f) and
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Fig. 2. (Continued.)Formulation of the incremental fuzzy logic controller by fuzzy reasoning.

é(k) overlaps. Regions in which there are two rules to beorresponding output value isz = 0, using the “center of
activated simultaneously are defined as the second type.nass” formula (4) we obtain
this case, membership functions efk) (or é(k)) overlap
each other. By observing Fig. 2 [(r01)—(r18)], regions 2-5, Augcl)(k) =0 ek)<—¢ ék)>w. @)
7, 12, 13, and 18 belong to this type. Regions in which there
are four rules to be activated simultaneously are defined lasregion 6(c(k) > ¢, é(k) > w), only Rule 3 is activated, as
the third type. In this case, membership functions of boghown in Fig. 2 (r06). It is easy to obtain
e(k) and ¢é(k) overlap each other. Regions 8-11 and 14-17
belong to the third type. Augf)(k) =e ek)>e ék)>w (8)

For the first type, we only need to Computmgcl)(k) and
Augcﬁ)(k). In region 1(c(k),< —e,é(k) > w), only Rule 1 Now we computeAu(j)(k) of the second type as follows.
is activated, as shown in Fig. 2 (r01). In this case, we hal@regions 2 and 3e(k) € [—¢, 0], é(k)n > w), Rules 1 and 2
the input membership functions valugée.n) = p(c.p) = 1 are simultaneously activated, as shown in Fig. 2 (r02)—(r03).
and, thus{z(e.n) AND p(é.p)} = min{l,1} = 1. Since the For Rule 1, we have the input membership functions values
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Fig. 2. (Continued.)Formulation of the incremental fuzzy logic controller by fuzzy reasoning.
(ulen) = —(e(k)/e) < 1 p(ép) =) and, thus,{pu(e.n) Similarly, we can obtain
AND pu(é.p)} = min{—(e(k)/e),1} = —(e(k)/e) with the 45) ‘
corresponding output valuez = 0. For Rule 2, we have the Au; (k) =¢  0<e(k) <¢ ék) 2w (10)
input membership functions valuég(e.z) = (e(k) + ¢/¢) < ™ (e(k) —w .
1, and thus{u(c.z) AND pu(é.p)} = min{(e(k) + ¢/c),1} =  Dup (k) =————c=2é(k) — ¢
(e(k) + €/ ¢) with the corresponding output valuep = €. By elk) € —¢; 05w < é(k) fw (12)
using the “center of mass” formula (4), we obtain Augcm)(k) e > e(k); 05w < é(k) < w (12)
Au§P (k) =Né(k) — ¢ e(k) < e 0< é(k) < 0.5w
Au(273)(k) _ plen) X 0.z + ple.z) X o.p (13)
S N (e.n) + ple.z) (181 — . : x
H H Auy (k) =e e>e(k); 0<é(k) <0.5w (14)
c(e(k) + )
—e(k) +e(k)+ e In general, computingsugf)(k) of the third type is rather
=e(k)+e —e<e(k)<0; ¢ék)>w. (9) complex since there are four rules to be activated simultane-
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Fig. 2. (Continued.)Formulation of the incremental fuzzy logic controller by fuzzy reasoning.

ously. Here, we describe in detail the computatiommjg?)(k) corresponding output value isp = ¢. For Rule 4, we have the
in region 8e¢(k) € [—¢, —0.5¢], é(k) € [0.5w,w]. In this case, input membership functions valugge.n) = (e(k)/e) > 0.5
each of Rules 1, 2, 4, and 5 contributes the output conteghd ;i(¢.2) = (—é(k) + w/w) < 0.5 and, thus{u(e.n) AND
actions. For Rule 1, we have the input membership functionge )% = min{—(e(k)/e),(—é(k) + w/w)} = (—é(k) +
va!ue;u(e.n) = (e(k)/€) = 0.5 and pu(e.p) = (e(k)/w) =, /4). The corresponding output valueds: = —e. For Rule
gr;)d S'(rl,ce)bg;gr?;éhendfhggesjn?; n::rrg;er[éhép Tr(])?“tbﬁi:ng/lms’ we have the input membership functions’ valygs.z) =
ple.p I .9, 1.0}, < 0.5 . — (s < 05
operation is controlled as follows: if — e(k)| < |é(k)], <e(k).+ ¢/c) = 05 and u(e'z). (=elk) + w/w).— 0".)'
. . . In this case, the MIN-operatiodu(e.z) AND wu(é.2)} is
{u(en) AND {u(ép)y = min{—(e(k)/e), (e(k)/w)} = o , .
(e(k . . _controlled as follows: if| — e(k)| < |é(k)|, {u(e.z) AND
—(e(k)/e). It | = e(R)[>[e(k)], {u(en) AND p(ep)y = =775 = : o :
min{—(e(k)/e), (é(k)/w)} = (é(k)/w). The corresponding #(¢-#)} = min{(e()+e/e), (—c(k)tw/w)} = (=¢(k)+w/w);
output value iso.> = 0. For Rule 2, we have the inputif [[e(k)|>[e(k)], {u(e.z) AND p(é.z)} = min{(e(k) +
membership functions valugs(c.z) = (e(k) + ¢/¢) < 0.5 €/€),(—é(k) + w/w)} = (e(k) + ¢/¢). The corresponding
and pu(e.p) = (é(k)/w) = 0.5. Obviously, {u(e.z) AND output value iso.z = 0. By the “center of mass” formula (4)
plé.p)} = min{(e(k) + ¢/e), (é(k)/w)} = (e(k) + ¢/¢). The we obtain (15), shown at the bottom of page 457. Similarly,
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Fig. 2. (Continued.)Formulation of the incremental fuzzy logic controller by fuzzy reasoning.
we obtain £(2e = Aelk)) if | —e(k)] < |e(k)]
eAe(k) + e(k)) . Wy = J 3 —2x¢é(k) -
o) “sc—avage 1) +el < [ek)] Aup(B) =3 ((2¢  e(k)) =
Al (k) = : — |e(R)| > |e(k)]
f (k) +ek)) k) | > [e(h)] 3¢ — 2e(k)
e—2e(k) 05¢ <e(k)<e 0.5w<eélk)<w
—0.5e <e(k) <0; 05w <é(k) <w
. (16) leh) FNR) (:8)
R RS LTI NN
1 _ e — 2Xe(k Uy ) el Xé e .
A=Y Qe 2e) L e =+ > o)
e+2e(k) 7

0<e(k)<0.5e; 0.5w<eé(k)<w

(17)

—e<elk) < -0.5¢ 0<eé(k)<0.5w

(19)
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Fig. 2. (Continued.)Formulation of the incremental fuzzy logic controller by fuzzy reasoning.

e(ré(k) + e(k)) €(2¢ — e(k))

, i Je(k)| < |é(k)] if | —e(k) + ¢ < |e(k)]

Au(l())(k) _ €— 2e(k) Au(17)(k_) _ ) 3e- 2¢(k)
! e(Né(k) +e(k)) . ) f e(2xe(k) +e(k)) . )
e+ 2nak) if Je(k)| > [e(k)] o) if | — (k) + ¢ > |e(k)|
—0.5e <e(k)<0; 0<é(k)<0.5w 0.5¢ <e(k) <e 0<é(k) <05w. (22)
(20) :
On the basis of (6), we construcku,(k) = FLC(e(k)
. é(k)) = {AuP(k)} (i = 1,---,36) by using (7)~(22). It
M, if le(k)] < |e(k)] should be noted that im\us(k) there exists a parameter
Au;lﬁ)(k) = 6(2)\66—(2%6_5 C)(k)) In a later discussion, we can see that this parameter is only
c+2—)\é(k)’ if |e(k)| < |é(k)] one to be tuned for achieving a desired control performance.

Fig. 3(a) and (b) shows the control surfaces of the incremental
fuzzy logic controller with(¢ = 1.0; A = 1) and (¢ = 0.6;
(21) X = 1), respectively.

0<e(k) <05 0<é(k)<0.5w



LI: DESIGN OF HYBRID FUZZY LOGIC PROPORTIONAL PLUS CONVENTIONAL INTEGRAL-DERIVATIVE CONTROLLER 457

TABLE | 89
RULE BASE OF THE INCREMENTAL Fuzzy LociC CONTROLLER
rk} + e[k} | Controll + + Aufk)
ontrolier ———>
(k) - +T -
Fuzzy P
A uf[k] N Z P Controller
efk)
D Controller
N N N Z
K]
Z N Z P € Y Plant ¢ g ad
u(k} -ulk-1}
S2
P Z P P
Fig. 4. A nonlinear control system.
V. STABILITY CONDITIONS
£=1.0 A=1.0 ) The “small gain theorem” gives sufficient conditions under
“._:..:.;:v"‘",";;;::.”‘ H “ H "\ “ ” , .
(aug) ’_‘_‘_‘_‘:ﬁ‘,‘?“m%&% which a “bounded |_nput yleld.f,a bounded output” [19], [20]
i,"&;‘“::g‘f?::&‘::::&éf:&’:'gg'l In [10] and [11], this theorem is used to analyze the bounded-
SIS IS . .
1 ":“:‘t‘"ﬂ&m%%‘““& input/bounded-output stability of the fuzzy PD and fuzzy
XX Pl+fuzzy D control systems, respectively. In this section, we

use this methodology to derive the stability conditions for
the proposed fuzzy PID controller. A control structure of
the propose fuzzy #ID is shown in Fig. 4. Being similar to
the result in [11], the sufficient condition for the bounded-
input/bounded output stability of the nonlinear control system

is given as follows:
TN EETR (]| .

[1S2(u(k))Il < Mz + Le|lu(k)|

@) for all ¢ € [0,00), whereM,, M,, L, and L, are constants
with Ly, Ly > 0, andL; L2 < 1.
(Auy) £=0.6 A=1.0 For a conventional PID controller in (1), we have

0.6+ . K; KT 0
s (G DI=) 5 &)
27 oy t"’:":.‘?::f,' LT LAY e —
S IBBESSEG MRS, Kp+ KT 0
0.0 SNl GRS <R g e
™ SRRSO = 0 = (|[]l Lo (k)
RSSO T
03] RS K
' ““:!“‘5\"““'":““‘“0'0"O’$¢"3""l?"' < max q [[Kp + KiT| 2
RS opmsa K XSKSSSKSU NI\ L < ma P |,
S S s (KA T
0.6 SRR O
11 = % i ~max{[le(k)||, ly(F)||} (24)

[[S2(e2 (k)| = [IN(e2(E))I| = [IN] |e2(F)] (25)

where||N|| is the operator norm of the giveX(-) or the gain
of the given nonlinear system defined as usual by

Moy ) = ()
Fig. 3. Control surfaces of the incremental fuzzy logic controller. C ius, k1 lvr(k) —va(k)]

(26)

~—

xomn+pléz) X oz  e(Aé(k)+ e(k))

pulen) X o2+ ple.z) X o.p + p(é.z _ it | — e(k)| < |6k)

Au® (k) = . plen) + plez) + p(e.z) + plé.z) 3e — 2Xé(k)
f p(é.p) X 0.z + pe.z) x o.p+ p(é.z) x on + ple.z) x 0.z _ e(Aé(k) + e(k)) it = ()| > |eh)|
pu(e.p) + plez) + plé.z) + ple.z) 3¢ + 2e(k)

—e <e(k) < -0.5¢; 05w <elk)<w (15)
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In comparison of (24) and (25) with (23), it is easy to obtaiffor|—c(k)| < é(k)), leté(k) = nw while for |—e(k)] > |é(k)],

the constantd,; and L, for the PID controller let e(k) = —e. Then we obtain
— ab A L
{ L, = 1nax{|Kp + KiT), T } 27) Augcg)(k) < A+ T)e(k)T Ae(k — 1) (38)
If the following condition 12l =l < —7—- (39)
K| > |[TKp + KiT?| (28) ' In the same manner, we can prove the operator ngsth in
is satisfied, the sufficient condition for the nonlinear systef@gions 9, 14, 15 as follows:
by the PID controller is expressed by AT
£ 2011 = 9] < 2= (40)

LiLy, = INJ| < 1. (29)

(10) 4.
The difference between the proposed fuzayiP controller OF Aty ~(k), we have (41), shown at the bottom of the next

and the PID controller is their proportional terms. This termf229€- For| —c(k) +¢| < |e(k)|, let é(k) = w while for
of the incremental fuzzy PID controller can be expressed byl — ¢(F) +¢[ > [é(k)], let e(k) = 0. Then, we obtain

KpAug(k) = KpFLO(e(h), (k) = KFLC(e(k), F(e(h)  Aull® (h)

= Kp®(e(k)) (30) “de(B)HAe(b—1)+2T ek +e] < |e(h)]
, —ec(k)te £ |elk
where||®|| is the gain of the given incremental fuzzy controller < (A 4 2T)e (kT) de(l — 1)
and will be derived late. Thus, for the fuzzy#D controller , if | = e(k)+e[>|e(k)]
we have r 42)
<[ DH H I‘PIIK”FKIT 5 ek)H A
D if | —e(k)+e|<l|élk
7 Wk ol =fo)<] T, AR g
- H ||<I>||KP+KIT Ig ‘ [e(k) 7 if | — e(k)+eple(k)].
= D
0 = y(k‘)} ‘
T L)y,
{||| Kn } For Au; “(k), we have
T
masle(K)]. (A} @
' T —ede(k) 4+ ede(k — 1) 4 262 ,
Then, we obtain T(3c — 20e(k)) i Je(k)] < [é(k)]
_ b ) —ee(k) —2¢2 . i .
{Ll = ma { L - S i e(k)| > 160
Ly = |INJJ. 0.5¢ < e(k) <e 05w < é(k) <w. (44)
If the following additional condition
. ) For |e(k)| < |é(k)|, let &(k) = e while for |e(k) > |é(k)],
K| 2 | 27K + K T?| (33)  ¢(k) = e Then we have

is satisfied, one can replace the conventional PID controller by

the fuzzy RHID controller while preserving the same stability. Au(ll)(k) <{ —Ae(k)+2e+e(k — 1)

if e(k)|<|e(k)|

Now we use Aug(k) = FLC(e(k),é(k)) derived in s —e(k) _2€7T 7 if (k)| > |e(k)|
Section Il to compute||®||. For Augf)(k) of the first and (45)
second types, it is easy to obtain A )

||‘I>|| _ ||(I>(1,4,5,6,12,18)|| -0 (34) ||(I)|| = ||(I>(11)|| < { T’ If |6(/€)| < |6(/€)| (46)
2] =2 =1 ) b ARl
(16)
||‘I>|| _ ||‘I>(7’13|| _ % (36) For AU,f we have
For Au'Y(k), we have Al (k)
A+ 2T)e(k) — ede(k — . .
A () T il < eqw)
eA+T)e(k) — eXTe(k—1) . . - + Dye(k 26)\6 k— : i
e IR OO O ot = i e > e
c(A +T)(§(C J)F;Ge(A()zg Do i = e > 1] 0<e(k) <056 0< (k) <0.5w. (47)

—e<e(k) < —056 05w<cék)<w.  (37) Forle(k)| < |e(k)|, let &(k) = 0 while for |e(k)] > |&(k)],
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e(k) = 0. Then we have

Aul O (k)
A+ 2T)e(k) —e(k—1)

S v S i Jo()] < Jé(k)

) L Je(R)] > eR)
0<e() <05¢ 0<é(k) <0.5w (48)

(A+2T)
Q2D it el < Jek)

ol = 069 < { 5, 7 (49)
2EL it el > ).

For Augc”)(k) in (22) we have

Au;w)(k)
_ % if | — e(k)+e <[é(k)]
T ) M Dek) 2 de(k=1)
Tlet27e (k) , [ = e(R)+epe(k)]
0.5e < (k) <5 0< (k) < 0.5w. (50)

For|—e(k)+e€| < |é(k)|, lete(k) = e while for |e(k)| > |&(k)],
é(k) = 0. Then we have

Aul 7 (k)
{ Z2C)$12—;267(k)—2)\ (b—1) if | —e(k)+e| <|é(k)|
T , i | — e(k)+eplé(k)|
(51)

it | — e(k)+e < |e(k)|

Fl—eb)replem).  ©2

L,
II‘PIIIII‘P(”)IIS{ 2T
T 7

Summarizing, we have

A AT A+2T 2047
|| < 1, —
I ||_{0,,T, R } (53)

whereT is the sampling period. Since the sample period
is smaller than one and we lét= 1, we havemax ||®|| =
(24 T/T). In our study, we also choosE}, = Kp, hence,
the condition expressed by (34) becomes

|Kn| > (T +2)Kp + K1T7|. (54)

This result shows that this condition for the fuzzyIP is

V. APPROACHES TODESIGN OF THE CONTROLLER

The works in [22]-[25] proposed different methods for
tuning of the PID control parameters. Because these methods
do not need to use any model of a controlled object, they are
still widely used in industrial applications. In order to take
this advantage, we systematically present the design process
based on the Ziegler and Nichols’ approach. In the Ziegler
and Nichols technique, the parameter tuning is based on
the stability limits of a system. The derivative and integral
terms are initially put out of the system and proportional
gain is increased until the critical oscillation point (critical
gain Kpcryry and periodlicgrry. Then the PID controller
parameters are selected as follows:

Kp =0.6Kp(crrm)

2.0K;
K = L
Ticrrm)
KD :0'12KPT(CRIT)' (55)

The purpose for design of the fuzzy#D controller is to im-
prove the control performance of the industrial plants without
deteriorating the stability. Since the fuzzy-P controller is
constructed by replacing the conventional proportional term
with the fuzzy one, we propose the following formula:

Kp =0.6Kp(crrm)

2.0K
K= ibduied
Ticrrr)
Kp =(T+2)Kp + K{T? (56)

for determination of their parameters. We select the parameter
K, of the derivative controller by using the sufficient stability
condition in (54) instead of the Ziegler and Nichols’ formula.
This result implies that stability of a system does not change
after the conventional PID controller is replaced by the fuzzy
P+ID controller without modifying any PID-type controller
parameter. The selection of the sampling peribds done

in two stages: 1) during the loop design and 2) during the
controller design. The empirical rule of Franklin and Powell
[21] suggests that the sampling frequency must be from 4 to
20 times the bandwidth of the closed-loop system. For the
controller design,I” should be increased to be greater than
the sum of the error computation time, the digital analogue
converter (DAC) and analogue digital converter (ADC) con-
version times, and the zero-order hold delay time. In selecting
T, one must have in mind that

1) if T is greater, the stability regions are smaller;

stronger than that of the original PID-type controller in (28). 2) large T implies small cost;
Besides, the stability of the system is independent of the fuzzy3) large 7 results in large conversion times of the DAC'’s

controller parametee.

and ADC's (i.e., to smaller cost);

—ede(k) + ede(k — 1) + 262

it | — (k) + | < |e(k)

At =3 oy 5%2})2 ié(li))(/f - 1)7
T(c 1 201) , if | —e(k) + ¢ > |é(k)|

0 < e(k) < 0.5¢;

0.5w < é(k) < w. (41)
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4) smallT allows good system performance in the presence.z2 . .

of noise. reff Nnntml
In a steady-state stage, we havgk) =~ 0.0 and L >

le(k)| > |é(k)|. For PID control, it is ease to obtaif\u(k)
KiTe(k) while for fuzzy R+ID control, Au;ls’lﬁ)(k) or
Au?l’”)(k) are activated. Because of symmetry, we only 7 Fuzzy P+ID Control
analyze the case aiugcls’lﬁ)(k). Obviously,Augcls’lﬁ)(k) ~
e(k), hence, it is ease to obtaidu(k) ~ Kpe(k) +
KiTe(k) = (Kp + K(T)e(k). This implies that the fuzzy ;
proportional term becomes an additional integral téfge(k).  0-4F Kp=1.2 Kj=1.0 Kp=2.5 1
Because(Kp + K[T)> KT, the fuzzy R-ID controller
reduces greatly the steady-state error. In this case, we hayg|
also e(k)s < 0.5e. Thus, a small steady-state error can be :
achieved by selecting a small In a starting process, the ]

: 0 s .
fuzzy P controller outputs a constant control sigigbe. If 0 5 10 15(s)
the control parameteris too small, a rise time response slow?:i 5 Time res " df |
down. Herd).1 < e < 2.0 is recommended. g ponses of PID and fuzz- control.

When the controlled object is described by any modeling
method, such as behavior modeling [17], the fuzzy¢lP fitness value from this population so in a new generation
controller can be automatically tuned by using genetic algthe population size remains unchanged. This search process
rithms. In order to optimize the fuzzy{RD controller, the stops until the minimum valu€*, that is the optimal param-
integral-of-time-multiplied absolute-error (ITAE) criterion  etersKp, K1, Kp, ande, of the fuzzy P-ID controller are
obtained.

0.6} g

€=0.18

—
oo

g

t
Q= / ' tle(t)| dt (57)
0 VI. NUMERICAL SIMULATIONS
is used to describe control performance. We briefly introduce|n order to demonstrate the effectiveness and robustness
the design idea as follows. Since the fuzzyIB parameters gf the proposed fuzzy PID controller, by numerical simu-

Kp, K1, Kp, and ¢ influence (2, the optimization of the |ations we test time responses for the control of the following
fuzzy P+ID controller is the computation of the minimumpgnlinear plant

value Q* by searching for the corresponding parametis

K;, Kp, ande. Here, a genetic algorithm (GA) is used to i+ 2.0y + 0%y* = o”u. (58)
?g:'m;(zle’z t:ne ds i Iigri:)argiitaerr; [szt?ﬂq gét :L:S:\;vaesg?oz.th.l?hga[;:;?;frqsalI simulation studies, let the sampling peridd= 0.05s.
strings used in this paper are five digital strings. One of . _

the major operators in GA is crossover. In a populatioh Comparison of Time Responses Under Step Control

of size n, n/2 individuals (parents) are selected to take Here we chooseKr = 1.2 and K1 = 1.0 and obtain
part in crossover for every generation. Here, the sufficieAfp = 2.5> (T + 2)Kp + T?K; = 2.4625 according to the
condition (55) is used as an additional restrict to compusgaifficient stability condition (54). Now we use the designed
a fitness. All selected parents have better fitness value tHaiD-type controller to control the nonlinear plant. In this
other else in the population. Every pair of parents are selecwrthulation, the nonlinear plant has the parameters: 1.0
randomly without repeat in the crossover population arahd ¢ = 1.0 and the initial values of the plant(0), ¥/ (0),
produce two offsprings simultaneously after crossover. Fandy”(0) are zero. The thin-solid curve in Fig. 5 represents
crossover individual, we use single-point crossover on dhe step response of the nonlinear system yielded by the
strings of the individual. So all four strings of the individuaPID controller. Then we use the fuzzyHD controller with

do crossover simultaneously with related ones each othket 0.18 to replace the PID controller without modifying any
at four sites given randomly. The four crossover sites mayiginal parameters. The thick-dot curve in Fig. 5 represents
be the same or different from these four strings. Anothéne step response yielded by the fuzzyIP controller. It is

of the major operators in SGA is mutation. Mutation takegery clear that the control performance is improved.

place if the fithess value of some individuals is consideredIn order to compare the robustness of the step control
to be “bad” or any constraint is violated. Mutation takeshile changing parameters of the plants, we fine the PID-
place in two different ways. In first several generations, aype controller by selecting the controller's parameter as
strings of an individual take part in mutation. The purpos&p = 0.8 with regard to the plant's parametess = 1.0

is that the global optimal region could not be neglected. Bnd ¢ = 1.0. Using this PID-type controller, a quite good
all later generations, only two strings of an individual takeontrol performance is also achieved, as shown in Fig. 6(a).
part in mutation. After crossover and mutation processes,Then, the plant's parameters are redefined(as= 1.0,

new population is generated. The population size may Be= 0.7) and ¢ = 1.0, £ = 0.4). Their dynamic behaviors
greater than previous one. Some individuals are cut with “badfe represented by the thin-solid and thin-dashed curves in
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0.8} + 0=1.0 c=1.0 4 0.8 :  Fuzzy P+ID Control E
£=1.0 £=0.7 ]
: Kp=1.2 K=1.0 Kp=2.5 £=0.18
L J 0.6+ : 1
0.6 PID Control :
.4l Kp=1.2 Kj=1.0 Kp=0.8 : oAr | |
0.2} )7 1
0.2 1 : 6=1.0
&=1.0
0 ) .
0.0 . L 0 5 10 1518}
0 5 10 15 (s}
@ Fig. 7. Time responses of step control with a disturbance.
1.2 T T
o=1.0 o=1.0 1.6 j !
L &=0.4 £=0.7 1.4}
. Y N 1.2}
reflf] # \(5:1_0 :
0.8} £ &=10 : 1.0} Kp=1.2 Kj=1.0 Kp=25 =
Fuzzy P+ID Control £=0.18 T
0.8 . E
0.6 - 1 “.
Kp=1.2 Kj=1.0 Kp=2.5 €=0.18 0.6  Fuzzy P+D -~ PID Control i
Control
0.4L ] 0.4 Kp=7.2 K=3.5 Kp=3.8 ]
Kp=1.2 Kij=1.0 Kp=0.8
0.2 P : R
0.2+t 4
0 - c=1.0
ref(t) &£=1.0
0.0 . ) -0.2 : .
(b) Fig. 8. Time responses of ramp-tracking control.

Fig. 6. Step time responses of step control while changing plant's parame-
ters. (a) PID control. (b) Fuzzy-AD control. large error during tracking process. In order to reduce this
error, the PID-type controller's parameters are refined by
Fig. 6(a), respectively. Meanwhile, Fig. 6(b) shows the stelecting(Kp = 7.2, K = 3.5, Kp = 3.8). By using
responses of the plant controlled by the fuzaylP controller. the fuzzy P-ID controller with the same parameters above,
It is clear that the dynamic behaviors, yielded by the fuzzayowever, the response behavior exhibits a very small tracking
P+1D controller, exhibit much better control performance thagrror after starting stage.
those by the PID-type controller. Now we add a disturbance |n the following simulations, two sinusoidal references with
yais = 0.3sin(1.1¢) to the plant witho = 1.0 and{ = 1.0.  different frequencies are fed to the plants and the plant with
Fig. 7 shows dynamic behaviors of PID-type control and ¢f = 1.0 and¢ = 1.0 are controlled by both types of the PID
the fuzzy P+ID control, as shown by thin-solid and thick-dotand fuzzy P-ID controllers. The initial values are chosen as
curves, respectively. In spite of the disturbance, the cont@)(lo) =0, 4/(0) = 0, andy”(0) = 0. In Fig. 9(a) and (b),
performance yielded by the fuzzy+fD controller is much the sinusoidal signals are defined @$(¢) = sin(0.5¢) and
better than that yielded by the PID-type controller. ref(t) = sin(0.575¢), respectively. That means that the change
rate of the input in Fig. 9(b) is 1.5 time of that in Fig. 9(a). It
B. Comparison of Time Responses Under Tracking Controlis clear that the tracking control performances becomes worse
Now the reference signal is chosen as a ramp functigvhile increasing the frequencies. However, their effects on the
ref(t) = 0.1t and the initial values of the plant are chosetime responses of the PID controller are much stronger than
as y(0) = 0.1, ¥/(0) = 0, and ¥/(0) = 0. The plant those of the fuzzy RID controller.
with ¢ = 1.0 and ¢ = 1.0 is controlled by the PID-type Finally, a reference signal combined by the tracking and
controller with (Kp = 1.2, Kt = 1.0, Kp = 0.8), which is step functions above is fed to the plant with= 1.0 and
tuned for the step control in Fig. 6(a). Its dynamic behavidgr= 1.0. For the PID-type controller, its parameters are chosen
represented by the thin-dashed curve in Fig. 8 shows a que(Kp = 7.2, K1 = 3.5, Kp = 3.8) since the first part of
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(@ Fig. 10. Time responses of control combined by tracking and step references.
1.5 T T T v T

combustion system of the stoker-fired boilers, we note that
many industrial engineers do not take care of this problem very
much. However, they hope that after the PID-type controller
is replaced by the fuzzy PID controller, the systems do
not change the stability situation. For this reason, we use
“small gain theorem” to analyze the stability of the fuzzy
P+ID controller. The study implies that if the PID controller’s
parameters are defined by the sufficient stability condition in
(56); the stability of the system remains unchanged after the
PID controller is replaced by the fuzzy+PD controller. In

the other words, if the stability of the closed system by the

Kp=7.2 K|=3.5 Kp=3.8

1.0 PID Centrol

0.5

-0.5

Fuzzy P+ID
Control

1.0

c=1.0 PID controller can be proved, the stability of the closed system
gL P72 KF10 Rp=25 €018  &=10 by the fuzzy R-ID controller can also be done. In fact, the
o 5 10 15 20 25 30 (s) condition in (55) for determination of the paramefés, is very
(b) conservative, hence{p can be decreased based on control
Fig. 9. Time responses of sinusoidal tracking control. (ef(¢) engineer experience.

= sin(0.5¢). (b) ref(t) = nsin(0.075¢).
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