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A M e t h o d fo r A u t o - tu n i n g o f P I D C o n t r o l
P a ra m e t e rs

Y O S H I K A Z U N I S H IK A W A , I N O B U O S A N N O M I Y
A , t T O K U J I O HT A:~ a nd H A R U K I TA N AK A :~

A m ethod fo r tun ing P ID pa ram eters in a digitalized
controller introduces a concept o f

characterist ic areas o f the step response fo r process para
meter estim ation an d a new type

o f performance index fo r controller para meter
optimization

Key Word s--PID process control; direct digital control; process
parameter estimation; weighted ISE;

control p arameter optimization; man -machine interactive metho
d; adaptive control.

Abstract--A m ethod for automatic tuning of the PID process

control parameters, usually called 'auto-tuning', is
developed.

The procedureof applying he metho d consists of (1) sampling
a

process respon se o a tes t input signal, (2) processing he
sampled

d t

for estimating characteristic values of the process, and (3)

calculating the optim al values of the PID control
parameters.

Fo r the optimization, a new ty pe of performance index, i.e.
a

weighted ntegral of squared error is introduced.The procedure
s

implemented on a digital controller using microprocessorsand

applied to som e real processes, yielding satisfactory
esults.

1. INTRODUCTION

I N T H E l a s t f e w y e a r s , v a r i o u s k in d s o f d
i r e c t d ig i t a l

c o n t r o l ( D D C ) s y s t e m s h a v e b e e n d e v e l
o p e d i n

J a p a n o f f e ri n g s o m e n e w a s p e c ts i n t h e p
r o c e s s

c o n t r o l t e c h n i q u e . M o s t o f th e s e s y s t e
m s a r e

u t i l i z i n g m i c r o p r o c e s s o r s a s b a s i c c
o m p o n e n t s . I n

t h is p a p e r , a n e w m e t h o d f o r a u t o m a t i c t
u n i n g o f

P I D c o n t r o l p a r a m e t e r s in a D D C s y s te m
is

p r o p o s e d , a n d s o m e r e s u l t s o f f ie l d t e s
ts o b t a i n e d b y

a p p l i c a t i o n o f th e m e t h o d t o r e a l p l a n t
s a r e a ls o

r e p o r t e d .

I n t h e P I D p r o c e s s c o n t r o l , t h e f o ll o w i
n g t u n i n g

m e t h o d s a r e t y p i c a l l y u s e d ; o n e i s t h e
m e t h o d

p r o p o s e d b y Z i e g l er , N i c h o l s a n d R o c h e
s t e r ( 1 94 2 )

a n d t h e o t h e r is th e m e t h o d b y C h i e n , H r o
n e s a n d

R e s w i c k ( 19 5 2) . T h e f o r m e r n e e d s t h e u l
t i m a t e g a i n

a n d t h e p e r i o d o f t h e u l t i m a t e o s c i l l a
t io n a t t h e

s t a b i l i t y l imi t . B u t i t i s d i f f i c u l t t o
d e t e r min e t h e i r

e x a c t v a lu e s e x p e r ime n ta l l y i n r e a l p r o
c e s s e s ,

b e c a u s e t h e o s c i l l a to r y o p e r a t i o n m u s
t b e a v o i d e d .

* Received24 February 1982;revised27 Octobe r 1982; evised

18 Octob er 1983.The original versionof this paper
presentedat

the 8th IFA C Congress on Control Scienceand Technology or

the Progress of Societywhich was held in K oyoto, Japan
during

August 1981. The published proceedingsof this IFAC m eeting

may be o rderedfrom Pergam on Press Ltd, Headington Hill
Hall,

Oxford OX3 0BW, U .K. Th is pap er was recomm ended for

publication n revised orm by associate editor P. Parks under
the

direction of editor B. A nderson.

t Dep artment o f Electrical Engineering, Kyo to University,

Yoshida, Kyoto 606, Japan.

:~Fuji Facom Corporation, 1 Fuji-machi, Hino, Tokyo 191,

Japan.
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T h e l a t t er r e q u i r e s a n e x a c t f o r m o f t h e
p r o c e s s

e x p r e s s e d b y a t r a n s f e r fu n c t i o n , b u t m
a n y o f re a l

p r o c e s s e s f a i l t o r e v e a l t h e i r t r a n s f
e r f u n c t i o n s .

F o r t h e a u t o m a t i c t u n i n g b a s e d o n p r o c
e s s

p a r a m e t e r s e s t i m a t i o n , A s t r 6 m a n d W i
t t e n m a r k

( 1 9 7 3 ) p r o p o s e d t h e s e l f - t u n i n g c o n t
r o l l e r a n d

I s e r ma n n ( 1 9 7 8 ) h a s b e e n d e v e lo p in g t h e
s e l f -

a d a p t i v e c o n t r o l l e r . T h e s e c o n t r o l l
e r s r el y u p o n t h e

m o d e r n c o n t r o l t h e o ry , a n d c o n t a i n m a n
y c o n t r o l

p a r a m e t e r s . T h e r e f o r e fi e ld e n g i n e e r
s a n d p l a n t

o p e r a t o r s a r e o f t e n e m b a r r a s s e d i n a t
t e m p t i n g t o

u n d e r s t a n d t h e c o n c e p t u a l s t r u c t u r e
o f th e c o n t r o l

t h e o r y a n d t h e r e l a ti o n s h i p s b e t w e e n p
a r a m e t e r

s e t ti n g s a n d c o n t r o l s y s t e m a c t i o n
s.

W e c o n s i d e r t h a t , i n p r a c t i c a l d e s i g n
s a n d

o p e r a ti o n s , t h e c o n t i n u i t y o f u n d e r s t
a n d i n g o f t h e

o b j e c t s y s t e m a m o n g d e s i g n e n g i n e e r s
, f i e l d

e n g in e e r s , p l a n t o p e r a to r s , e t c . i s a c
r u c i a l p o in t f o r

s u cc e ss . T h e r e f o r e o u r a u t o m a t i c t u n i
n g m e t h o d i s

d e v e l o p ed f o r i m p r o v i n g t h e P I D c o n t r o
l t e c h n i q u e

w h ic h i s s t i l l d o min a n t i n p r a c t i c a l u s e
a n d i s a l s o

t r a d i t i o n a l l y f a m i l i a r t o t h e m a n y c l
a s s e s o f

enginee r s .

O u r m e t h o d o f a u t o m a t i c t u n i n g is c a l le
d ' a u t o -

t u n i n g ' f o r b r ev i t y . T h e p r o c e d u r e o f a
p p l y i n g t h e

m e t h o d c o n s i s t s o f (1 ) s a m p l i n g a p r o c e
s s r e s p o n s e

s ig n a l t o a t e s t i n p u t s i g n a l , ( 2 ) p r o c e
s s in g t h e

s a m p l e d d a t a f o r e s ti m a t i n g c h a r a c t e r
i s t i c v a lu e s o f

t h e p r o c e s s , a n d ( 3) c a l c u l a t in g t h e o p
t i m a l v a l u e s o f

P I o r P I D c o n t r o l p a r a m e t e r s .

T h e o p e r a t o r s t a r ts t h i s p r o c e d u r e o n l
y w h e n h e

r e q u i r e s th e i n it i al P I D s e t ti n g s o r t o m
o d i f y t h e m t o

a d a p t t o a c h a n g i n g s i t u a t i o n . B y a n i n
d i c a t i o n o f

t h e o p e r a t o r , t h e t e s t s i g n a l i s g e n e r
a t e d a n d t h e n

t h e o p t i m a l s e t t i n g s a r e o b t a i n e d a u t
o m a t i c a l l y .

A l t h o u g h p e r i o d i c a l r e p e t i t i o n o f th e
p r o c e d u r e i s

p o s s ib l e f o r a k in d o f a d a p t i v e c o n t r o l
, i t i s

u n d e s i r a b l e b e c a u s e e x c e s s iv e t e s t s i
g n a l s a r e n o t

a l lo w a b l e . T h e r e f o r e , a m a n - m a c h i n e i
n t e r ac t i v e

s c h e m e b a s ed o n t h e o p e r a t o r ' s ju d g e m e
n t i s b e t te r
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than the so-called 'fully automatic' procedure. In

this viewpoint, our tuning method differs from the

self-tuning controller and self-adaptive controller

which continually change the estimated values of

the process parameters and adjust the settings.

In order to estimate the process parameters, a

concept of characteristic areas of the step response is

introduced. The use of these areas is more effective

than the use of the maximum slope of the response

curve, for reducing the estimation error in

somewhat noisy processes.

We also introduce a concept of the weighted

integral of squared error (weighted ISE) as a

performance index for obtaining the optimal

settings of the PID parameters. The weighting

factor is an exponential function of the time. This

index can be readily calculated in the s domain, and

then the optimal solution is searched in a PID

parameter domain by using the conjugate gradient

method. It is expected that, from the form of the

index, the settings for a desired damping ratio of

closed loop response is obtained by prescribing only

a scalar parameter in the weighting factor.

The paper is organized as follows. Section 2

describes the process control system under our

study. Section 3 presents a method for estimating

process parameters, and Section 4, the principal

part of the paper, develops procedures for

optimizing PID parameters with use of the weighted

ISE. Some results of field applications are

summarized in Section 5. Section 6, the last section,

gives some concluding remarks.

2. DESCRIPTION OF THE PROCESS CONTROL

SYSTEM

A tuning procedure for a standard PID control

system with a single input and a single output, as

shown in Fig. 1 is considered. We treat both the self-

regulating process and the non-self-regulating

process expressed by transfer functions

K p e - L ~ (1)

G p s ) - 7z .j:a(1 + T~s)

and

e-Ls

Gt (s)

= T s [ T r ] = l 1

+ Tjs)]

2)

respectively. In (2), the gain constant is defined by

l I T where T has the dimension of time. This gives

the simplest expression for the non-self-regulating

process. As space is limited, theoretical development

here is confined only to the self-regulating process.

The transfer function of the digital PID controller

is given in one of the following forms according to

the parallel or the series connection of a

differentiation element:

for parallel connection

G cl s) = Kc 1 + ~sis + TdS

GeE(S) = 1 (3)

for series connection

+ )

~l s) = K~ 1 +

l+TdS

G~2 s)

l+Tzs

(4)

As shown in Fig. 1 and (4), the series connection

of the PI action and the D action is utilized in actual

control systems, and it is adopted also in our DDC

system for avoiding an excessively large output of

the D action for an abrupt change of the reference

input. However, the parallel connection expressed

by (3) is used in this paper for convenience of the

theoretical investigation, because the actions of P, I

and D have no interaction.

3. METHOD FOR ESTIMATION OF THE PROCESS

PARAMETERS

As mentioned in Section 1, the self-tuning

controller was first proposed by Astr6m and

Wittenmark (1973) and the self-adaptive controller

was studied by Isermann (1978)• These controllers

Reference

PID Controller

ocl s i

I I oc2,s,

I

Process Noise

Y

•

I

Gp s)

Process

_A

FIG. 1. Blockdiagram of PID control system.
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A m e t h o d f o r a u t o - t u n i n g o f P I D c o n t r o
l p a r a m e t e r s 3 23

e s t im a t e t h e p r o c e s s p a r a m e t e r s b y u s
in g t r a n s i e n t

r e s p o n s e s o f b o t h t h e p r o c e s s a n d t h e c
o n t r o l l e r to

d i s t u r b a n c e s g e n e r a t e d s p o n t a n e o u s
l y i n a n o r m a l

p r o c e s s o p e r a t i o n .

I n c o n t r a s t w i t h t h e s e , t h e p r e s e n t p r
o c e d u r e

a p p li e s a k i n d o f i n t e n t i o n a l d i s t u r b a
n c e t o t h e

p r o c e s s f o r e s t i m a t i n g i ts p a r a m e t e r s
. I n g e n e r a l , u s e

o f a n i n t e n t i o n a l d i s t u r b a n c e i s n o t d
e s i r a b l e .

H o w e v e r , w e n e e d o n l y a s ma l l p u l s e s i g n
a l w h i c h

d o e s n o t d i s t u r b t h e n o r m a l o p e r a t i o n
s i gn i fi c a nt ly .

I n p r a c t i c e , t h e c o n t r o l p a r a m e t e r s a
r e k e p t

c o n s t a n t u n l e s s t h e p r o c e s s p a r a m e t e
r v a r i e s t o

s o m e e x t e nt . T h e r e f o r e , t h e t u n i n g p r o
c e d u r e s h o u l d

b e a p p l i e d o n l y w h e n a p l a n t o p e r a t o r d
e s ir e s t o

a p p l y i t.

A m o n g v a r i o u s t u n i n g m e t h o d s p r o p o s e
d p r e -

v i o u s ly , t h e m e t h o d b y Z i e g l e r, N i c h o l
s a n d

Ro c h e s t e r ( 1 9 4 2 ) i s q u i t e s i mp l e a n d w e
l l k n o w n .

H o w e v e r , e x a c t v a lu e s o f t h e u l t i m a t e g
a i n a n d t h e

p e r i o d o f th e u l t i ma t e o s c i l l a t i o n o f a
r e a l p r o c e s s

c a n r a r e l y b e o b t a i n e d , b e c a u s e t h e u l
t i m a t e

o s c i l l a t i o n i s n o t p e r mi t t e d f o r f e a r o
f u n s t a b l e

o p e r a t i o n . T h e r e f o r e , t h e v a l u e o f u l
t i ma t e g a i n i s

u s u a l l y c a l c u l a t e d f r o m t h e B o d e d i a g
r a m f o r a

p r o c es s a s s u m e d i n t h e f o l l o w in g fo r m
:

i n t e r v a l i s d e t e r m i n e d s o t h a t t h e w h o
l e s e q u e n c e o f

t h e s a m p l e d d a t a c a n b e s t o r e d in a p r e p a
r e d r e g i o n

o f t h e c o m p u t e r m e m o r y .

2 . T h e r e s p o n s e w i t h o r w i t h o u t s e l f - r
e g u l a t io n i s

d i s t i n g u i s h e d o n t h e b a s i s o f o f f s e t a
f t e r t h e t e s t

pu l se i s de le t ed .

3 . By a s s u m i n g l i n e a r i t y o f t h e p r o c e s s
, t h e s t e p

r e s p o n s e

x t )

i s o b t a i n e d f r o m t h e p u l s e r e s p o n s e

z t )

a s

x t ) = ~z t ) , 0
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in (1 ) , i t t akes the max imum O 'max= e -~ = 0.368,

w h i c h i s i n d e p e n d e n t o f t h e t i me c o n s t a
n t T 1 .

T h e r e f o r e , a i s c o n s i d e r e d t o b e a me a s u
r e

r e p r e s e n t i n g t h e d e l a y o f th e p r o c e s
s.

I f t he p roc ess i s expressed b y (1 ) wi th n = 1 , t he

c o r r e s p o n d i n g p r o c e s s p a r a me t e r s T ~ a
n d L a r e

d e t e r m i n e d i n t e r m s o f

TT

a n d a a s

T 1 = ea T T

1 2 )

L = T T - T I.

(13)

Fo r a mo r e p r e c i s e e s t i ma t i o n , a d d i t i o n
a l u s e o f

o ' , a p a r t i a l c h a r a c t e r i s t i c a r e a , i s
n e c e s s a r y . I f t h e

process i s expressed by (1 ) wi th n = 2 , t ha t i s , t
he

p a r a m e t e r s T ~, T 2, a n d L a r e o b t a i n e d i n
te r m s o f

TT,

a , a n d a ' f r o m t h e f o l lo w i n g e q u a t i o n
s

T r = L + T 1 + T 2

(14)

T

T T a - - -

e x p

[

-

( T r - L ) / T 1

TI T2

V

+ exp [ -

( T T - - L ) / T z

] (15)

T2 TI

T?

T r a = ( x - 1 )T T + T1 _ T a e X p [ - ( X T T - L ) / T I
]

T~

+ exp [ - (XTT - -

L ) / T 2 ] .

(16)

T 2 T1

F u r t h e r m o r e , a n a r b i t r a r i l y p r e c i s e
a p p r o x i -

m a t i o n i s p o s s i b le i f a n e c e s s a r y n u m b e
r o f d if f e r e n t

p a r t i a l c h a r a c t e r i s t i c a r e a s c a n b e c
a l c u l a t e d .

H o w e v e r , w i t h t h e i n c r e a s e o f n , t h e d i
f f e r e n c e s

a m o n g t h e p a r t i a l c h a r a c t e r i s t i c a r e
a s b e c o m e

s ma l l e r a n d t h e e r r o r s o f T j o b t a i n e d b e
c o m e l a r g e r.

O n t h e o t h e r h a n d , i n o r d e r t o g e t t h e o p
t i m a l

P ID se t t ings , i t is su f f i c i en t p rac t i ca l ly to
app rox i -

m ate a se l f - regu la t ing p rocess by (1 ) wi th n = 1 o r
2 .

I n a d d i t i o n , t h e t r a n s f o r m a t i o n f r o m
t h e c h a r a c -

t e r i s t i c a r e a s t o t i me c o n s t a n t s o f ( 1 )
b y u s i n g

( 1 2 ) - (1 6 ) is n o t n e c e s s a r y , if t h e o p t i m
a l s e t t i n g s c a n

b e g i v e n d ir e c t l y f r o m t h e c h a r a c t e r i s
t i c a r e a s . T h u s ,

f o r t h e s e l f - r e g u l a t in g p r o c e s s , t h e g
a i n K w t h e s u m

o f t i m e c o n s t a n t s

T T

a n d t w o c h a r a c t e r i s t i c a r e a s a ,

a ' a r e r e g a r d e d a s t h e p a r a m e t e r s t o b e
e s t i m a t e d .

A s f o r t h e n o n - s e l f - r e g u l a t i n g p r o c e
ss , s e e O h t a a n d

co-workers (1980) .

3 .2 .

C l o s e d - l o o p p r o c e d u r e

T h e c l o s e d - l o o p p r o c e d u r e f o r e s t i m a
t i n g t h e

p r o c e s s p a r a m e t e r s h a s a n a d v a n t a g e t
o a v o i d

s p e c ia l o p e r a t i o n o f o p e n i n g t h e l o o p .
H o w e v e r , th e

c l o s e d - l o o p p r o c e d u r e i s g e n e r a l l y m
o r e c o m -

p l i c a t e d . I n t h i s s e c t i o n , w e p r o p o s e
a r e l a t i v e l y

s i mp l e p r o c e d u r e o f t h e c l o s e d - l o o p e s
t i ma t i o n .

F i g u r e 3 s h o w s a b l o c k d i a g r a m f o r t h i
s

p r o c e d u r e . E i t h e r o f t h e f o l lo w i n g d i s
tu r b a n c e

s i g n a ls i s a p p l i e d t o t h e c o n t r o l s y s t e
m t o s a m p l e t h e

c lose d- loo p respo nse o f the p roce ss , i. e. (a) t he pu
l se

i n p u t R ' o r ( b) t h e s t e p i n p u t N ' . I n c a s e
o f ( a) , t h e

r e s p o n se o b t a i n e d i s c o n v e r t e d t o t h e c
o r r e s p o n d i n g

s t e p r e s p o n s e . I n e i t h e r me t h o d , t h e c h
a r a c t e r i s t i c

a r e a s a r e d e f i n e d b y t h e f o l l o w i n g :

S x ~ f ; [ x o o ) - x O ] d t 1 7 )

S y ~ f ; [ y o o ) - y t ) ] d t 1 8 )

S A x c ) ~ =

f o e - = t [ x o o ) -

x t ) ] d t

1 9 )

S A y : ) ~ =

f o e - ~ t [ y o o )

- y t ) ] d t

2 0 )

w h e r e x (o o ) a n d y ( ~ ) a r e t h e f in a l v a l u es
o f x ( t ) a n d

y ( t ) ,

respec t ive ly .

E x a m p l e s o f Sx a n d S r a re s h o w n b y t h e h a t
c h e d

a r e a s i n F i g . 4 , f o r a c l o s e d - l o o p r e s p
o n s e t o t h e s t e p

i n p u t R ' . T h e c h a r a c t e r i s t i c a r e a s

S A x

a n d

S A y

a r e

t h e i n t e g r a l s o f t h e r e s p o n s e s x a n d y ,
r e s p e c t iv e l y ,

w e i g h t e d b y t h e fu n c t i o n e - . T h e p a r a m e
t e r ~ i s a

p o s i t i v e n u m b e r c h o s e n a p p r o p r i a t e l
y f r o m t h e

_ ]

R (i)

_Fl___

Gc(s)

0

ii

i

. . . { Auto-tuner

+Td s 1_

l+TZs ] x

[ Gp s)

-I

N ( i i )

i

FtG. 3. Bloc k diag ram of closed-loop auto-tuning.
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I f th e L a p l a c e t r a n s f o r m o f A x is g i ve n b
y

Q s )

2 , a [ A x t ) ] - 3 0 )

M s)

w h e r e

M ( s ) = ao S + a l s - 1 + . . . + a . _ i s + a .

Q ( s ) Q ( - s )

= bos 2 -2 + b l s 2 -4 + . . . (31)

+ b n _ 2 s 2 + b n - 1

t h e n , J is o b t a i n e d b y t h e r a t i o o f t h e t w
o

d e t e r m i n a n t s a s f o l lo w s :

j = ( _ 1 ) . _ I _ B . (3 2)

2 a o H ,

I n ( 3 2) H , i s t h e H u r w i t z d e t e r m i n a n t o f
M ( s ) a n d / 3 ,

i s o b t a i n e d f r o m H , b y r e p l a c i n g t h e f i
r s t r o w b y

(bo, bl . . . . . b . -2 , b . _ 1)

I n t h e c o n t r o l s y s t e m o f F i g . 1 ,

Q ( s )

a n d

M ( s )

o f

( 30 ) a r e e a s il y f o r mu l a t e d f o r t h e s t e p c
h a n g e o f t h e

r e f e re n c e R o r t h e p r o c e s s n o i s e N . F o r c
o n v e n i e n c e ,

t h e s e t w o p r o c e d u r e s a r e c a l l e d t h e r e
f e re n c e c h a n g e

m e t h o d ( R C M ) a n d t h e p r o c e s s n o i s e m e t
h o d

( PN M) , r e s p e c t i v e l y . S i n c e

Q ( s )

a n d

M ( s )

c o n t a i n

P I D p a r a m e t e r s , w e m i n i m i z e t h e p e r f o
r m a n c e

i n d e x J b y a d j u s t i n g t h e s e p a r a me t e r s .
T h e

m i n i m u m p o i n t i s s e a r c h e d b y t h e c o n j u
g a t e

g r a d i e n t m e t h o d w i t h o u t t h e d e r i v a ti v
e o f J

p r o p o s e d b y Z a n g w i l l ( 19 67 ).

S i n c e t h e t r a n s f e r f u n c t i o n o f t h e p r o
c e s s mu s t b e

a r a t i o n a l f o r m i n o r d e r t o u s e (3 0) , t h e
d e a d t i me

e l e me n t i s e x p r e s s e d , b y t h e s e c o n d - o r
d e r a p p r o x i -

m a t i o n o f P ad S , a s

12 -

6 L s + L 2 s 2

e-L s = (33)

12 +

6 L s + L 2 s 2

4.2.

O p t i m a l P I D s e t ti n g s b y I S E m e t h o d

L e t u s e x a m i n e t h e r e s u l t s o f c o n t r o l a
c t i o n f o r t h e

P I D s e t t i n g o b t a i n e d b y I S E m e t h o d . A s
a n

e x a mp l e , f o r t h e s e l f - r e g u l a t i n g p r o c
e s s w i t h t h e

t r a n s f e r f u n c t i o n

G p ( s )

= 1/[(1 + s)(1 +/~ /3s ) 3 ] (34)

t h e o p t i m a l s e t ti n g s o f p a r a l l e l P I D c o
n t r o l a r e

g i v e n a s t h o s e i n T a b l e 1 . Fo r c o m p a r i s o
n , t h e s e t t i n g

TABLE 1 . OPTIMAL PARAMETERSOF PARALLELP I D

CONTROL FOR THE PROCESS 34) W ITH ~ = 0 .5

Method Kc Ti [ Td

PMM 12 80 0 146 { 0 533

RCM 4 27 0 630 0 774

ZNM 4 56 O 761 O ] 90

o b t a i n e d b y t h e Z i e g le r - N i c h o ls m e t h o
d ( Z N M ) i s

a l s o s h o w n i n t h e t a b l e .

F i g u r e 5 s h o w s t h e p r o c e s s o u t p u t s t o t
h e p r o c e s s

n o i s e a n d t h e r e f e r e n c e c h a n g e f o r t h e
t h r e e s e t s o f

P I D p a r a m e t e r s i n T a b l e 1. A t a g l a n c e o f
t h e s e

r e sp o n s es , th e o p t i m a l s e t ti n g b y Z N M s e
em s t o

g iv e a b e tt e r r e s u lt t h a n t h o s e b y P N M a n d
R C M .

E s p e c i a ll y , i n t h e c a s e o f PN M , w e f i n d t
h a t t h e

s ma l l o s c i l l a t i o n r e ma i n s i n t h e r e s p o
n s e t o t h e

p r o c e s s n o i s e . T h e e f fe c t o f t h e s l o w d a
m p i n g o f th e

o s c i ll a ti o n b y P N M i s m o r e c l ea r ly s h o w n
i n t h e

r e s p o n s e t o t h e r e f e r e n c e c h a n g e . I t me
a n s t h a t t h e

s e t t in g s b y PN M g i ve u n d e s i r a b l e o s c i l
la t i o n . I n

a d d i t io n , P N M h a s s u c h a h ig h f e e d b a c k g
a i n t h a t

t h e m a r g i n o f th e s t a b i l it y is v e r y l i tt le
a n d t h e

s e n s it i v it y o f t h e p r o c e s s p a r a m e t e r s
i s v e r y h i g h .

H e n c e , t h e s e s e t t i n g s a r e n o t a p p l i c a
b l e t o t h e

con t ro l o f rea l p rocesses .

4.3.

W e i g h t e d 1 S E

T o o v e r c o m e t h e s h o r t c o m i n g s o f t h e s e
t t in g s b y

t h e I S E m e t h o d , w e in t r o d u c e a n e w w e i g h
te d I S E o f

t h e f o r m

J( f l ) = [Ax( t ) ea' ]2 dt

(35)

w h e r e f l i s a p o s i t i v e n u mb e r . T h e v a l u e
o f

J ( f l )

is

e a s i ly c a l c u l a t e d b y u s e o f t h e r e l a t i o
n

~ [ A x ( t ) e p t ] = Q ( s - f l ) / M ( s - f l) .

(36)

T h a t i s t o s a y , w e o b t a i n , f r o m

M ( s )

and Q(s ) , t he

c o e f f ic i e n ts o f M ( s - f l) a n d

Q ( s - f l )

a n d c o n s t r u c t

t h e H u r w i t z d e t e r m i n a n t s f r o m t h e m . T
h i s i s t h e

e x c e e d i n g me r i t o f th e f o r m o f (3 5) , a s c o
m p a r e d

w i t h t h e c a s e o f i n t e g r a l o f t ime mu l t i p l
ie d b y t h e

a b s o l u t e e r r o r ( I T A E ) .

T h e w e i g h t e d I S E b e c o m e s u n b o u n d e d u n
le s s t h e

e r r o r

A x ( t )

c o n v e r g e s t o z e r o w i t h a l a r g e r d a m p i n
g

t h a n f t . T h e r e f o r e , t h e o p t i ma l s e t t i n
g w h i c h

mi n i m i z e s t h e i n d e x ( 3 5) w i t h t h e p a r a m
e t e r f l

c h o s e n a p p r o p r i a t e l y y i e ld s fa s t d a m p
i n g c h a r a c t e r-

i s ti c s o f t h e o s c i l l a t io n . Fu r t h e r , w e c
a n o b t a i n t h e

o p t i m a l s e t t i n g s w h i c h s a t i sf y a d e s i r
e d d a m p i n g , i f

w e c a n p r e d i c t t h e p e r i o d o f o s c i ll a t i o
n o f t h e c l o s ed -

l o o p r e s p o n s e .

H e r e w e p r o v i d e t h e f o l lo w i n g p r o p o s i t
i o n :

P r o p o s i t i o n .

T h e p e r i o d Pc o f t h e o s c i l l a t i o n o f t h
e

c l o s e d - l o o p r e s p o n s e w h o s e P I D c o n t r
o l p a r a -

me t e r s a r e s e t b y a t u n i n g s t r a t e g y is p r
o p o r t i o n a l t o

t h e p e r i o d P , o f t h e u l t i ma t e o s c i l l a t i
o n o f t h e l o o p .

T h e a p p l i c a b i l i t y o f t h i s p r o p o s i t i o
n i s c o n f i r m e d

b y s e v e r a l c a s e s t u d i e s . A n e x a mp l e i s s
h o w n i n

T a b l e 2 f o r v a r i o u s t u n i n g s t r a t e g y a p
p l i e d t o t h e

process (34).
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A m e t h o d f o r a u t o - t u n i n g o f P I D c o n t r o
l p a r a m e t e r s 3 27

Response to process noise
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II /

tim
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lO sec

FIG. 5. Results obtained by the settings of Table 1.

A c c o r d i n g t o t h i s p r o p o s i t i o n , w e c a n
s e t f l b y

[3 = y / P

(37)

w h e r e P , i s d e t e r m i n e d c o r r e s p o n d i n g
t o a n

i d e n t i f i e d p r o c e s s . T h e p a r a m e t e r

?

i s a s s ig n e d

sk i l lf u l ly so as t o g e t t h e d e s i r e d d a m p in
g r a t i o o f t h e

c l o s e d - l o o p r e s p o n s e . A s w e e x p e c t , th
e l a r g e r v a l u e

o f 7 g i ve s th e l a r g e r d a m p i n g f a c t o r a n d
t h e m o r e

s t a b l e c l o s e d - l o o p r e s p o n s e . F o r v a r
i o u s v a l u e o f ? ,

t h e o p t i m a l s e tt in g s o f P I a n d P I D p a r a m
e t e r s o f th e

p r o c e s s e x p r e s se d b y ( 3 4) w i th = 1 .0 a r e l
i s t e d i n

T a b l e s 3 a n d 4 , r e sp e c t iv e l y . T h e c o r r e
s p o n d i n g

c l o s e d - l o o p r e s p o n s e s a r e s h o w n i n F i
g . 6 . T h e

v a lu e s o f ? a r e s e l e c t e d f r o m 0 t o 1 .0 f o r
P I c o n t r o l

a n d f r o m 0 t o 2 .0 f o r P I D , b e c a u s e a s h o r t
e r p e r i o d

o f t h e o s c i l l at i o n c a n b e e x p e c t e d f o r P
I D t h a n P I .

T A B L E 3 . O P T I M A L P A R A M E T E R S O F P I C O N T
R O L

PNM

RCM

y 0.0 0.25 0.5 l.O

KC 3.20 2.62 2.12 1.35

Ti 2.67 2.23 1.92 1.51

Kc 2.07 1.76 1.49 1.03

Ti 2.92 2.36 1.99 1.52

T A B L E 4 . O P T I M A L P A R A M E T ER S O F P I D C O N T
R O L

PNM

RCM

y 0.0 0.5 1.0 2.0

Kc 8.00 7.63 6.73 4.21

Ti 0.267 0. 40 3 0.576 l.Ol

Td l.O0 0.781 0. 640 0.468

Kc 2.87 3.27 3.28 2.59

Ti 0.804 1.21 1.52 1.73

Td 1.36 0.937 0.71 5 0.484

T A B L E 2 . R A T I O P c ~ P F O R V A R I O U S / . 1 I N (
3 4 )

0.5 l.O 2.0

ISE. PNM 1.20 1.19 1.20

ISE, RCM 1.41 1.37 1.35

ZNM 1.40 1.35 1.31

W ith t h e s a me v a lu e s o f 7 , s imi l a r r e sp o n se
s a r e

o b t a i n e d a l s o i n t h e c a s e o f n o n - s e l f -
r e g u l a ti o n

p r o c e s s . I t i s g e n e r a l l y r e c o g n iz e d t h
a t t h e o p t ima l

se t t in g s w i th l a r g e r v a lu e o f 7 h a v e sm a l l
e r

s e n s i t i v i t y t o e r r o r s i n t h e p r o c e s s p
a r a m e t e r

e s t i m a t i o n . I n o t h e r w o r d s , w h e n t h e o
p t i m a l
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0 2 0 1

Response to process noise
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0 0 0

-0.05
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FIG. 6 . Result s obta ined by the opt imal PID cont rol
(PNM).

p a r a m e te r s a r e s e t f o r a l a r g e v a lu e o f 7
, t h e r e a r e

o n l y q u i t e s m a l l d i f fe r e nc e s a m o n g t h e
c l o s e d - l o o p

r e s p o n s es , a n d t h e n i n s t a b i l it y d u e t o
t h e e s t i m a t i o n

e r r o r c a n b e a v o id e d . A s t h e r e su l t s o f v
a r io u s c a se

s t u di e s, w e r e c o m m e n d 7 = 0 .8 f o r th e P I c o
n t r o l

a n d 7 = 1 .5 f o r t h e P I D c o n t r o l .

4.4.

Optimal PI control of the process with dominant

deadtime

I t h a s b e e n t h o u g h t t h a t t h e p r o c e s s w i
t h a l ar g e

d e a d t i m e c a n n o t b e c o n t r o l l e d s a t i s f
a c t o r i l y b y P I

a c t i o n s . H o w e v e r , t h e p r o c e d u r e d e s c
r i b e d i n

S e c t i o n 4 . 3 i s w e l l a p p l i c a b l e t o t h e p
r o c e s s

e x p r e s se d b y t h e t r a n s f e r f u n c t i o n ( 5 )
w i th l a r g e L .

F i g u r e 7 s h o w s t h e o p t i m a l P I s e t ti n g s o
b t a i n e d

b y t h e p r o p o s e d m e t h o d w i t h 7 = 0 .8 a s w el
l a s b y

o t h e r c o n v e n t i o n a l t u n i n g m e t h o d s . I
n T a b l e 5 a n d

F i g . 8 , t h e c o n t r o l p a r a m e t e r s a n d t h e
c o r r e s p o n d -

i n g r e s u lt s a r e a l so c o m p a r e d f o r t h e p r
o c e s s ( 5 ) w i t h

K p = 1 .0 a n d L = T = 0 .5 s . I t i s o b se r v e d t h a t
t h e

p r o p o s e d m e t h o d o f f e r s a b e t t e r r e s u lt
t h a n t h e

o t h e r t w o m e t h o d s c i te d . M o r e o v e r , it is
n o t e d t h a t

t h e p r e s e n t m e t h o d g i v e s g o o d t u n i n g s
t o t h e

p r o c e s s e v e n w i th

L T>

1. T h e r e s u lt s h a v e e n o u g h

m a r g i n w h e n t h e p r o c e s s p a r a m e t e r s , s
u c h a s t h e

g a i n K p o r t h e d e a d t i m e L , c h a n g e m o r e t
h a n 4 0 ~ .

5. APPLICATIONS OF TH E PROPOSED METHO D TO

REAL PROCESSES

I n o r d e r t o i n v e s t i g a t e v a l i d i t y a n d e
f f e ct i v e n e s s o f

th e p r e se n t p r o c e d u r e , so me f i e ld t e s t s h
a v e b e e n

e x e c u t e d . T h e p r o p o s e d a l g o r i t h m w a s
f i r s t

I0.0

7.0

5.0

3.0

2.0

1.0

0.7

0.5

0.3

0.2

0.1

0.0

I18

Kc' Kp

Present method (y:O .8)

] O ptimal or process noise

o o ~ Method ~ Chien and others

....... Method~ Ziegler and Nichols

Present method y=0.8) ] Optimal for reference change

Method by Chien and others

1.o L

0 . 5 ~

L/T ~ L/T

I/4 I~2 l 2 4 8 O.l . . . . . .

/8 I/4 I/2 1 2 4 8

FIG. 7 . O pt imal parameters o f PI co nt rol ~r the process
with de . t i m e.
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T A B L E 5 O P T I M A L P A R A M ET E R S O F P C O N T R O L
F O R

P R OC E SS N O I S E O B T A I N E D B Y T H E V A R I O U S M
E T H O D S

Method of tuning Kc T

Present method 1 018 0 695

Method by Ziegler and Nichols 1 018 1 29

Method by Chien and others 0 700 1 15

which can be easily memorized in small size on-line

computers. The detailed expression of these

polynomials are omitted here.

The system for this auto-tuning has worked

satisfactorily in several applications to real pro-

cesses. Typical results are summarized as follows.

implemented in one card of a microcomputer DDC

system, called FUJI MICREX, and presently more

complicated DDC systems with hierarchical com-

puter structures are also available.

In the total procedure of the auto-tuning, the

calculation of the optimal settings described in

Section 4 is too complicated to implement on a

small scale computer. Therefore, the calculation

procedure is partly modified as follows. First, many

kinds of transfer functions (1), (2) and combinations

of time constants are chosen for getting various

values of characteristic areas. Secondly, the opt imal

settings of the PID parameters are obtained for all

those processes chosen. These calculations are

performed by the aid of a large-scale off-line

computer. Finally, the relationship between the

characteristic areas and the optimal settings is

approximated by a set of simple polynomials. It is

noted that enough stability margin should be kept

with consideration of the influence of approxi-

mation errors, even if the result yields an

overdamping.

For example, the approximate PID parameters

for the self-regulating process are given by

Kc A (~ , a ) /Kp

T , = A ( ~ , a ) T r

Td = f3(~r , ~ )TT

( 38)

where f~(a, a ) are the third-order polynomials of a

and a . The set of polynomials includes all the

combinations of controller, PI or PID ; process, the

self-regulating or the non-self-regulating; and

policy, for the process noise or the reference change.

Then we have 8 (= 2 x 2 x 2) sets of polynomials,

ase 1. A clinker-feed process of a cement plant as

shown in Fig. 9(a) is one of the self-regulating

processes. To this process, the auto-tuning was

applied in the set up period of the control system,

without any prior information for PID settings. A

pulse test signal was generated in the form of Fig.

9(b) and the corresponding process response was

obtained as shown also in the figure. Then, the

response was sampled and converted into the step

response by using (6). From the pulse response, this

process was regarded as a self-regulation process,

and from the converted step response, Kp, Tr, tr, and

a were calculated in the computer. Finally the PID

parameters were obtained for Test I as

Kc = 0.689, T~ = 31.9s, Td = 7.9s

By the same procedure, we had for Test II

Kc = 0.632, T~ = 30.0s, Td = 7.5s.

In order to reduce effect of the process noise, the

time constant T~ of a filter had been previously set to

10.0 s for both the test cases. Figure 9(c) shows a

result of the closed-loop response obtained by the

settings of the auto-tuning.

ase

2. Figure 10(a) shows schematically a heat

exchanger (self-regulating process) in a power plant

of a chemical process. In this plant, tar is used for

fuel after it is warmed by steam. The controller TIC

regulates the tar temperature at a fixed set point.

The auto-tuning was executed in this control loop.

Figure 10(b) shows an example of the test signal for

the position of the valve together with the

corresponding temperature response. As shown in

this figure, disturbance to the process is small. F rom

0.9 x t)

0.0

-0.1

Present method

Method by Ziegler and Nichols

y/ ~, ~N .. .. .. .. .. .. .. Method Chienand others

y

/ -

. . . . . . . . . . . . • ~.T.-..-_ . . . . . . time

t . x ~

. . . . . . . . . . . . _ = :

6 sec

Fio 8 Responses to the step process noise
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FIG. 9. Application to a cement plant.

t h is sm a l l r e sponse , t he a u to - tun ing c a l c u l a
t e d t he

sett ings as

K c = 1 . 3 2 , T , . = 7 4 s , T a = 1 8 s, T t -- - 2s

whic h ga ve the s t a b l e c lose d- loop r e sponse a s

shown in Fig. 10 c ) .

W e a ssum e d the t r a ns fe r f unc t ion o f t he p r oc e
ss

by 5 ) a nd sou gh t t he va lue s o f t he pa r a m e te r s Kp
, T

a nd L by b o th t he m e th ods de sc r ibe d in Se c t ions 3
.1

a n d 3 .2 . T h e o p e n - l o o p p r o c e d u r e g a v
e

K p = 0 .3 5 3 , T = 8 5 s , L = 8 7 s

f r om the da t a show n by F ig . 10 b ). On the o the r

ha nd , t he c lose d- loop p r oc e dur e ga ve

Kp=0.290

T = 9 0 s , L = 7 6 s

f r om the da t a shown by F ig . 10 c ) .

Case

3. A tank- leve l cont rol of Fig. l l a ) i s an

e xa m ple o f t he non- se l f- r e gu la t i ng p r oc e ss .
Up to

pr e se n t, t h i s p r oc e ss ha s be e n op e r a t e d w i
th a ve r y

sm a l l f e e dba c k ga in . T he a u to - tun ing ba se d on
the

da t a o f F ig . 1 b ) sugge s t s m u c h l a r ge r va lue s.
E ve n

wi th t hose l a rge va lue s o f t he f e e db a c k ga in , t
he
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FIG. 10. Application to temperature control of a heat
exchanger.

resultant closed-loop response is stable enough as

shown in Fig. 11(c).

6. CONCLUSIONS

A new idea for automatic tuning of the PID

control parameters, auto-tuning, has been proposed.

It gives a relatively simple but practically effective

algorithm. This algorithm is easily implemented on

a small size digital processor and is applicable to the

various kinds of the processes such as the self-

regulating process, the non-self-regulating process

and the process with a long deadtime.

In order to estimate the process parameters, an

intentional signal is applied. This is a disadvantage

but the signal disturbs the plant operation so little

because of a pulse form.

The PID control parameters are determined so as

to minimize the weighted ISE. In most cases, the

resulting responses are similar, more or less, to those

obtained by the conventional 25 damping

standard. Therefore, the field engineers can under-

stand readily the feature of the optimal settings.

As shown in the results of applying the proposed

method to real processes, we can obtain sulhciently

good settings of the PID parameters without

knowing the exact form of the process transfer

function. At least, the settings obtained can be

recommended to the field engineers as the initial (or

reference) values for the tuning operation.
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