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assumecd dcadumc [2], have received much auent on
Unfortunately these techn quss, along with other signa

A general purpose ¢ osed oop parameter estimation
has been developed for self tun ng process contro apphcat ons
Th s techn que 1s app cab ¢ to a wide class of ndustnal control
prob ems nclud ng those w h arge unhnown and t me varying
process deays Ths technque works by combnng the
co1 nuous den fca on and parame er t ach ng attnbutes of
4 TeLursve  east squdres a gor hm with perod ¢ dead me
es ma on

Ihe wo sep parane ¢r est maly s cosped with a mode
based contro algorthm as a seftuner/au o-tuner Ths
conf guration offers ( ght contro for a wade var cty of processes
wough  nherent deadt ne compensa on Desgn and
smuaton testng have wvalidated ths methodoogy in
«onjunct on with a PID a gonthm

Th s paper provides a descr pt on of the inimdua components
of the se ftun ng control ¢r a ong with 2 description of the
spec al cons derat ons requ red to ntegrate the two ndependent
pa ame er estimators  Resuls of smuaton studes are
presen cd

Introduction

Ihdustr al processes with arge unknown and/or t me varying
process de ays rank among the most d fficu t to control  Se f
unng nits present form s argey nap~ cabe to th s class
of processes due 10 a re ance On recursic east squares
para neter est mat on and the PID con ro a gonthm  Recurs ve
cds squares parameter est mat on the bas s for a majonty of
se ftunng contro ers fa s because of a requ rement for
cap ¢t know edge of the process deadt me L hewise control
sys ems compr sed of a PID contro er are unabe to d recty
conpensa e for process deadt me  To mantan oop stab ty
these contro  systems must be detuned degrad ng overa |
con ro er performance

O1c mechan sm for exiend ng se  tun ng con ro a ths ¢ acs
1 processes s 10 CCUp € a Fecurs ve €as squares parameter
estma on agonthm wi h a deadt me es ma or and augment
¢ contro  funct on with deadt me compensaton  Two
par cuar methods one emp oying a bank of est mators with
d fferent assumed va ues or the dead ime 1] and a second
«mpoyng a snge est ma or to dent fy a set of parameters
¢y cnded over the 1t me horzon in the re ghborhood of an

see [3] for a survey, have proven
|mpracucal for general purpose apphcation 1n an industr a
setting

Recent work by lakura [4] and by Nishihawa cta 5]
for

process

ncluding dendume for systems operat ng (n closed oop Ths
teck1.que uses time irtegrals of system va—ab'es cact g 1o a
step or impulse input  Proper se cction of these niegras
(contro areas) results n a set of equations solvab ¢ for the
process parameters  Emp oying control arcas for parameter
estimation allows direct identificat on of process deadt me
Add t onally the smooth ng effects of integration aticnuates the
cffects of process noisc on the parameter ¢st mates

Here n, a self tun ng/auto-tuning control techmique is descnibed
that ncorporates both a recursive icast squarcs and a contro
area agonthm for parameter estimation This nove
formu ation enjoys the continuous parameter tracking benefits
of a recursive least squares algonthm and 1s able to manian
performance on processes with varying or unknown deadt me

The imtal mplementaton of the two step cosed oop
parameter estimator 15 for a model based controller structure
[6] Ths combination was selected because of the deadt me
compensation  feature of mode based contro ers A
comparab e formu ation exists for a commonly used PID centro
agonthm and wntal simuation testng has va dated the
feas b 1 ty of this approach

The following d scussion dea s 61 y with the two step parameter
cst mator formulation for a mode! based contro er This
discuss on s organized as follows

o Frst, the deta 5 of the model based
contro er and the recurs ve least squares
are d Both
of these ¢ ements are described clsewhere
eg Lane [7)
o Secand, the dervagon of the contro area

parameter estimator for the mode based
control er 1s described  Simulation results
are presented 10 support the selection of
various parameters used by this algonthm
and the and |

of th s techmique




S Thrd mpementaton de a s descrbng
the og ¢ and me 10do oges throug1 wh ch
t1e Two es mal 01 1eCInqLe nteract are
d scussed

Basic Self-Tuning Controller Description

Intaly the two step cosed oop parameler est mator was
coup ¢d with a model based contro er as a se [ tuner/auto-
tuner The mode based contro er was selected over 2 more
convent onal PID control er for two reasons The pnmary
rcason was this control crs ab  ty to compensate for the effects
of process deadt me This a ows the se f tuner/auto-tuner to
be app ed to a more general ¢ ass of processes than the class
of processes suitable for PID control A second advantage of
tie mode based contro er s the usc of a separate parameter
for spec fying cosed oop performance  In contrast, PID
parameter selection requires ¢ oscd oop performance to be
factored nto the spec lication of a  un ng parameters

[gure 1 presents a bock dagram of he mode based
contro er and (1) defines ts transfer ircton
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Th s par wuarformua nassumes 1a e contro ed process
can be approx mated by a st order ag wi h dead me  The
conro er s tuned n terms of the obsened process gan  ag
ne cons ant and deadt me A ourth «n ng parameter the
er me ccnstant spee fes he des red t me response of the
process vanab e 10 a thange nose pu nt or 10 a d sturbance

The propert es of ths mode based contro er are described n
the terature see or nstance [8] [9] and [10]

I'he bas¢ sel unng cCniro  system coupes a vanable
‘orgen ng facior vens 01 U clu s ve east squares parameter
cot mat on with the mode based wontro er  Ths algonthm
addresses many of the prac ca d ff'cu  es assoc ated with the
app caton of seftunngconro Inadd on the parameter
¢< ma cnagonthm ncudes asgnfear rue base deve oped
¢ supervise ts operaton  Ths ri¢ base compensa es for

disc theoret ca

p and the real es
of an ndustnal setl ng

The recurs ve east squares parameter est ma on techn que
used for this work, estimates parameters based on an assumed
p ant form shown n (2) (3) hrough (7) define the a gor thm
used  Further detals of this algorithm and the mapp ng
between estimated and contro er parameters can be found n

Lane [7]

y(t) a;y(t 1) + byu(t k) + ¢ 2)

where y(t) current process variable
y(t-1)- previous process variable
u(t k) control output delayed by k
a;, by, ¢ model parameters

e(t) y(t)y @ (t H¥LD (3)
w(t) @Y (P(t DI €4)

PCt 1)#(t)e(t)
ety Gt 1) + ()]
1+ w(t)

LI ERTOR
() , )
L1+ w1+ e (D)

P(t 1) [ S(LIPCL-1)8 (t) ]
P(t) 1 7
o (L) + w(t)
L

where (J'¢t) [ 8;, by, ¢ 1
#(t) [ y(t 1), uCt k), 1.0

n Time horizon for forgetting
factor.

The basic se f tun ng contro er also ncorporates an open 0 p
n t a1zat on routine for automat ca ly select ngcontro ertun ng
parameters and tallonng the recurs ve lcast squares est mator
10 the actual process See Lane [11] for further deta s

Deadtime/Parameter Estimation Technique

The use of the previously described se f tuning contro syste n
15 constra ned to processes with a hnown and fued process
delay or to processes where the delay can be measured or
nferred online To extend the appl cability of th s system to
processes with unknown or ume varying deadt me a feature
bascd paia uctc: €st ~ation techn que was deve'oped  Ths
techn que has the advantzge of estmatng al process
parameters ncluding deadtire  n ¢ osed The techncrc
se ected for this work paral els the work of Itakura 4] axd
Nshihawa [S] The basc dea s that certan quantlal:e
measures of the sysiem response 10 a step setpo nt change ca



be d rectly related to the process parameters Using various

P~ control areas involving the process output, one can develop and
then solve a set of non lincar algebra ¢ equations in the process
parameters

The following stcps describe the procedure used for estimating
the deadume and process parameters of a f'rst order near
system using the contro er (1)

o The maximum dewiat on of the process varab e from
setpoint 15 determined over a fixed time honzon
along with the average value for the controlcr
output This informat on s used to determine when
the process has reached steady state and to provide
an 1nitial va ue of the contro output

o The setpaont to  the conraller s nereaced
(decreased) by a prescribed amount to start the
estimat on procedure

o The integrals 1 (8) and (9) are calculated
numerical y as the process responds to the setpoint
change Note that the vaues of both of these
intcgrals converge as the process output approaches
the new setpormt Therefore hese mtegrals can be
ca culated over the f'mite ime horzon fromt  0Oto
t t,. Figurc 2 dlustrates the calcu ation of these

ntegra s

] The process 1s considered 1o have achieved steady
state conditions when the error between the process
vanable and the new setpo nt s less than twice the
maxamum deviation measured n step 1 for a fixed
amount of ume

o The final value of the control output is calcutated by
—_— averaging over a fixed ume horizon This mimimizes
the effects of process noise on the test

o After observing the process response to a step
setpoint change (10) through (12) are used to
estimate the process parameters  Cleary 71,., and
T,; cannot be computed directly from  these
equations Excellent results, nevertheless, have been
obta ned by so ving the exponential form of (11) from
an 1n tal 7,., of 00 using a successive subst tution

technique
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Simulation Results

A computer simufation of the model based controller,
deadt me/parameter estimalor and two generc processes was
used to examune the capabilities and limitat ons of the
deadt me/parameter esumator The simulat on of the model
based controler was designed 1o closely para cl the
mplementation of th s controller 1n Bailey's NETWORK 90®
equ pment  This requ red the app of the dead
within the controtler through the use of a finite element buffer
and | near interpoiat on between these buffered values Two
generic processes were used for the s mulaton testing a th rd
order lead lag network with deadt me and a second order
system with deadtime spec fied in terms of static gain natural
frequency, and damping rat o Both lincar processes operated
around a bias of 500 and with a gain of 10 Zero mean,
Gauss an white noise with a specified standard dewiation was
added to the output of each process The simulation was
des gned to run the process at a samp ng ral¢ 3 umes that of
the controtier to approximate the behavior of a d gial
controller operating on an analog process A supcrvisory
program controlled cach simulat on run to assure repeatabihity
and cons stency between all tests

Prel minary s mulat ons used a first order lag process with
deadtime to determine the effects of the rat o between process
ume constant and deadume and the modcl bascd controllers
filter ime constant on estimator performance These tests were
aso used to validate the estimators robustness to the s gn of
the setpo nt change used and the abili y of the estimator to
dent fy the characienstics of processes with both positive and
negatne gans Table 1 summarizes the results of in tial testing
by skowirg the worst est-~ates ge~cra‘cd for 5 frst order
processes with deadume to t me constant rat:os ranging from
1/6 10 4 The control er parameters were specified to match
those of the actual process wath filter time constants ranging
berween 100 and 900 seconds  The flier ime constant 7
used by the controller that produced the worst case est mates
s a so tabu atcd

Table 1 Est mator performance for frst order process with
controlier/process match ng and no noise

p T, T Test Test

60 10 450 5918 1041
30 0 900 3210 2798
30 60 900 3250 5807
30 120 200 3670 137
30 5 900 3150 361

Smal cr values of the filter 1 me constant typ ca ly resulted in
mproved estimator performance down to the point at wh ch
controller saturat on occurs for the required setpoint change
For small { ter me constants the value of € * 1n (9) remains
large for a greater percentage of the tota process response,
ncreasing the amount of information captured by the integral
15, thus improving €st mator accuracy

The error between the estimated and actual parameters
ncreases as a function of the deadt me value used n the
controller results from naccuracy in  the control ers
mp ementat on of the deadt me  When est mated parameters
were «—pemented .0 the contro cr, ths error wec fo nd o
have no smpact on the overal performance

Additive output no se with a standard deviauon of less than
25% of the magn tude of the setpont change had m mmal
mpact on ¢stmator performance  The impact of noise

however, cannot be fully understood by analyzing the results of
simulation testing alone It 1s reasonable to expect that the
type of no se present and the magn tude rat o of the noise to
the size of sctpo nt change used for esimation and the process
gain w1 1 affect estimator performance in ways that can only be
understood through field test ng.

A second set of simulat on tests were used to determ ne the
effect of mtial on performance
A first order plus deadtime process with 7 30 0 seconds and
T, 300 seconds was used Controffer parametcrs were
vEned as follows

T, 100 600 seconds
Tm 100 600 seconds
'f 150 600 seconds

The /) both the process
time constant and deadume to within £15 seconds or 5% of
actual process values  For cascs when cither the model time
constant or the model deadt me of the controller were
significantly larger than the correct value, a small fiter time
constant led to closed loop instability and no estumates were
obtained  The Integral mcasure I, did not converge m ths
§ tuation

The above simulation studies vahdated the performance of the
deaduime/parameter est mator for the identification of
parameters of first order processes  BExcellent results were
obta ned independent of nitial contro fer settings and n the
presence of moderate levels of process noise The estimator
experienced difficulty only when the controller saturated dunng
the course of the closed loop test or when the intt al contro er
tun ng resulted 1n a margina ly stable or unstable closed loop
system response

Further simulat on testing was conducted to explore the ab 1 ty
of the deadtime /| to app high order
dynam ¢ systems with a first order process model Two
processes were used for th s testing:

(10s 1)
Gyts) ¢ 30s
(30s + 1)j

Gas) ——— eD

2
2 | 4 2
+ 2w s + W

The deadume/parameter est mator was tested on G (s) using
controller settings

T,, 300 900 seconds

T, 300 900 seconds

T 360 1200 seconds
For all control er settings giving a stab ¢ closed cop response,
the estimator approaimated he third order process with
& 758

Grest(®)
555 + 1
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! rure 3 shows the open oop response of hs est mated
p ocess, Gy ,.(s) compared with the open ocop response of
1€ process &} (s) F gure 4 shows the ¢ osed oop response of
he process Gl (s) usng the mode basec contro er based on
Gle:f and a ﬁ[(:r time constant of 150 scconds

G

o)
5 - — 30

M
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S mulat ont testing with the process Go(s) revea ed an mab 1y
of the deadtime/parameter est mator to approx mate most
undesdamped systems using a first order model  Neverthe ess
the esimator did provide suntable approximat ons for processes
with a damping ratio above 08  Similarly, the first order model
based controller prowded stable closed loop response on
processes with a damp ng rauc below this value only with the
use of a large filter ime constant This type of tun ng resu ted
n stuggish closed loop performance

Implementation Details

The deadt me/p s di to detect
natural y occurring step setpa nt changes and to est mate
process parameters when they occur  The est mator con nua y
caicufaies the average of the process variable over a fixed ime
horizon using a (irst order filter When a sctpo nt change s
d d, the

-

Con ol Gutpu

t"gure 3 Open Loop Step Responses

Contrr Durpy

Figure 4 C osed Loop Response

Th« seres of tesis  ustrales that the dead me/parameter
ev mator provides a reasonab e 15 order mode approx mat on
for h gh order overdamped processes even n the presence of
numerator dynam s Furthermore  hs series of tests show
that us ng the est maled paramelers 1o tune the mode! based
contro er provides exce ent cosed ocop control of the
processes

P ths average with he od
setpo nt 1o determine 1if the process was at steady state
conditions  If so0, the esimat on algonthm s run  Shoud a
second setpo nt change occur before comp et on the est mat on
s aborted  For reasons of pracucahty the estimator wi trea
ramp sctpoint changes of ess than 5 second duration as a step
setpont change Use of a ramp setpont change will lead 10 a
shght of the

In add tion, the user may select to have the a gonthm run on
demand from the operator or on an eveat or lime dependent
basis In these additional modes of operation, the user specifies
the d rect on and magnitude of the setpo nt change 1o be used
for the fest  Trggerng (he esl,=at on a.gOr1*™ vesu s ° ¢
o lowing sequence cf evenls

o The estmator wals unt (& determ nes that tie
process is at steady »tate conditions

o The setpont is changed by the user specif ed amount
o P: are d to ch the process
from observar on of the closed loop response  If the
estimation a gorithm fauls to converge dunng this test
the estimator doub s the value of 1ts suggested [ ter
setung  This output can be set 10 aulomatca y
change the filter t me constant in the mode based
controller The increase in the Clier time constant
w1l stabilze the process response a owmng 1ic
estmator to obtan a va d model of process
dynam cs After valdaton of the parameicr
cstimates they are made avauab e for automat ¢ or
manual updating of the controf a gonthm

o The setpont s returned to s pre test va ue

o A second set of paramcters are est mated to
charactenize the response of the process moving n
the opposite direction of the first test The second
test helps to idenufy overall process response so as
10 dimin sh effects caused by nonhineant es

o The deadt me/paramcter estimator outputs the
average of the estimates obtained during the two
tests If the filter ovtput was changed afier the f rst
test, 1t 1s returned to its oniginal pre test va uc

€ [ est mates ob n resp to both natura

and induced setpo nt changes can be used to automat ca y

update the model based contro er or can be presented 10 the

operator for review and manual updating




Muany questions still remain to be answered about when the
deaduume/parameter est mator should be run and how this
est mator shou d interact with Baideys exist ng self tuning
contro er  Current deve opment efforts are focuss ng on the
fo owing top cs

o Development of an a gonthm ta mon tor the stability
of the closed loop sysiem  Ths informat on will
a ow the adjustment of the flter t me constant to
stab | ze the system unt new estimates of the process
parameters are obta ned

» Development of a general measure of proccss
performance Ths informaton will a ow the
estimat on a gorithm to mon tor the process and to
run automat ca y when the ¢ vsed oop performance
degrades below a spec fied thieshold

o Integrat on of the deadt me/parameter est mator with
Balevs existng sef tunng controller This will
provide the con nuous par.meter tracking of a
recurs ve east squares a gor thm with an accurate
deadt me est mate supp ed from the
deadt me/parameter est mator

Conclusion
Ths paper presented mpementaton and simulat on study

details of a new technique for est mat on of process parameters
ncluding deadtime It was shown that this techn que

o 5 argey usenstyve tu ta est—ates for the
parameters

o s large v nscns tyve to process no sc

< s abe 1o deve (p a frst order process mode that

adcquate y approx mates h gherorder dynam ¢ system
for the purposes of contro Th s does not in¢ vde
processes with damped open oop resp for
wh chthe deser bed contro erstructure s nadequa ¢
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