WD 97/ 07444 PCT/ US96/ 13028

FI ELD BASED PROCESS CONTROL SYSTEM W TH AUTO TUNI NG
BACKGROUND OF THE | NVENTI ON The present invention relates to
an industrial 5 process controller with | ow conplexity and robust auto-
tuni ng which can be inplenmented in | ow power and nmenory appl i cations,
such as a fieMP¥if4d control unit. Fi el d $94/13038 ¢ 1 ol
units include various devi ces, such as transmtters, actuators,
transducers, 10 sw tches and stand-al one epntrollers. Fi el d nmount ed
control units are used in process control systens to control the

process, nmeasure procesEIELD aBASEBNPROCESS QONTROE SYSTEM

representative of the process variev?ﬂ gs AT for _conmmuni cation to central
t

contkol lers or field 15 control TOsFUNINGes) over process

control | oops. The | oops h@xgghaggyd@ﬁ1&&9]&@2§zlbﬁree'“‘re and
four-wire process control Iﬁg S. er. ooI{)s, ave_al so ,been used,
as optical and radio freque g%ﬁefl&l inventjop,pelatgs to an industrial(

such

mounted contrdt umnosessecomtrekitr wish low-danglexdtgaand efdbuat kab~-and
vol tage levels ar@uning 4MPERArY Pel %%ﬁéméz&éﬁ ‘1}6‘ ?8%66&:“%&1% E@RS&%-
oop. A separat e

The units are o t.enr_gowered ver e contro

transducer senses ERCHBFOCREs SUThH A7t @ 1A8195MOPMRERE FentrofeuBdksed

variable to a transmtter Field mountrexhseorswiodn undtshénetnfeakag@susol | er.
Controllers can  devdeekoC3her dé) btk 2brEONeAlad BN Q1ahBabhE,f el d

and conbine the.transducer outputs to generaie apprd
out put signallgb. s@&ﬁf:SSF pdtagfgRarre aFentrrlisgss cal
separate control loaprod uedtseare use8udhoprocesshcaatysl Vegstahs Cho
control ‘the proceidnero1?Lh8’ Br%eds, 'MESAY TocekPYhrSaBlEs Sana' o

generate outputs representative of the process variables
for communication to central controllers or _field

is control elements (e.g. values) over process control
loops. The loops have included two-wire, three-wire and
four-wire process control loops. Other loops have also
been used, such as optical and radic frequency control
loops.

20 _ Field mounted control units are mounted in a
field area where current and voltage levels are
typically limited to provide intrinsic safety. The
units are often powered over the control loop. A
separate transducer senses each process variable and

25 provides the sensed variable to a transmitter for
transmission to the central controller. Controllers can
be located in a central control room or in the field and
combine the transducer outputs to generate appropriate
control ocutput signals. Control output signals are

30 typically sent over a separate control loop to remote
actuators, such as valves, which control the process
according to the control output signals. In certain

EI:I e control
jek@nmoypkeda
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-2- applications, controllers select the nobst appropriate set of
instructions for process control equipnent- In one
application, the transmtter itself i ncludes a control function which
provides the control 5 output signals to the renote deV|ceﬁ%$p§§%h&%s

t her eby YAy t he central controller. A control can
al so be located in the other field control elenents, such as val ves.
This type of control unit is referred -40 as a "smart" field nmounted
control unit and is 10 disclosed in nore detail in Warrior et al., U S.
Pat ent No. 5,3F3irariopf; cronerdidientsy seiestpshst &@sby approprdfateence.

The control al goriddunodr iagtphdOiomeHcd prclYs contddle @ibmehter in the

transmtter or in the centrﬂ1 J’gﬁ %B?Sgg%ggé%?pséggfggg_gg{nigtégl %_gggilfto the ,

process in whi ch t he cont | $
al.gorithms  exi stincludgs éd?%trOIPrfd%FﬂPEnHth (gyovides the control

Proportional - Igt egﬁfﬁpu(tpbigﬂéwotfd Itth-eaetevaéw&_s( Iaa)rectly, aaﬂereby
Proportlonal-lnte Derlvgﬁlve éﬁﬁ#» Hap 20 aI i gs

per for mance of th ¥§555F89 of Fit con &Fer nin 0 PPSFlon

par aneters, such amrKpéso]he Ipeatizdamjtli{aemtl}er fleldmcurktmir edepentlst o t he
propor tional ga n,sdaﬂ a9 @Jal\tréém This %pg dsy aaﬁem 3R, 1§e§aeg;.+¥&l Y,
for an ideal -type o D contr ﬁ orit sone agp tLons,
Klerr] is 25 re;fl“ac%ﬁ R tT?"%i‘rﬁr p‘g’ret don'&?u‘lb%éad ﬁ%?%’?ﬁ epn chSis

a function ofiK] erd:']sclasladrmym aet@iD loMarediozl goral.hnd.s. PaggnSt ,
such as parallel 3pd sef iz, gggat | QHSeh ngseherebyal 9aks

correspondi ng paramet ers whi'ch are simlar to the i1dea type

par anet er s. The TE5FEEBFS30 paranmeters are tuned based on a nodel of the

underlying  process to opke&batrbk gigmeeEshmopt eguatjon performed by One

of the nost inpor tﬁ;l?et é&fé&%ﬂ@rt ‘iF&' el fnsmﬁc%@&r%'r P 0% eb&ntfal

defining the |n|t| cess est | nat nég t he corres ongdi ng

model par anet cRn room 15 special y tailored to the process in
which the controller is used. Several basic control
algorithms exist, including Proportional (P},

Proportional-Integral (PI) Proportional-Derivative (PD)

and Proportional-Integral-Derivative (PID) control

20 algorithms. The performance of the control algorithm is

determined by control parameters, such as K;,, T; and T,

which correspond to the proportional gain, integral time

and derivative time, respectively, for an ideal-type of

PID control algorithm. In some applications, XK, is

25 replaced with a proportional band parameter PB, which is

a function of X,. Other types of PID control algorithms

exist, such as parallel and serial equations. These

algorithms have corresponding parameters which are

similar to the ideal-type parameters. The control

30 parameters are tuned based on a model of the underlying
process to operate the process optimally.

One of the most important tasks in tuning the

control parameters is defining the initial process model

and estimating the corresponding model parameters. A

A
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-3- nodel for a self-regulating process, such as a t enperature,
fl ow or pressure control process, can often be defined by a first
order plus dead tine equation. A nodel for a nolr)l-sgl ;_—regul ating
rocess, such_gs vel control process, can be defi ?@‘9

Pnt egrating “%97@a+fgt|on The correspondi ng nodel par ame'[i' %ﬁ&,ﬂm
estimated by disturbing the process and observing a response in the
process vari abl e. Several tuBing nmethods are available to

tune 10 the control fararreters once the process nodel paraneters

have been det er ni n@eee} n ¥ A efedf-KpgHdREing paproanss, suchuniasy et hod,
the process vari abtemyétature, nilwialbyppéssure catif.ﬁalﬁffﬁx%eld S¥ C@Qﬁ{dﬁdlé%ﬂ to f‘
stable state Y[erryeafge t u n.4{s.a to a contro i gha
u(t) . The 15 pro%ess r%?dlbgg ﬁpﬁ ergggaifg jh daendg‘réfngde%a%%%ré'rvﬁ

the response in t HEodRh £o¥sa non-sBLE- r%‘éliﬁkﬁga9§°ﬁ9§%4 such agaa dreptedr

estimation is Bor nebhtralenprbéess | Ochhe 14 edd¥ined by b8 Valuyrdlng It

is difficult to ob dgsire pnseS|f the st eady
state Y[err] is no qlldeadﬂf.he esc,:to §ﬁ%§ub£f &pgegt FLAEIHS s 35
functi on. estimatedy hyy mxbim Zthey| progésshoand bbeguenny a

domai n (cl osed Ioo;a%sﬁaa{déolcin a?é fycé@_gaqgeingg_égnal IS e?\?\ggﬁ Ea,oa
stabl e state control signa

val ues to cause limt cgcl eS§ e}: 4 |“l?ﬁg’°dﬁnar?h%9a © Fieabl e
from which 10 f?%@@ﬁéyohmamepammca théprogemsempdel qua[naue]rmnd
gain Klerr]) ware beefddt@mdedTharCORt ifle fgli F?&ﬁéfsaro%etéﬁgs%to o tion

gener ated accor d| t.O an ri nt al I based,
of frequency par a gﬁ&? fsl‘éa%’r @'(ﬂ sthdaat oo oF err] .
In addition, |oad mmaa:lmsliyl cb'nb:nolled madeat wriabjedisfthiteu| Y., aaﬂdnay | ead

to less than %Eéﬁﬂflxﬁétwﬂeﬂs 2P eaFLs 4 RER Oéfg&{l rxﬁQHSt

r epeat abl e tu L ng, r sta €. 1s often nee ave a stable
state Y[err] forpér ‘%ﬁsy'?‘ﬁé;e RETH E‘Eﬁ?%é’f?@ethen estimated by observing

he response in the process variable. The process model
parameter estimation is normally sensitive to the steady
state value Y. It is difficult to obtain desired
closed loop responses if the steady state ¥ is not

20 ideally established before starting the step function.
In the modified Ziegler-Nichols’ frequency
-domain (closed loop)} method, a relay feedback signal is
added to a stable state control sigmal u{t) = Uy, and
toggled between two values to cause limit cycle
25 oscillations in the process variable from which
frequency domain parameters (ultimate period T, and gain
K;) can be estimated. The control parameters are then
generated according to an experimentally based formula.
The estimation of frequency parameters Ty and K, is also
30 sensitive to Y. In addition, load and valve friction
make tuning difficult and may lead to less than
optimized tuned loops. For the purpose of robust and
repeatable tuning, a pretuning stage is often needed to
have a stable state Y, before applying the disturbance
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-4- to the process. The need for pretuning increases the

al gorithm conplexity and the tuning tinme. The added conpl exity makes
it difficult, if not inpossible, to i npl ement such a tuning algorithm
I n applications havin 5 limted power, nenory and conput at|

capaBPIity, sd@%’mw*“gas in field-nounted control transmtters. #ﬁgggs

nmet hods and ot her tuning nethods are described in K. Astrom and

B. Wttenmark, Adaptive Control, Addi-son- sl ey Publ i shi ng,
Chapter 8 (1989) 10 SUVMMARY OF THE | NVENTI ON

The process cont tel theypreaessi Pheseerd for pratamingn ingreages the

control | er having algoesers compléaau béﬁlﬂpeltt&m@ €0 I ol TREt BHliegThe
controller gene Ou?ﬁg%f‘ nal n t he,control . out ut 15

as a function of a ﬁgggﬁfé pWﬁ %%slsa ECeF eBebnimpossihle s fRess
vari abl e i nput. Animpilemennesuchsa douplmgraligorithm timeapphicatiilasrs havihieg
aut o-tuner excig es mhﬁtgaogo%% memo §an@$£§u&ﬂrdhaqssa§m égﬁssdcﬁn a

rising dead tine, r|S|ngrateo chang a falling dead ti'me and a

20 falling rate- oFscﬁ%rfd\? 135 mPRRt & LTI F AU KEaGSah Tiese methgdEhen
tunes the functionanfi bhberanimingl eethods here descmibeés:sn Fas @cktaomt And
process nmodel.  The a%?tééﬂ?ﬁr# " A A S 'E&oiesu'atd%n Bﬂt Wbéée% "

conputationally sinp at tne crr(T errent e
har dware 25 or sofpf"%éu?-éhilﬂﬂ cﬁhﬂﬁf\ﬁéf 8arfd 988\ menor y appl i cat i ons,
such as in tramsmtter or val ve |mppARY eFdTHRUINENTION contr ol units.

The auto-tuner circuit can igrghg%gse%j tgontroltu%‘?sé&? P”B&- LHHE'[IOI’]

for self-regulating processes, self=requl at1 ng- processes.
In one enbodi ABVENtigR aARPMAeFer acoRPREZRLL %trpéﬁ"d-lnﬁanée Prpaess
for receiving a useardablecinpet f andnacech8ebdr outgti€. ThauUtentubEletuNes

the control functiga,0asedsa itror oBESEESoradsh el Lork8y BEELGEMNCE

factor. The . ) .
15 as a function of a measured process variable received on

the process variable input. An auto-tuner is coupled to

the controller. The auto-tuner excites the process,

estimates a process model based on a rising dead time,

a rising rate-of-change, a falling dead time and a

20 falling rate-of-change in the measured process variable

and then tunes the function of the controller to the

process based on the process model. The auto-tuner

obtains robust results, but is computationally simple

such that the circuit can be implemented with hardware

25 or software in low-power and low-memory applications,

such as in transmitter or valve based field-mounted
control units.

The auto-tuner circuit can be configured to

tune the control function for self-regulating processes

30 and for non-self-regulating processes. In one

embodiment, the auto-tuner comprises a performance input

for receiving a user-defined performance factor. The

auto-tuner tunmes the control function based on the

process model and the performance factor. The
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perf'ormance factor can be selected to provide aggr essi ve,
conservative and critically danped per f or mance. The aut o-tuner
can be used to tune parameters for control functions such as P, PI,

PD, PID 5 angd various other types of control functions. The
process cont rgi"f'g?é‘{‘gm can al sgpi ncl ude a trigger ci rcm‘%“"’vﬁ?"‘i%’”
triggers the auto-tuner as a function of a received trigger comand, a
real tinme cl ock output, or an observatbon of the process. 10

BRI EF DESCRI PTI ON OF THE DRAW NGS ure 1 is a diagramof a
| evel control peykarmangec o fHHGTt 0 e elPFbod{5 acted t he pRxseHde

i nvention. aggressﬂegurecansérwaﬂmwk dhagraarpthcaamryansruatutp%a 15

zhg\lAgglrnglo?u;eprlo%gews%s&g'o‘an%r%lorde%h% Cgu% unlt th‘e:anrebseen%lsf(ri\ve% |on¥lre e
Figure 4 is a wavePdfamnatiessr aﬁr-lq:angqqlaﬁfungtmns Su%‘hﬁ@ PurPhg BR:addDand a
cl osed | oop coptrohnd w38 cu@l o8heéf tyidl T fconeddl afhie mcess, according
to the present i nventio

vvav.ef di_agram
i l.lustrating an aut o- tuﬁpﬁgp’é?%%?ég F(?Pt§°g ﬁ%fsq’eé'bﬁﬁﬁt?‘ cglég‘gf
Figure 6 is a bl ockrifigey aginduit vehich havigge?s taeccautmitmm agcerding

to the present invegpidibn of a rOEINRED PERIS Pabdhbindd, THELBREFERRED
EVMBODI MENTS resent I nventi,on |? ghg ocess control
S

system having a r oBHRTX aﬁhté’“gun?ﬁgalfecﬁ?ﬁﬁ%'a\ﬁﬁf’gw -ational |y
sinmpl e such tRat the systemBRIEE

field-mounted control unit ipAgure & pié)CES%:L%@EEﬁ@'ofSYﬁQ%el control
Figure 1 is a di agram of one e odi ren process control

system of the pres@Fﬁ em  AFRRTATIDN O s°’|1%eﬁﬁp°%mﬁ*h% ﬁ%oc%% BESHEPS

system invention.
Figure 2 is a block diagram of a transmitter

15 shown in Figure 1, which includes a control unit.
Figure 3 is a diagram of a process control
system of the present invention.
Figure 4 is a waveform diagram illustrating an
auto-tuning stage and a closed loop control stage for a
20 non-self-regulating process, according to the present
invention.
Figure 5 is a waveform diagram illustrating an
auto-tuning stage for a self-regulating process.
Figure 6 is a block diagram of a valve having
25 a control unit according to the present invention.
DETAILED DESCRIPTION OF THE DPREFERRED EMBODIMENTS
The present invention is a process control
system having a robust auto-tuning feature which is
computationally simple such that the system can be
30 implemented in a low-power field-mounted control unit in
a process control system.
Figure 1 is a diagram of one embodiment in
which the process control system of the present
invention is useful. The process control system
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I ncl'udes naster controller 10, transmtter 12, tank 14, I nput val ve 16
and out put val ve 18. Master controller 10 is coupled to transmtter 12
and i nput valve 16 t hrough two-wire process control |oop 20. Loop 20
can 5 include a 4-20 mA or a 10-50 mA current | oop, for

whi ch al | ons WY& 4dontroller 10, transmtter 12 and va

comuni cate with one anot her by varying the current |evel through t he
| oop. In an alternative enbodi nent®- nmaster controller 10, 10

transmtter 12 and; val v nouni cat e .b rying th vol t | evel
on |oop 20. Conc%‘rurd: F‘?ggeﬁa%?% olrek %@ht?’fﬁq'fsé'f'l Tahg tt?aéfﬂg%*t'ter
conmuni cat e di gi t angut Valv@véﬁ and powttputn valyer Aiser H@dmlatmﬁraﬁﬁ.lem,
such as in thpoHi\BTL:eﬁbhear%o gns?éttegl 12 anaofda £ digi &8l

conmmuni cati on syst use I nclu us St an whi ch

i e
is presently t&'ﬂ’oﬁ%ﬁﬁ Progess tcf‘n’élt"-""li éPBBu%O FRARI & (S’ﬁ'n
Al ternatively, sl oohxm&earal eszbambacnd aodig-SoednA curtiémt t Abop| grealxs such

2s e protocol . i il s RO REL: COULAL A A0 BN LLARRTL ! 12

can comnuni cate ano | ca over sin ual~ opti cal
fibers or by radi 01?réﬁ@eﬂé}veAﬁseW@m@#ﬂ%@pt‘F%@F Sne 8BREREBE &t cui t

i s disclosed i n U&rﬁa;tgertthé\bcurrené 25831868hrah§nh the heiophy i mgompor at ed

by reference. Master gontroller 10 1nclude ntrol | er 22
and a power source aUPTR e rovf"%ogfj‘g?/\%t and™2ontr ol € °ns£r%ﬁ|% 3

Mast er controlfer qxamttserpbglw@r@vmlé commypicabe bbrﬁ%ltﬁlngo@ﬁeor in
a renote, f|i|2d3|00€@1ﬂ lebb'e]é oﬁrawdpb ttzear 12. cwﬁaﬁfrfemﬁw,rolnla%rce&o
transmtter ve e saupl 0 anot.her ar| ety
of configurations asq%o\i?uss%é aﬁ&‘ aénsd'@t 1% ﬁémﬁunlcate d&g A l\i

Pat ent No. 5, 333, laver loop 20 in a calrm@nemm@nqﬁemasbhgm $1rplF|agur1@ 1

t he magni t ude gHe GARTONHbrbto¥bNY through [ oop 12 represents
15 Other digital communication systems can be

used, including a Fieldbus Standard which is presently
being adopted by the Fieldbus Foundation.
Alternatively, loop 20 carries baseband modulated
digital signals such as DE protocol. In addition,
20 master controller 10 and transmitter 12 can communicate
with one another optically over single or dual optical
fibers or by radio frequency. An example of an optical
control circuit is disclosed in U.S. Patent No.
5,258,868, which is hereby incorporated by reference.
25 Master controller 10 includes a controller 22
and a power source 23 which provide power and control to
"loop 20. Master contrcller 10 can be positioned in a
central contrxol room or in a remote, field location with
transmitter 12. Master controller 10, transmitter 12
30 and valve 16 can be coupled to one another in a variety
of configurations as discussed in more detail in Warrior
et al., U.8. Patent No. 5,333,114.
In the embodiment shown in Figure 1, the
magnitude of current flowing through loop 12 represents
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-7- a control output u(t) which controls flowinto tank 14 by
‘controlling the position of valve 16. Transmitter 12 preferably

i ncludes its own control function which is capabl e of taking over the
operation of from 5 master controller 10 and si nki od/Esbied bl €
anount of Jw%%ﬂ;ﬁagﬁt to adjust control output u(t). The plgg:igﬁﬁon o%
valve 18 controls the flow out of tank 14. Valve 18 is adj usted by a

val ve control signal o(t) which is provided by a transmtter 26 over a
two-wire process 10 ntyol .l ogp whi ¢ch _can be couypled.to loop 20 in
parall el (as showd Fﬁﬁg a%t% "\% P‘?{%I)o blﬁb ??Frar%]asslc%gﬁg lnt°f‘é§ﬁfojn% The
paral | el confi gur &i ePnteelldhar thel pasiddon of avadie L8k oF repafigbeatian.

The val ve control Piieﬂeaébly 1IaeEAR £ RMP R dedndyidh SERAER£5 | 00p
which is 15 coupled contr

t [t 12 t | 10,
A sensor 24 is co&ﬁpsgf?ogggﬁg}‘ﬁﬁge 1[ o) At Oéh%:%g%{'?"f'r’g(’rh ‘?Ogev]:cfropy(%g &rom | i d
in tthe tank. Fhe mas&er contfoldeandd iand edglkisg( &) Mdrikblen d&wowxit omf of t he
positions of valveariEnengd; LEjuSenbét rOHRIHpue( bXehas e p8sidisRChe

action" on the process variable y(t) sipce an I ncrease_in u(t) causes
an increase in y(tv)aiv?h%gs‘?%Pls tﬁ%(%ymﬁé’él%"fr Eﬁ&%'acyﬁg'ﬁe B%ﬁ tHe
process vari abl e w@ihsted diynce amalvecr eeaereh ailgnatausés awleehease in

y(t). Sensor 24068885l Ude + 20Y =Rt LEP! £6SEPSLT a BHEIWASe Ardess
absolute or differential pressure sensor, an ultrasgnic sensor or a
mi crowave sertdor. SGPREPL 3888 of MHSH can be  FaBPLed tYeAlPRL 3Py P si gnal

representative of parellel l&svehc_mﬁ :‘_txi @Mntbmo anth 4ocop2@linvabeasissde The
| evel contr ol gSugt S Shﬂmpan}aﬁgws &fi@u?éﬁo‘?%%%éf@h?ﬂ 39% as
non-sel f-regul ati ng process. he_presen? I nventi on_ can al so_be used
with sel f-regul at Png3tdeEsBeSOBRIWFAtHOR. oTher VALYR sePatyqly s ignal
processes. o{t) canFalst e provE deddtly & agparaté loapwhidierid?

according to 1% fi Eg{zpﬂ_-&ft% rﬁ%n%mgghgeﬂg ng: xﬁggtéy %%gp.s:oller 1o0.

A sensor 24 is coupled to tank 14 for
measuring a level y(t) of fluid in the tank. The rate-
of-change in level dy{t)/dt is a function of the
positions of valves 16 and 18. Control output u(t) has

20 a "direct action" on the process variable y(t) since an
increase in u{t) causes an increase in y(t). The signal
o{t) has a "reverse action®" on the process variable y(t)
since an increase in o(t) causes a decrease in y(t).
Sensor 24 can include any suitable sensor, such as an

25 absolute or differential pressure sensor, an ultrasonic
sensor or a microwave sensor. Other types of sensors
capable of generating a signal representative of the
level of fluid in tank 14 can also be used. The level
control system shown in Figure 1 is one example of a

30 non-self-regulating process. The present invention can
alsp be used with self-regulating processes and with
other non-self-regulating processes.

Figure 2 is a block diagram of transmitter 12
according to a first preferred embodiment of the present
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-8- ¢ i nvention. Transmtter 12 is a "smart" transmtter in t hat
it has conputing capability, such as that perforned by a

m croprocessor. Transmitter 12 includes a rugged, expl osi on proof
housing 34 for nmounting in the field, 5 I nput term nal 36

term nal 38, VPVt put circuit 40, denodul ator 42, pelitssisos
digital -to-anal og (D A converter 44, nodul ator 46, m croprocessor 48,
anal og- to-digital (A/D) converter 505-8process variabl e sensor

52, clock circuit 54 and nmenory 56. Cock circuit 54 is 10 connected to
m cropr ocessor 48 tBVSR¥tAREhce TERESBHEESX i bh 18 3 "sRarhe RFIRYBTRIS Say .

I nput terminal 36 tRatduphesd dompiihg! capabildait,r ShdlelaslOhss W Eddned gur e
1) whil e output te&r)rriap%!.cro r038 IS co ﬁ)ed tgtval e.lgléglgo sfhown | N
Floure 1). 15 | nBhta GUCASProRFrach . Moncrateed ia dBeLhletce rogdmiin
termnal 36 and ouelplogiomiprgiof3doueingudt flor mevnkicg in thendfiielid. ter

circuit 70, vobktagenp@@utaiRind, 36l RRbut terwiRK1 7483Ndi iy Bifrpucnk 76
whi ch are connected,in . one anoéhe.r i.n lo
S

erje th 0 0.
| nput - out put 20  GIHFERt: ﬁﬁ?ré@ ¢ \g‘éaﬁ?b’cé?s ’@?aqag"f:f’éﬁgf‘g% /R
i nput term nal 36 epuvexrhsy idds woduiatovuifphumisirgpabeessor 4Kt arslagst put

termnal 38 as a fugchignAf (ahB)PEGRGSSter 50,5p8BRLSs vaPl 4130 d&fHdat or
72 within input-ou rcuit 40 receives

t put circl ower. from/| oop 20 and
provi des a 25 reﬁgf SIEFR BLTSGEE 56 2SRy égl' tq}\?c\ﬁ)‘af’?'ﬁﬁ’ég%l%ﬁé'rﬁs
of transmttelk0l2. connected to micrbperopeeses#&itgnsdquensedthe apstaicong

control out pube Uphd InicRIRbaEsSEE POI Nts representative of a

desired process state, processS varl abl es praoduced bz thle%fgo rocess,
conmmands and whol e or parti&F‘PPﬁstFﬁ:E‘P’r’%ﬁ‘i setbs 18 Coupleghe it i Mpster

m croprocessor 48, conefdlleren?d s (sowrerins Figure fr whdder chtputy terminal

m croprocessor 48 3gdist abifLMESka1ve 167 (ATLERSHEIm COA! FAbLEE 13
Input filter circurt 7 recelves the process sjignals an Irects the

signals to 15 Input-output circuit 40 is coupled between input

terminal 36 and output terminal 38. Circuit 40 includes

input filter circuit 70, voltage regulator 72, current

sink 74 and current sink 76 which are connected in

series with one another in loop 20. Input-output

20 circuit 40 receives process signals from loop 20 at

input terminal 36 and supplies control output signals

uf{t) at output terminal 38 as a function of the process

signals. Voltage regulator 72 within input-output

circuit 40 receives power from loop 20 and provides a

25 regulated voltage for powering all the various elements

of transmitter 12.

The process signals used in generating control

output uf{t) comprise setpoints representative of a

desired process state, process variables produced by the

30 process, commands and whole or partial instruction sets

for operating microprocessor 48, coefficients of terms

for controlling microprocessor 48 and status requests

from master controller 1¢. Input filter circuit 70

receives the process signals and directs the signals to
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-9- - denodul ator 42. Denodul ator 42 denodul ates nodul at ed process
signals fromthe current | oop and provides correspondi ng digital

i nformati on to m croprocessor 48. The information can be stored in
menory 56 if desired. 5 M croprocessor 48 also |

process %4784 ; om process variabl e sensor 52. Sensg?*@gﬂlx‘%
measures a process variable y(t), such as a | evel as shown in Figure
1, and provides the neasurenent to A/D -gonverter 50 which digitizes

t he neasurenent for_ 10 m croprocessor 48. The process vari able

measur enent s Serodudates 42 or eBenpdwiainy 4% demodudatesi zognlated
transmtted back tprmeker igHalel | Bford Othyekukeent 2Qoop and piePiaegssor

48 transmts digit f | QNa.t F‘EEE r. cO oJI 0.t hrou
nodul at or 46 and cﬁclrrxlg%t Bfgaigf?n%g%ﬁalv\ﬁ?c rr% tﬂ a? I{uhcz%pr]bc nﬁtloggbnto
| oop 20. | n arfhg dafanmatior reastibee storsdnby rmemoah G6AAD desired.

converter 50 ars |ocated eXtﬂi@?épi‘&:é§s’dﬁ5m4T8teral’s% aceivest hpgocess
enbodi ment, the pragess.vard abl e neasured %ﬁ ensor com*rug cat ed

to mcroprocessor 48HFer 1§6P RFLT=ar SHg Wit S6PReF 5?00es§ VT a
from different mea@@ﬁrssrg process variablely ftont sualk a8 adievel eantrol

output u t) by sHinUShi Plgthe ie\&ﬂd %fro%!aéﬁnéhé In@aé%&emheugh hsagp 20.
M croprocessor 48 o‘perat S cu%ﬁent Sl

converte
based on a control YL 8Irl him s"gf’t%r éhgls:lz?%ut'fl?\ee gqe&sga‘efnﬁnhen%?§ 56
and as a functl®n cuflqnwrocessq:ease:r edTherprecsss waniablle mpashrementsed

control par amedg{ Stﬁ@ﬂ 'HéStéHSié@ns.Lnf eﬁ@t’n&!@ﬂ fsrgomsggstaQ{a s:Ls or
control l er 10. For exa control et
point . YL err] sEramk (o Baster, PORGHT Dhas d SHEAMPLR 207
instructs the m' cr@pmmessgessur 48 sdansnitondiglitait putfarmaticonc htehat
the process V d stk chhtroBPOF OB¢ NERrduilh ¥RIaulatBt YECRRl. current
WO 97/ 07444 15 sink 76, which modulate the 1n£rm/ag1c9>g/ %gto loop 20.
In an alternative embodiment, sensor 52 and A/D
converter 50 are located external to transmitter 12. In
this embodiment, the process variable measured by sensor
52 is communicated to microprocessor 48 over loop 20
20 along with other process variables from different
sensors.
Current sink 74 adjusts control output u(t) by
adjusting the level of current flowing through loop 20.
Microprocessor 48 operates current sink 74 through D/A
25 converter 44 based on a control algorithm or software
routine stored in memory 56 and as a function of the
measured process variable y(t), stored control
parameters and instructions received from master
controller 10. For example, mastexr controller 10 may
30 provide a set point Yg g, or other command to
microprocessor 48 which instructs the microprocessor to
adjust control output u(t) such that the process
variable y(t} approaches the set point Y.



-10- According to the present invention, nmenory 56 al so

I ncl'udes an auto-tuning algorithmor software routine which tunes the
control paraneters used by the control algorithmto nmatch the process
being controlled. 5 The auto-tuning al gorithm causes m croprocessor 48 to
adj ust control output u(t) over tine and observe a res shad2be
process varia 9’? Fromthis response, mcroprocessor 48 can
estimate nodel paranmeters for the process and use the nodel
paraneters 10 to calculate the desired comt%ol parameters.

The conmuni cation nmethods and transmtter connections_di scusse i th
reference to Figure 2 are X °6§6{}$d%%et§‘§ B%ﬁﬁ%ﬁ“ésug’rﬁ .lon'd'ﬁ@?rydsgm

configurations canalso ixicdudbe wWedausercturning hasgoxitthm i bed seftiware

Patent No. 15 5, 333udide which tunes the control parafet&rd DdE by the
Figure 3 is an illustratjon of the auto-tunin

1 t g and ,control functions
perfornmed by ni cr ofPBEERLGLasgithm topatehyithe Prochts bedodi ?r%’ir%ﬁ?‘ire
present inventBon. TR atbitturdimy silgorithmi pahade smicroprurgasoat i4m b2,
PI D controll il Luntng Chhebhi 438) WS | LRS! cBBerve o108
and process 110. r a "direct actton" control out put, a process
variabl e setpoint ¥pEROYSe sifr dhecRreeess Vagighle t WE i npuf TR khif ng
junction 102 and thesgdnsereaskietoprareasorvardiibl eay(t )estimatevi destidlo a

t and Casut ecbyonzaser .. vi da
Control out put | (nobocReyaLs ek P idhckss bl vl SRV RNREL AR e

sunmi ng j unct #8n 192 eatruiate the desixed qrRfFncd RIFBVPEETR- i nput of

summ ng junction 102. 30 Timeouédmtiurticatdmm Ngetirds | andl OZrpaneittieaas an
error signal e lch repr di t h

setpoint Y[err] ané&%%%@r%é%guréé’(f%%%%%és%\ggr irfgg%g{’)%?) 28' \ﬁqsﬁfr&o? sa}%enal
e(t) is provided tBrerisiehrs opxamplesy only. p|@khemteenficuraiionsc|qaies a

proportional gain §l&68ke used, such&shddéscribed in U.S. Patent No.
PCT/ US96/ | 302?5 5 333 114

AUTO-TUNING

Figure 3 is an illustration of the auto-tuning

and control functions performed by microprocessor 48
according to one embodiment of the present invention.

20 Control system 100 includes summing junction 102, PID
controller 104, tuning circuit 106, switching junction

108 and process 110. For a "direct action" control
output, a process variable setpoint Y, is provided to

a positive input of summing junction 102 and the

25 measured process variable yv(t) is provided to a negative
input of summing junction 102. Por a "reverse action®
control output ({not shown), Y is provided to a
negative input of summing Jjunction 102 and y(t) is
provided to a positive input of summing junction 102.

30 The output of summing junction 102 generates an error
signal e(t) which represents the difference between the
setpoint Y, and the measured process variable y(t).
Exror signal e(t) is provided to PID controller 104.

PID controller 104 includes a proportional gain block



-11- 112, an integrating block 114 and a derivative bl ock 116. In

an alternative enbodi nent (not shown), the measur ed process vari abl e
y(t) is provided directly to derivative block 116, as opposed to

t hrough sunmming 5 junction 102. The outputs of blocks 112, 114 and 116
are provided toH205|t|ve I nputs of sunmmi ng junction 118. | | osed
| oop control, put of sunm ng junction 118 provides the control
out put u(t) to control process 110. The basic function of PID
controller 104 10 is defined by Equati on-lt- [err] where Klerr],

T[err] and TD areéﬁ ned contr ol araﬁgfers t hat termne the

per f or mance of Pl g()n?‘POF'PE?g’i Yot ?oa ﬁﬁ'b‘f%ti’s"%r}él‘?%ed or

nodi fi ed accordi ngi6o 19n tdre #lEsenttiveyverbodireatnaineit tdtown), the

characteristics o 1 SSi g poi nt
fne @cﬁ%eo%% sk Qa@&aﬁl&%) %.so%%claga 81%%%@%%?::{%

during control of g I rcuit cl udes
t uni ng contr ol eEi‘-Y ‘El’r‘fe 1]212°°]‘éx?:?~§at A8n oPPPERHL 924th1i:9 SSURRHRT 20
esti.mation cisrcufjbncifén POW. CAMe @utpatanefebloeksel12, Ti4 cand 8.

Tuni ng control ciLeyid, A23.ly St&%%ll%q?(%&%u&seé%' é@{lﬁ%ghhgﬂi& ]1[216 “circuit

process nodel estination clrcul contr et er
128 to control  Durkagowdrsef fiRRR i 6ANBFO} unthe c‘P‘F"eR]-?-tt ?66. sweinht i on
25 circuit 124 pﬁaucdmnaneopﬁdwidaptn&wctrﬁﬂdmoatﬁﬁﬁlu(t) toWdbmiramari es

over time, to proggaéeé&glwo Qﬁ%i&%&-[t- %ﬂ%&bogol{??me D€ 04

excitation signal IS _use ut Sig durlng an open
| oop aut o-turidi®hg is defirpd bynFaeRtignjlinction 108 can be an actual swtch
30 or can be a transfer of contgr, | from one 3ég9r|thn1or sof twar e

routine to the nexP.(t)\/b’dgbeb’é)tim ﬁéﬁ’éFT&T 126 then obser®®s ¥ he
response in the nmeasured process? ?F07444

PCT/ US96/ 13028 where K,, T; and T, are tuned control parameters that
determine the performance of PID controller 104. The
control parameters are tuned, or modified according to

15 the present invention to match the characteristics of
process 110 at a commissioning stage or at any point
during control of the process.

Tuning circuit 106 includes tuning control
circuit 122, excitation circuit 124, process model

20 estimation circuit 126 and control parameter rule
circuit 128. Tuning control circuit 122 is coupled to
excitation circuit 124, process model estimation circuit
126 and control parameter rule circuit 128 to control
the overall function of tuning circuit 106. Excitation

25 circuit 124 provides an open loop excitation signal,
which varies over time, to process 110 through switching
junction 108. The excitation signal is used as the
control output signal during an open loop auto-tuning
stage. Switching junction 108 can be an actual switch

30 or can be a transfer of control from one algorithm or
software routine to the next. Model estimation circuit

. 126 then observes the response in the measured process



-12- vari able y(t) and generates a nodel of process 110, as S
described in greater detail below This nodel is provided to control
paraneter rule circuit 128 for tuning the control paranmeters for PID
controller 104 5 based on a selected set of tuning rules. The process

nodel and tuned control paranmeters are then stored in EEE
(Figure 2) andw&’a?ﬁ’%"é"provi ded to nmaster controller 10%@% oé%sss

control loop 36 to optim ze t he supervisory or cascade control of the
process. The 10 process nodel can be provi-déd to ot her cascade connected
devices for use in addltlonal t uni ng procedures. Tuni ng

circuit 106 furtheVarigblgck (k) tand@eneratescarpedel ©fs procegsi Ad0al ast
circuit 136 and a riealddscribed 1anQ‘éKté§8dB’ﬁa§h BéEvaOUpTEﬂstﬂod@I ggul d

be incorporated 15 n ni circuit 122 er.circuit 134
triggers tuning coftr °(¥1d%|gr é:l?gt él%rcf%b BRF B YRY hﬁuﬁﬁt (5:1 uit’ n%
function of the prdswingi mhentqom;rb&smremeters for g§EP spghubilenppbied by
351899% I$put 1510, Hawét lag% a se%étl‘iédcéé@%f tjtﬁﬁn%r rugek.ti 'fﬁer%Eegycug
rigger i i pli rocessor ure
in response to comﬁ&‘!ﬁ% Bf‘gvf'ﬂﬁﬁg Wé%‘?% parane tesfit POPI Epeﬁosﬁi?ﬁgdpgﬁcess
control | oop 36. memory 56 tingvmwszm;nﬂecam theatpebwindegie e dmbptebe
user or at t h"co&ﬁ%@iéroio r@@éler r%&fsfs%bﬁfrclﬂ lodd R Rat bnglﬁﬁn.zg5
real tinme clock 138_nm e auto &unl n ncti gn based
sel ected time peri & \éH r‘g’ss%"?’er"f fapface °°’%5l9ﬁ °fE ntB&§ BHCESRat i ?ge
enbodi nent, redl tiprcebsaoded8can be priovidegr@betder camsider coonecbedler 10

and supplies (he  dedibeBOptr Sidldn LAIELGART EaPiHy HIDAUBECR! OCESS
control 30 |oop 3 Tuni ng ert circuit 13 trlgglrs t he

aut o- t uni ng funct i on t hFRARE iEFrghet0d fugtnernciies,§ tT199RE
cl osed | oop controlcistade, 134nianguadnyralexrt rinichiit 13d2hdlaseradstimét), u

I(:"[C2I' ’ 3286>’1%B)28and F%%%%kvﬂg which are co(fB124 £4444 could be incorporated
in, tuning control circuit 122. Trigger circuit 134
triggers tuning control circuit 122 to perform the auto-
tuning function of the present invention based on
trigger signals supplied by trigger input 140, tuning
alert circuit 136 or real time clock circuit 138.

20 Trigger input 140 is supplied by microprocessor 48
{Figure 2} in response to commands provided by master
controller 10 over process control loop 36. The
commands may be initiated on demand by the user or at
the request of master controller 10. Alternatively,

25 real time clock 138 may trigger the auto-tuning function
based on a selected time period, such as evexry half-
hour. In an alternative embodiment, real time clock 138
is incorporated in master controller 10 and supplies the
trigger signal to trigger input 140 over process control

30 loop 36.

Tuning alert circuit 136 triggers the auto-
tuning function through a trigger output 142. During
the closed loop control stage, tuning control circuit
122 observes e{t), u{t) and y{t) and passively



- 13- cal cul ates new control paranmeters through circuits 126 and
128.* Tuning alert circuit 136 conpares the new calculations with the
previ ously stored operating process control paraneters. If the
difference between 5 the calculations is greater than a specified range,

tuning alert eircuit 136 triggers the auto-tuning functi (&3&
trigger circuMOW®M4, notifies the user or master cont r‘oHI} er %9&‘

t hrough al ert output 144. Tuning alert circuit 136 al so passively
verifies the 10 estimated process nodel wWi3-h the process by fitting
current values of y_t) and u t) into the nodel equation (di scussed

below) to see if CRACHDYeRS inew GOREEPL parameteys thappghi 11eits ikffers the
auto-tuning functiand ars. TheAWGS adkrtl &ircaAtouBputccliphres @heC Uidw 136

aiso. 15 MONILOrs cg1bhy 20 kR CEnd SSle il FN20BREA! Boerar {HY OF

di sturbance in the process and _I'ssues an ]
performance (e.g. PEPFEse FoRExPdnpagpmeter®t If thecdififerenee heligan the

ilr;te?ral oflthae sguar @aﬁ.ﬁulbﬁions ﬁéL @'&eﬁtéﬁaltgﬁnt )ah(lﬁpé&r;ﬁ&ijda le.éﬁxi&eT,Of t he
absol ute val ue 20 A e .error _can he ared wit t hr esho val ue
st-ored in nenory gggi?é taﬁ"éa rgrrSfrﬁ%%gﬁggpexxéJe%%esrﬁ h%he ag ?__etstﬁ%lrncﬁ
circuit 136 issuefuaatidrrthroughdufigger, circuditr A4 or3enamsifiies sthyt)

during the tuni ngugk296r ndster chhtlrolfeROio ISR Bleft 68ERANUS4.
i ncorrectly, ci rcI;iJu failJure alert_.on ut

144. The use tﬁ‘éﬁgt 3&%‘65%6’?%‘%&{%8%%@ ﬁ%jg?lgt RESHNUN (YT fies Cﬁ‘q{ﬁ?ct i on,
such as by chdhgi egtimated| proeekssy anodel ovith thpemrioregpedy Hitting
per formance fact Oylesht WA BE0y DS QM4 v(t) into the nbEEYI &nihtiord
diagramillustrat |(ggﬁt hse %g bf\{/ﬁ)v?f Qr ms gf ,gonﬁr ol o(ggfeput yé 't%ﬁ and Rrpocess
vari abl e y(t) .\“EREes ¥t & B§SsthgEPhial m¥ nfei %,
tuni ng control ci retitcifGuitpriléortriggersi gheohubotfuning funtdtiomriar
whether y(t) is abgugedr ahel £1er{ ebhl -oddpue(tlas. i1GiR@%ALI¥86 Wigo IS
apove YLerrl . g e SoPiLS! e k3 Puid after A set poifit change or a
PCT/ US96/ 1302¢ y(t) P g
major disturbance in the process and issues an alert if
the desired performance (e.g. critically damped) is not
present. For example, the integral of the square of the
erroxr signal e(t) or the integral of the absolute value
20 of the error can be compared with a threshold value
stored in memory 56. If the error integral exceeds the
threshold, circuit 136 issues an alert. In additionm,
circuit 136 monitore y(t) during the tuning stage. If
yv(t) is not responding or responds incorrectly, circuit
25 136 generates a tuning failure alert on output 144. The
user can take action to correct the auto-tuning
function, such as by changing the selected values of
Uy, Uax Or & performance factor o described below.
Figure 4 is a diagram illustrating the
30 waveforms of control output u{t) and process variable
y{t). Once the auto-tuning stage has been initiated,
tuning control circuit 122 monitors the sign of e(t) to
determine whether y(t} is above or below Yg .. If e(t)
is negative, y({t) is above Yg,. The contrcl loop is



-14- opened at switching junction 108 and excitation circuit 124

forces u(t) to a user-selected m ni nrum contr ol out put value Uerr] at
time t{err] to force y(t) toward Y[err] Tuning control circuit 122
then monitors e(t). Once 5 e(t) is below a selected threshold
error |level, excitation circuit 124 applies a user-sel { mum
control out puYVQ/’é'WU[err] to process 110, at tinme tf[err], such that
y(t) starts increasing. At time t[err], y(t) is maxi mal | y i ncreasing.
At time t[err], the mnimmcontrol 10 otk%ut value Uerr], is again
applied to process_110 such . fhat, y(t), starts decreasing. At tine
t[err], y(t) is OPeI?T%Ss(ia%BPY’%%’(’,’?%Qé‘%/ ?oﬂtl?é r‘?é‘%[ Fﬁf’}fa?g%néﬁt’?ﬁ%i ng
st age ends and2$r foesses carlity oltsyat armekB@ebectead s mandnose ddRitiRrol

control | oop which [ LSt to_hri t he o] vafl i o the
set point y(pt) = Yﬁfﬁﬁ& Pattled Juj; .alE tﬂqﬁef Qt"hgés?gﬁéeq?;&)t ?Ea\}vg%igp%ﬁ'tive
at tinme t[err], D3R CHE A GHERNISH Iy dermImEEosRoR{t) i FiQRiRee 4
nlful d] si rmlhyt Esti n¥ee) edis Exeiloat | ag eéx@&&éﬁelagug\éenb?d err@rppmé\ié(lh)t; t
err] suc a . r r = Uerr a
y(t) falls and th)é%t%f({%ag’%b%grg?i&% e el }‘ftgff‘%’?g%ég%‘%éﬁlaﬁ‘%%m
By varying the confPRFrQutPHREPUN tValsteUwi h® Procegsr ild@ ¢ AL KARe tni ng
stage, tuning circgith HMathgit) hetarts idldidelabing0 esd ivielectgl) BUSt @

par anmet ers accur at X ig Lth r t ab r.obu resul such that
PI D controll e‘rﬁ'g’}il |01|yo\\§/'|51 %ga?fgégdes%‘fe% pee.rtf‘C)r?rfé%c'gl.&ﬁnﬁ}ﬁﬁ rﬁ;olﬁctrotl
circuit 106 caf beceerit gialee thwed Bi AORENt ABPPIest & Processpddid Fachnet er s

fﬁr non-sel f - r egul ghatgy ey ﬁﬁé.fts decré@giskgl; i gﬂtp{tﬁﬁﬁs&ﬁﬁ\xﬁc?(&ﬁi ig to
the present inventjon. : . - - Requl at i rogesses

The | evel process '5%%’\7‘\??%1%’ Eleaﬁ?%SJf’Q‘s '\gﬁetlme Eag g’ﬁ‘pfgg‘gfgymg S%age
non-sel f-regul ati ngnds gadsprogespropbrpl system 30| adamgsprockesrd $IR
process in which tEehtRASURD whichP REREEsY W (3DIE® HriihgWithle ¢RiideRde tO

ngg.; lngSg/ 2;02é5 varia egz./o Zﬁémset point y(t) = Y.

If the sign of e(t) were positive at time t,,

then the excitation waveform u(t} shown in Figure 4
would simply be inverted. Excitation circuit 124 would
apply u{t) = Uy such that y{t) rises toward Y¥Yg,, then

20 u(t) = Uyy such that y(t) falls and then u(t) = U,y such
that y(t) rises again.

By varying the control output u{t} over time
during the auto-tuning stage, tuning circuit 106 has the
ability to estimate all system parameters accurately

25 with repeatable and robust results such that PID
controller 104 provides the desired performance. Tuning
circuit 106 can be configured to estimate the process
model parameters for non-self-regulating and self-
regulating processes according to the present invention.

30 1. Non-Self-Regqulating Processes .

The level process shown in Figure 1 is one
example of a non-self-regulating process. A non-self-
regulating process is a process in which the measured
process variable y{t)}) will continue to increase or



- 15- decrease as long as the control signal u(t) is not equal to a

steady state value Uerr] (i.e., when the inlet and outlet flows are not
equal in a | evel process). The | evel bal ance equation of the |evel
process shown in 5 Figure 1 can be witten as: [err] Equation 2

assunes that valves 16 and 18 are |inear and negl ects a ?, &ﬁg‘{/ﬁ ure
effect on theWQAWW44 | is the system dead time and nfer ?? are
constants 10 corresponding to the volune flow into and out of tank 14
di vided by the area of tank 14. -1%%Wen control output ut) is at a
steady state, Uerr], and _the dead tinme effect di sappears, [eré:L 15
Wien y(t) is maxi REFF§REAGRAONT(aS & Fpatrel Aigngdt ¥ (t) is ppErequahd,
[(e{;] " Si ]m I aa by, awsteanit bghagn&%ﬂalb dstceeasizn@n(sEm fhosy eanc%h4),
u(t). = Yerr] and, re i viding Equatio Y. uat ion e
f ol | owi ng mat hgﬁ&flngaFi?‘é’?a#%ngﬁ{: peg‘g?l be™ dBr %%1? pré‘1“[%{:&%%)]' 5Tl)ﬁ\eri si ng
dead time L[err] dsted balhpng dauatiomeof|the]le¢vel proceds gghewn))inf
process varialy e wibhread bgn Vd biAReaE: as:

dy{t)

- mu(t-L) -mo(t) Eqg. 2

Equation 2 assumes that valves 16 and 18 are linear and
neglects a head pressure effect on the valves. L is the
system dead time and m and m, are constants
10 corresponding to the volume flow into and out of tank 14
divided by the area of tank 14.
When control output u(t) is at a steady state,
Ugs, and the dead time effect disappears,
dy(t)

GE- ~ ° - mU, . -mo{t) Eq. 3
15 When y{(t) is maximally increasing (see Figure 4), uf(t)
= Upx andg,
(£)
Rq- %‘E" o ™ Palux:0(8) = MUy~ U Eq. 4

Similarly, when y(t) is maximally decreasing {(see Figure
4) ’ u(t) = UHI“ and,

dy{t)

20 Re= L

= —{@Uypy~m0(£)) = MyUgs~ Upry) Eq. 5
-MAx
By dividing Egquation 4 by Equation 5, the following
mathematical relationship can be derived:
Rz _ Uiax~Uss Eq. 6
Ry Ugs—Uyaw

A rising dead time I, and a falling dead time L, (see

25 Figure 4) of process variable y(t} can be written as:
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-16- [err] where y(t[err]) is the process variable at tine t[err]
when the tine derivative of y(t) reaches the maxi mumin the

positive direction. Simlarly, y(t[err]) is the process 5 variable at
time t[err] when the tinme derivative of y(t) reaches the i in
the negative NQ¥&#4n. The term y[err] is the mni wmﬁjﬁému)
between tinmes tR and t[err] and the termy[err] is the maxi mum val ue
of y(t) between times t[err] and tineisferr]. Through Equations 4-5

and 7-8, 10 process nodel estimation circuit 126 calcul ates L[err],
Llerr], Rlerr] and Rlerr]._ _t_y(tm)FngEquations 4-5 and 6-8,

t he process nodel par anefer s® e®r| (es®,mated steady state Uerr]),
nferr] and L can be estimated as,  ylt.f#FMay  TO al | ofdBhe?-8
resulting PID function to cé’mp‘eﬁsaak‘etfﬁf —&ne worst case, the overall
systemdead tine L is estimated in Equatian 11 as the maxi mum of L[err]

and L[err] Progfste RREgl) eshi EBE | PRo&dds WdrikBBelatl #RMES tl)CwRln
process nodel paraneters errl, Jﬂ% e?ng L according to . guagl ons
9-11. Equations 9-Y'f FAfeeqsFiiAtY | #ilEd Teaches S FRRITYMHABCERE | n
whi ch the system ipegidigrsdirectboni ngSinilaxdlyanyi(hgad| ésr khangrofess] .
The process noglel yarisPAkagpt fige 8 S, PLAYH Jeke 1O P AvaRaFaMBEy (EYl e 25
circuit 128 which tunes the cont.rol ar%rret ers K‘Lerr,]r, Tg.err]
reaches the maximum in the negative direction.” The term
Yurx 18 the minimum value of y({t) between times t; and t;
and the term yuy is the maximum value of y(t) between
times t; and time t,. Through Equations 4-5 and 7-8,
10 process model estimation circuit 126 calculates Ly, Lg,
Rp and Rg.
From Equations 4-5 and 6-8, the process model
parameters Uy, (estimated steady state Ug), m, and L can
be estimated as:

U RpUry* ReUiax
EST RR + RF

Uyax—Upsr Upsr— Uar Uax™ Upy

L ~ max(Ly, Ly)

To allow the resulting PID function to compensate for
the worst case, the overall system dead time L is
estimated in Eguation 11 as the maximum of L and L,.
Process model estimation circuit 126 estimates the
20 process model parameters Up,, W and L according to
Equations 9-11. Eguations 9-11 can easily be modified
to estimate a process in which the system is xeverse
acting by exchanging U,y and Uyy. The process model
parameters are provided to control parameter rule
25 circuit 128 which tunes the control parameters K,, T,
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-17- and T[err] according to selected rules, as discussed in

(greater detail bel ow The unfiltered process variable y(t) may
be too noi sy to produce repeatable tuning paraneters. 5 Although there

are several suitable nmethods to handle a noi sy process vp%j é{f’“’é he
present i nvenMOM/OM4Ef er abl y includes a | ow pass filter SO

referred to as a dynamic filter or a user danping filter) coupled to

t he out put of process 110. Wth |low pass filter 130, 10 process nodel
estimation circuit 126 can provi de robust estimation of nodel
paraneters Uerr],anfels] 2eeerding tei sglectedguutednsag- Biscussed in

In an alternative grbociRfraiffgyalbens 4-5 and 7-8 are replaced with
the foll owi ng equations to %@e ig&nggg ngise reductngFﬁpd q%éain eyen nore
reliable results. The ri m& ) ia cﬁ’é?l%eessRli/af? & B’r eSEY
variabl e can be dettpeacdsr to sprplieg pepestablestuning paraveters. Since
all the Rierr]ss igi&aiai ehetd 208 'SR 5Qi1F SHTNdds £OMEMiISgnal
Uerr], the RR s can, be averaged ac erl to the follown 1
Tt hermt i cal oxpr cASHEY, PFGPeSS Barnable, tin BraseRs YR et oRRF TSR L der
to minimze a | easinslpdes a lowepass ifileeri B0 (Alsherafmsednttonfasr g @
([j_err] t 25 Sim lar | gynddie fahkQW O £URE QBmS ARy B8 14eed E8Gpid® to tHkdl | Nng
'rection. output of process 110. With low pass filter 130,
10 process model estimation circuit 126 can provide robust
estimation of model parameters Ug,, m; and L by using
Eguations 9-11.
In an alternative embodiment, Eguations 4-5
and 7-8 are replaced with the following equations to
15 improve noise reduction and obtain even more reliable
results. The rising rate of change R; in the process

variable can be defined over a sampling period T as:

dy(t)
dt

sz-ml (UMAX- USS) ’ Whezesz‘ d';,d(tt) at t= tm*"T

san

R =m1 (Uy,,- Ussd , where Ry, = -‘i%%)- att=ty,,+ (N-1)T

Eg. 12

Since all the Ry’s in Equation 12 correspond to the same
20 control signal Uy, the Ry’'s can be averaged according
to the following mathematical expression for a better
approximation of R; in order to minimize a least sguare
error in estimating the constant m, :
N
> Res
Ry = ""1N Eg. 13
25 Similarly, the following equation can be used for the

falling direction:
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-18-' [err] The rising and falling dead tinmes L[err] and L[err] are
estimated according to Equations 7-8. Control paraneter rule
circuit 128 tunes the 5 control paranmeters for PID controller 104
according to a selected set of rules. Al though any sui tabl e %}f

rul es can be YR¥Mé¥ording to the present invention, %@s
preferably includes internal nodel-based control (1M tun| ng rul es.
Wth Equations 9-11, the 10 process nodel -p&faneters can be estinated with
very | ow conput ati onal conplexity. Wth IMC tuning rules, the
correspondi ng control paraneters or PID controllers can be derived
from [err] 15 where Klerr %err] and T[err] are the proportional
gai n, integral time andRedeffyative tine, respectively, ®Bf. BD

control ler 104, angy Ferﬂsi aaggm f%gﬁ)sggghootpﬂees'spgnsemﬂ eLtI Bre

constant. The contfol  parangters are
slightly different eﬁFbﬁ?F%s@qmg tguBERkoNSS 728d 16 and can be found

'P” I nter g' 'Vbdel Cont r atont2d? Eaﬂhwtéﬁrrxﬂ%w.&'cu25 1pg. tigs €Hem
l.OCesSsS S. (0) n . vV, tion,
the time const ant %gr&r:fgl 55%19% Sy S ?8% b %’J '% |lg§ro%°4p£§§$%trbﬁﬂ£ S

factor [err], wher& $slected set of puipp.- Blthough any suitable set o@q 18
The perLor gance f agtibées| ean ] boresed aé&c}bzfdilﬁ@e&o thebpi*&eeﬂt 1£12v@m§h&110t
2o tical D CGamsditetheda®) BastREeBlhs BhC ued PlafRY Todel BRI O S
control (IMC) tunlng rules. With Equat:.ons 9-11, the
10 process model parameters can be estimated with very low
computational complexity. With IMC tuning rules, the

corresponding control parameters for PID controllers can

be derived from:
2T+L
m (t+L/2)3
T, = 2t+L Egs. 15-17
T - tL+LE%/4
D 2t+L

P

15 where K,, T, and T, are the proportional gain, integral
time and derivative time, respectively, of PID
controller 104, and 7 is a desired closed loop response
time constant. The control parameters for P, PI and PD
controllers are slightly different from those in

20 Equations 15 and 16 and can be found in Internal Model
Control, PID Controller Design, 25 Ind. Eng. Chem.
Process Des. Dev. 252-65 (1986). According to the
present invention', the time constant 7 is defined as a

function of a performance factor o, where
25 T=al BEg. 18
The performance factor o preferably ranges

between 1/2 and 3 to cover the degrees of desired
performance. For example, a=1 generates a critical
damped closed loop response. A smaller a generates a
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-19- nore aggressive, faster response and a |arger [err]

generates a nore conservative, slower response. I nserting
Equation 21 into Equations 18-20, the correspondi ng PID tuned control
paranmeters becone: [err] The PID tuned control r %ﬁb
Klerr], T[erWOAHI4d err] can t herefore be cal cul at ed gé”@ $@§
parameter rule circuit 128 with | ow conputational conplexity. The
performance factor a is provided to circuit9428 through 10 an input 132
and control circuit 122. In the enbodi nent shown in Figure 2, the
performance factormars sageseseite, Lasterni reepentessmd 48 bjangerer o

controller 10 as &eneratdbdi hal mbele JBberahedvaN | 898weP. response.
In an alternatlve:Fnbo i,ment _ _process del .15 estlnatlonth%CU|t 126 and

control paraneter Thing  EEPRLAqn 1 A o RS nHEE 1SRG ¢ Bnt r bpe
paraneters are cqxaiesplonding dR Ik duingdacont foh grammedferis| becpmek[err],

Rl err], and Rerr] The procgss madel paraneter equations are fol ded
into the control paraneter éinmmqryw such that separate 20
calculations of +the process nodel paraneters are unnecessary.

In the previous discussion, it Bhas B#enl) L assuned that th8dggro&8sdlis

| i near. For a non-Ilinear process, such as a process with non-I|inear
valve 25 characteristics and haad-ﬁﬁé¥§uLe effects on the val ve, t he
actual stable state valve position dﬂﬁT%g nor mal cl osed | oop control at
the end of tinme sequence t err% can be used to replace the estinmated
value Uerr] in E i BFR tunedcgpirel msxageRpre Keli dbl @ngerFor @dRce.

therefore be calculated by control parameter rule
circuit 128 with low computational complexity. The
performance factor o is provided to circuit 128 through
10 an input 132 and control circuit 122. In the embodiment
shown in Figure 2, the performance factor o is provided
to microprocessor 48 by master controller 10 as a
digital value modulated on loop 20.
In an alternative embodiment, process model
15 estimation circuit 126 and control parameter rule
circuit 128 are combined and the control parameters are
calculated directly as a function of L;, Lg, R, and Rg.
The process model parameter equations are folded into
the control parameter equations such that separate
20 calculations of the process model parameters are
unnecessary.

In the previous discussion, it has been
assumed that the process is linear. For a non-linear
process, such as a process with non-linear wvalve

25 characteristics and head pressure effects on the valve,
the actual stable state valve position during normal
closed loop control at the end of time sequence t, can
be used to replace the estimated value Uy, in Equations
10 and 15 for a more reliable performance.
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- 20- 2 . Sel f - Regul ati ng Processes Process nodel
estimation circuit 126 (shown in Figure 3) can also be configured for
estimating the process nodel paraneters for a self-regulating process
5 such as heat exchanger tenperature, flow and pressure

processes. Mo YO SUP7h44, ggul at ed processes can be nodel edPS'm]E#}B&zs
following first order plus dead tine equation: J[err] 10 where
process nodel paraneters L, T[err] and K[er2®-represent the dead ti ne,

time constant and static gain o{ t he . process respectively.

The process nodel Faraneter - ' %5@2—%&)p| ying the open | oop
control pattern u(t) that isPAdresshnodel estigattoh. cirodditi 126 N&hown in
non-sel f-regul ati ng; ..,..a PEPC r ent

i nvention separat e? ghes prggcg%g1 rm%% e e rarrr\g{ge#m"cd f‘#& eQ&;ﬂQ&:P h
falling directionsPrecaseapodeie gnmagptgggefor ap%?]ffO'rIfmﬁ@-étJuGGnBr@I@Wﬂg t he

rising directian w@eahUaétheQQ exczui e @Mi)e‘i:@thrés Emsﬁeaﬁangrééyﬁfé/dt >
0) and assum ng o{i A F,F, ng_f tl |l owin quatlons can
be witten fromti rre ; °t°ce)st9eﬁe §FrTe egyLghed proc FpPT] and
Klerr] are the timmodehedaby &he Sodilowipgoddgst2®rdgai plus tdmad | Simeg

direction and N |se1qhgt;[@mber of sanples of y(t) in the rising
di rection. Rlerr] is tcﬁﬁ(t) rate of change of y(t) at an nth sanple
after tlerr], which TeTgruefyHod-aksult-L) [err] Eq. 22

10 where process model parameters L, T. and K; represent
the dead time, time constant and static gain of the
process, respectively.

The process model parameters are estimated by

applying the open loop control pattern u(t) that is

is shown in Figure 5. As in the non-self-regulating
process, the auto-tuning circuit of the present
invention separates the process model parameters in the
rising and falling directions to model the worst case
performance. Considering the rising direction when u(t)

20 = Oyx and y(t) is increasing {dy(t)/dt > 0) and assuming
the dead time L has passed, the following equations can

be written from time t, to time t;:
TpRpy+¥: = Klyax

TaRret Y, = Kplrax Eg. 23

TeRen+ Yy = KpUpay
where T; and K; are the time constant and static process
25 gain in the rising direction and N is the number of
samples of y(t) in the rising direction. R, is the
rate of change of y(t) at an nth sample after t,,, which
is defined as:

Ry, = -g}-;(t—t) at t = Lyt (0-1)7T Eq. 24
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-21- where T is the sanple period. The matrix form of the above
equation can be witten as: [err] Thi s equation can be solved to
estimate T[err] and Klerr] while 5 m ni m zing the | east square error by
usi ng the pseudo i nverse of the matrix on the |eft-hand Eﬁé,ggs@uation
25. This can W@%BH# by nodifyi ng the above equation by FT%R D6
[err] 10 which results in: [err] From Equation 27, the
foll owi ng estimati ons can be derived: -21-
Egq. 28 15 [err] The sanme nmethod can be used to derive the rising system
dead time L[err] ¥&e¥gsTudddthersanple@exdeds - r 85a BrERtx fom wiosthe
[err] above equation can be written as:

Rp: =~ Upax T =¥

e ][ o 25

Rpn= Uy LR ~Yx

This equation can be solved to estimate T, and K; while

5 minimizing the least square error by using the pseudo
inverse of the matrix on the left-hand side of Equation
25. This can be done by modifying the above equation by
Equation 26:

Rpy ™" Rpy
["Um vee =77, ] Eg. 26

10 which results in:

v N n
Y Ren ~Uiax) Rea| 1. PR
N K, ¥
= Um.x'z; Ry  NUpy Usaax 2; Ya
n= n=

From Equation 27, the following estimations can be

derived:
Bg. 28
15 [;I(‘R] - 1 “NUaxY  ¥uReo* Uy an)():) Ya)
A OpWY R (L Re)) L ol Rena) + 00 Rien) (3 7)
The same method can be used to derive the rising system
dead time 1; as was used for the non-self-regulating
process:
t -
AT AL " Eq. 29
Rps
* 20 where Ry is the rising rate-of-change of y(t) at sample

n=1.



20 where Rerr] is the rising rate-of-change of y(t) at sanple n=1.
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- 22- In the falling direction, u(t) = Uerr] and y(t)

Is decreasing (dy(t) < 0). Simlar equations can be used to estimte
time constant T[err static gain Kerr] and dead tinme t he
falling di recﬁ‘gﬂ shown bel ow [err] pbderdh

Egs. 30-31 where Rl err] is the falling rate-of-change of y(t) at 10
sanpl e n=1. During operatioR2-fromtinme t[err] to tine
tlerr], process nodel estimatiqon circuit 126 (Figure 3) esti mat es
I[err] according to Equati ofR3bheyfRlddng: dirggtion, ‘-’v‘g:r)i goPes 30 ¥{RPerr ],

[err]Rlerr], [err]iys ededremadnger{dyEer k] B)er r |sinilaguaiguanidfls Eaambeb

time t[err] to ti ] i it .126 esti es L[ r]]_\}.[cac r.di-ng
Equation 34 and cggsn%ise{%ee%t;irnl{aa It(ats}”fef:?f‘ét:%r}]?‘”['e%a{ er#ﬁci,n rra}@[ err|
and [err] %/R[ ede3d itimeqhatficgn the. £alling directionp agpshown &ﬁl@yss
behaves differently in the rising and falling directions. For

exanple, in 20 te ature contgol appli ¥ RO+ y

exhibit this behavmﬁﬂﬁ‘e j' ME’?’”« nR}ED %’%ﬁh)@};’%kct i ons
in the process. Ar b'itrgmlzm'a" XE&” goc‘?fs@ ef"yg;ré ters in
ei ther the rising or faIIir}Qtdi g;tion can sonetines |ead to an 25
undesirabl e cl osed | dagp t.q.gﬁtt;-et—p'éé—e%nce. The process nodel
estimation circuit of the present FI jnvention obtains a ﬁare r%bggt PI D
control perfornmance. First, a strong |lowpass filter ( %601 ) is
used to where R,, is the falling rate-of-change of y(t) at

10 sample n=1.
During operation, from time t; to time tg,

process model estimation circuit 126 (Figure 3)
estimates I, according to Equation 32 and counts the
variables IRy, IRp.’, Ly, and Iy.R;, in Equation 28. From
15 time t; to time t,, circuit 126 estimates L; according to
Equation 34 and counts the variables ZR;,, ZR;*, Iy, and
Zy¥.Reyn in Equation 33.
A typical process behaves differently in the
rising and falling directions. For example, in
20 temperature control applications, the process may
exhibit this behavior because of endothermic and
exothermic zreactions in the process. Arbitrarily
choosing the process model parameters in either the
rising or falling direction can sometimes lead to an
25 undesirable closed loop control performance. The
process model estimation circuit of the present
invention obtains a more robust PID control performance.
First, a strong low-pass filter (filter 130) is used to
prevent noise from corrupting the derivative signal
30 dy(t) /dc. Second, the process model parameters are
estimated by circuit 126 according to the following
equations:



prevent noise fromcorrupting the derivative signal 30 dy(t)/dt.

Second, the process nodel paraneters are estimated by circuit 126
according to the foll ow ng equati ons: WO 97/ 07444

PCT/ US96/ 13028 - 23- [err]

Once the process nodel paraneters have been estimated for the first
order plus deaWMOSTHHE44r ocess equation, the P, | and D coRfFTs96/13028
paranmeters can be tuned 5 as a function of several existing tuning rules.
For exanple, the followi ng Internal Mdgl. Control (1M t uni ng

rul es have been found to give preferred PID control performance:

[err] 10 where Klerr], T{(seprdaﬁng,fg are the propor
time and derivative tinme, respectively. As with the

tional gain, integra
non-sel f-regul ati ng

process, the closed | oop tTae min(Tgofgtant T is defined as &dsungti-ga of

t he performance

Eq. 38

As di scussed abodve,

10

15

20

25

factor fer ﬁyymgre 15 [err]
eRbeﬁfornance factor [err] preferably
Once the process modél parameters have been
estimated for the first order plus dead time process
equation, the P, I and D control parameters can be tuned
as a function of several existing tuning rules. For
example, the following Internal Model Control (IMC)
tuning rules have been found to give preferred PID

control performance:
2T.+L

p - Kg (2T +L)

Ty = Tc+§ Egs. 35-37

T.L
B 2T.+L

where X;, T; and T, are the proportional gain, integral
time and derivative time, respectively. As with the
non-self-regulating process, the closed loop time
constant 7 is defined as a function of the performance
factor o, where

T =al Eg. 38
As discussed above, the performance factor a preferably
ranges between 1/2 and 3. Equation 34 ensures a maximum
closed loop time constant 7. EBEquations 32 and 33 ensure
the smallest possible proportional gain K; for a given
performance factor «.

‘The auto-tuning circuit of the present
invention can also be implemented in a valve control
unit, for example. Figure 6 is similar to Figure 2 and
is a block diagram of a wvalve controcl unit 160 which
includes input filter circuit 162, voltage regulator



ranges between 1/2 and 3. Equation 34 ensures a maxi num cl osed | oop

time constant [err]. Equations 32 and 33 ensure the snmal | est possible
proportional gain Kl err] for a given 20 performance factor [err].

The auto-tuning circuit of the present i nvention can al so be

I npl emented in a valve control unit, for exanple. Figur | hd¥ke | @r
to Figure 2 a YIT4445 4 bl ock di agram of a val ve control u%&@%gﬁa%bch 25
i ncludes input filter circuit 162, voltage regul ator WO 97/ 07444
PCT/ US96/ 13028 -24-.24- 164, adjustable

current sink 166, rent,.transducer 16 denodul ator. 170 D
converter 172, rmdﬁ?ét o?é:i‘fﬁtfa%sle c%’ﬁpr%ﬂﬁés%&’l?%?%r?#&“‘iﬁ%ck
circuit 180, DA 168, ciemeiulatoi827@Nd/actoavrerteh84.72C modulatié?, 174,
regul ator 5 164, r_e%é)s d e e ' i

W th process contrtg?gf%{)gl o;rgg‘}r%ég@%?#g%t?ﬁ% r?%gggr,g{‘iggui@ %%'02@!&
variable y(t) and ROUVEEEU 18RgRRd|aqtaiatorsgh- Circypdty1l63:y Frawkabg®err],
from 'ahe I(ﬁOp.ds 164, and currbptvghiraidicel’ 6d il doahestédeinadearioayl 10
provi des the data ' .Qc 1 VSi Sesoa 64
recei ves power fro%’ngﬂﬂg‘(?%ro%%gg.a%%%%oolv ﬁggéqséggg ?‘J'éc;euﬁ_vaﬁngdtggl%ga%ée‘geodrl
powering the el eneR¥]cess waxiable y(shnand|nefdilatedodigitabrata artifiler

168 nmeasures the as aaded Q@pigr vgn feelthe Wpbopn | 0op 186, which is 15
converted by A/D converter 172 inagsgiggif,fd %a ocgssor

ta.for m CLopr
176. M croprocessor 176 tra s?r"ﬁofiél \?@?dﬁlgaotpeswghSy ‘:i’r%%iﬁl a?rfng t he
current throudh siprovbdes the date rdwiswroprogassenchyastay anml iR err

protocol . The REGEDatai18d BLEOL¥+dd PBowedNELEh 1aicgpabshamd&sﬂﬁ@§fesmdel
20 and tuning par apet e_‘;]streaq'% igr_or ed in menory 1%? o%e s CO{Ifwlr uring
M croprocessor 176%t o6t REFaIEoFOL P S FPSUGhT T A-Totiverters 182
as a function of tfentrekund 160. pfereest tyxansdueey (148 arrRsures dthepoi nt
Ylerr]. analod N@uateatt UNedn Chr(@Yi tiRf 1 PLEEeNtwithch is
R s e
microprocessor 176. Microprocessor 176 transmits data
over loop 186 by modulating the current through sink 166
with modulator 174, such as by the HART® protocol. The
auto-tuning algorithm, control algorithm, process model

20 and tuning parameters are stored in memory 178 for
configquring microprocessor 176 to control actuator 184
through D/A converter 182 as a function of the measured
process variable y(t) and the set point Yg.

The auto-tuning circuit of the present

25 invention has several advantages that are not present in
existing tuning techniques. The auto-tuning circuit
generates accurate model parameters with only simple
calculations. The simple calculations allow the auto-
tuning circuit to be implemented in low-power and low-

30 memory applications, such as in field-mounted control
units. A 4-20 mA current loop provides only a few
milli-Amps after the signal range is subtracted to power
all of the electronic components in the unit. This
limits the complexity of the components and the memory



generates accurate nodel paraneters with only sinple cal cul ati ons. The
sinple calculations allow the auto- tuning circuit to be inplenented
i*n | ow power and | ow 30 nenory applications, such as in field-nounted
control units. A 4-20 mA current | oop provides only a few

mlli-Anps after the signal range is subtracted to power all of the
electronic coMOFHM in the unit. This limits the conPFERPWII3BE ( ne
conmponents and the nenory WO 97/ 07444

PCT/ US96/ 13028 -25- - 25- space. A typical
menory in a transmtter may be limted to 8K to 64K bytes, for

exanpl e. space. TRetYRigal Meneny izia tyapsmbfter may pe cdsionited

i nventi on does notteéesKitE emmlbylaéer f@ieé:?eﬁﬁ;ll@ 5 Unlike the
Zi egler-Ni chol s' open | oop t t of the

g ui
present invention does not r élto %unbggrscf’ﬁc‘é’s‘i lﬂf %%?stpallfﬁséa%‘i ate
bef ore the open | obpvention e§peSs noh aeduimst emblhassan am&eztaycttmrassess

the «+ " stable Staﬁh@%élﬁbiﬂe?lﬁlu%isse& et PLS é-lje Afrqeedure
by providing initi variabl es such_as desire

err
|l evel s, selects a lé%ﬂ%& L5 B M kRs PERIGE inventio ]d°§ﬁdn?ﬁé"r?%1’ﬁ at es
the auto-tuning pregetrte establish a stablhestareobefioragtles rapsird lefod he

t I 4 2 r
presen i nvengdon £aM-be LA SHBNERH .t {Eﬁeﬁiléhtgp% %Es%s% A 1

automati c operation nd it can be oger at e onm-sSi on| ng
stage at system i nPr3S ARateh copdik omfiy The wser sehsam ﬁé‘%ﬁnmgshes
to tune the | ®6p. prdagdure bygutmrirting :umﬂtﬂtll oarihbbesigheh! a8 idegidaacui t

o capable | Olubl bel 5g, 105eREOCa I LA UORE: HrhligS S At 20

and starting the t uni n ¢ise alit'omatica e user
i nvol vement. Wth ‘Fmﬁﬂiglt Anitdates H’eh%s?éﬁo tunipg precadwrepr ocess
vari abl e close to the set pahat aﬁdo-tunlﬁélerbif&ﬁﬂtat%i t ¥hieNg gridishgh
st oo o Manson oo g, 5L EREHL S VA Fobeks ln EAH poe
cl osed | oop r¥Pay W%a&wa@mngn@r istern be operatednigy td@rré.mp
techni ques, the preserissionentl Stagddt system initialization, or at any
other time the user wishes to tune the loop. For
automatic operation, the auto-tuning circuit is capable
of bringing the process variable close to the set point
20 and starting the tuning exercise automatically without
the user’s involvement. With manual operation, the user
brings the process variable close to the set point and
then initiates tuning through master controller 10.
The auto-tuning circuit of the present
25 invention generates a guided disturbance of the process.
Unlike closed loop relay control based tuning or other
frequency domain techniques, the present invention can
be restricted to operate within a defined zone. For
example, some users may prefer a u(t) disturbance of
30 only 10% and 75% of the full scale. The auto-tuning
circuit is simple, user friendly, repeatable and robust.
It can be used to tune control parameters for P, PI, PD,
PID and other types of controllers such as fuzzy logic
controllers. Suitable fuzzy logic controllers are



be restricted to operate within a defined zone. For exanpl e, sone
users may prefer a u(t) disturbance of 30 only 10% and 75% of the full
.scale. The auto-tuning circuit is sinple, user friendly, repeatable
and robust. It can be used to tune control paraneters for P, PlI, PD,
PI D and ot her types of controllers such as fuzzy |logic .
Sui tabl e fuzzy™P8YP@4tontrollers are WO 97/ 07444 PRAolsSarlsbis®
PCT/ US96/ 13028 - 26- described in the
article "Auto-Tuned Fuzzy Logic Contr-@é- " by J. Quin, ACC Conference

1994, Baltinore Maryland, which is hereby incorporated by reference.
Al t hough the presefftSTraRsst i dff hBRepedticde (SRREPHEENGH t FY%Her &9 o

preferred enbodi meCdrecrol, * W kBr sowsdsi,| 1 280t | Corfiearedicle \lidda ,r exigiimetet hat
changes may b N form.a i) sw i t he
spirit and scope g?%ﬁ%lqdqﬁvggl :‘:T}c}ngg E%ego% &ﬁqctr‘\’%g%?g%?fﬁét#g%%eq‘?&

i npl enented as a software rddthaeghr tie rgsenthminveneion n hasnobeeror

éxecution by asprogdsdPida witkOJifeSenceUClb aHra FBFELAPI QRS EMents,! N

L e, SOARE IRl bdsHS e R BB Ee Ol il o
in the val ve or i rmamshemagentimolfoam 85d deétailhwithoutnrersntdng] xeem be
located in a centrghe spifDNtEAE EEBREEL B a&HLMDhGedtAGH .| ONTABAM UG
transmtter or_val ve or |_r&ha hanfl- held confi ursg%g& whi Cih:uES used to
configure the tranSHTHdr RRiRY LAR-BHHSEIFhi Ag 8F8g&°YTRE 8ning
circuit can edfi nealgartidhoy stexed 20 memcky foar exetutriomby @ gregHdaemednt r ol
ot ot arbrer el SRS Lottt | et
that there is onl yRRRAIBRRERY aEPEnoLPapLs 18 LRRrRInSSt iU PIoRY O al so
be used accordi ng amaltdwe ha¥dwpreserTha rmumrngonircuit can be located in
the transmitter, in the valve or in master controllerxr
15 10. Master controller 10 can be located in a central
control room, at a remote location near the transmitter
or valve or in a hand-held configurator which is used to
configure the transmitter during the commissioning
stage. The tuning circuit can estimate the process
20 model parameters and tune the control parameters in
different calculation stages or can fold the process
model parameter equations intoc the control parametexr
equations such that there is only one calculation stage.
Other configurations can also be used according to the
25 present invention.
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-27- - VWHAT IS CLAI MED | S: 1. A pro l:lz!iratus for

gontrolling a process through a control output sigrtal "fassa function of
a nmeasured process variable, conprising: control nmeans having
a process variabl e i nput and a control output ein
thg WO 9707444 control means generates the control FtfbsoaliSizh

out put signal on the control output in response to the
measured process vari algd7e received on the process
vari able input and based on control function
paranmeters; and HWHAT IS CLAIMERNISiy neans conpri sing:

excitation means hgying an @xgiéddddPRontrol apparatus for contrAWiRY a

coupl,ed to the control .output for generating an
excitation process through a cgntrol qubppt ??‘%‘é%f%?daféﬂr?%t’tﬂféf’f

time; a measurest pratesy vedmbliegr coaprisimgng a rise o
dead.time Llerr], a fall deadnt{8P dd=fls having a process variable in]p%tr' sl ng
rate-of-change R err] and a a Iluggrate-o - change
Rlerr] in the and 2 CQREERl PSS FE3B e the
response to the excitation signatontrol means generates tdied foontrol
estimating a process nodel output signal on theb%?ﬂrgﬂ b[l%b{ll:’ ih[ errj,
Rlerr] and Rerr]; and garaneter cal cul ati ng” neans

coupl ed to respapse g9t S ngMeAFRERR Prpgess
calculating the control functionvariable received on {is anptrecessased
on the process . va iablermgﬁgut ancg' based o-l;bec%gﬁ%gis
control apparatus of claiml erein est1mati ng neans conpri ses
means for function parameters; amn

tuning means comprising:
excitation means having an excitation
output coupled to the control
output for generating an excitation
signal which rises and falls over
time;
estimating means for calculating a rise
dead time Lz, a fall dead time L.,
a rising rate-of-change R; and a
falling rate-of-change R, in the
measured  process variable in
response to the excitation signal
and for estimating a process model
based on Lg, L;, Ry and Rp; and
parameter calculating means coupled to
the estimating means for
calculating the control function
parameters based on the process
model.
2. The process control apparatus of claim 1
wherein the estimating means comprises means for



Y\?S??/ 0744gal culating Rerr] and R err] accor,w,mmﬂﬂ‘ﬂﬂﬂ?mat I cal

expr essi ons: [err] where N is a sel'ect'ed'nuftbet of sanples of
t he neasured process variable in the rising and falling directions

and Rlerr] and err] are the rising and falling rates-of- of
t he nmeasured pW? W ariable at the nth sanpl e. 3. PCT/I?SQ%#@‘B

process control apparatus of claim1 wherein the estimting nmeans
conpri ses: means for increnent2eg the excitation output
signal froma selected m ni numvalue Uerr] to a selected
nmaxi num val ue U er CPlgH4ardrg Ry and R, accordiggcrtenehke ngathemskicadtion
signal from expressions: U err] to Uerr]; and means for
calculating L[err] and L[err] according to . t he

mat hemat i cal expressions: [err] R where t[err] and
t[err] are tinmes at which the &7 "®heasured process variable
is maxi mally i ncreasi rﬁ} and glecr easi ng, respectively,
t[err] and t[err] are tines at which Uerr] d Uerr]

are applied to the excitation output, Ren respectively,
y(t[err]) and y(t[err]) are Ry = &2 _yal ues of the neasured

process vari abl e ) at tines t[%rr] and t[err],
respectively, y[er#pere N is a selected pumhew of Aemelesfs thedmpreered

vari abl e process variable in the rising and falling directions
and Ry, and R, are the rising and falling rates-of-
change of the measured process variable at the nth
sample.
3. The process control apparatus of claim 1
wherein the estimating means comprises:
means for incrementing the excitation output
signal from a selected minimum value Uy
to a selected maximum value Uy, and for
decrementing the excitation signal from
Uy tO Ugy: and
means for calculating L, and 1, according to
the mathematical expressions:

Y Epay) = Vuzy

Lg = Ly~ Cr-

Le = Epax—te—
where t,,y and t,, are times at which the
measured process variable is maximally
increasing and decreasing, respectively,
tz and t; are times at which Uy, and U,y
are applied to the excitation output,
respectively, yl{tuy) and y(t,.,) are
values of the measured process variable
at times t and t.,y, respectively, Vimw
is the minimum measured process variable



Y\?Q??/ oradd between tines t[err] amtlmﬂ I,mﬂﬂﬂ"yllurr] Is the

maxi mum neasured process variable wden“times t[err]
and t[err] where t[err] is a tinme at WhICh Uerr] is
renmoved. The process control apparatus of claim rein
t he process rm%l”’?”ﬁ@l udespa process dead tPﬁe val ue L aﬁ?@ﬁ?é"lmg
estimating nmeans estinmates L as the maxi nrum of L[err] and L[err] 5.
The process control apparatus of claim1l -2g9-wherein the excitation nmeans
conpri ses: means for incrementing the excitation signal

froma sel ected nmini mum val ue U betyeen times t; and t,, and geledisedheaxi num

value Uerr] and for maximurd€C hUERAFEAT tPRokadd t akiah 3aghal
from Uerr] to U err ocess cqntrol

apparatus of claim5 wher ei n ﬁ‘@e%bp'é?‘&?%stl‘l ?ngorﬁﬂrgﬁg‘gﬁef is a
controlling a non-sel f -r egul timel at odessh Ug,Whs atendvedor ocess nodel

parameters includesa consta@heﬂ{ﬁrédes%ndc&t@r@lsthﬁ?éi—i'&s of TBA{1S1 OHPT | S€s
means for estl mat i nlge r%[} b accor di ng‘g he mat hemat i cal%e?éfr essi on:
[err] . IS &0 PERTTET ‘iﬂfﬁ}r ABGIUGes o HTRILSS &iifet he
appar at us is conf i Yakusl anndohheobbtmgaeing neans cédt inmdsat Rdapr @b@ss i n
whi ch the process mB&Rtum Ofp r afRi LS include an estimated steady state

val ue U err] of _the contr out pui signal and the estinating neans
conpri ses nmeans for* est | mat'rr § @@Fcﬂssac REFMy RBPRFRFUS H%hﬂ‘i‘ cal
expr essi on: [ er r¢hereidy the excim;nmmszsccompnis@@par at us of claimb5

means for incrementing the excitation signal
from a selected minimum value Uy, to a
selected maximum value U, and for
decrementing the excitation signal from
Uwax to Uyyy.
6. The process control apparatus of claim 5
wherein the apparatus is configured for controlling a
non-self-regulated process in which the process model
parameters include a constant m, and the estimating
means comprises means for estimating m, according to the
mathematical expression:

R,+R
Uvax~ Upzy
7. The process control apparatus of claim 5

wherein the apparatus is configured for controlling a
non-self-regulated process in which the process model
parameters include an estimated steady state value Ugg
of the control output signal and the estimating means
comprises means for estimating Uz, according to the
mathematical expression:

. U - ReUrant RelUsax
EST RR+RF
v 8. The process control apparatus of claim 5

wherein the apparatus is configured for controlling a
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process in which the process nodel par anet er’s i'ncfud® a*time constant
T[err], a static process gain Klerr], and a process dead tine L and
wherein the | Jjat i ng means conpri ses: rreansﬂ}

cal cul ating a Wo(}%}ﬂib | me const ant T[ err] ﬁ%’ﬂ?@s

static process gain Kerr], a falling tinme constant
T[err] and a falling st atifc gain K[err] according to

t he tlcal ex resslons
where N is a nunber o]Tf ﬁn'g ¥s™93n" Vhich thel H’é%%%ﬁ%d“ﬁdﬁéess
variable in the ri gqng.meters lnclude a timeandnébbht r@,darst:attimgrda:ds&nges

from 1 gain K, ! Grld & g%]:e%é bbgar 30 1 2hKa O&hsﬁégﬂet

t he neasured process variable at t err|
i s the measured pr atling means comprises;a jahle at the nth sarrpl e and

Rlerr] is the means f £bit ice] cvdaeink- ahﬁﬂgﬁagpftitnhf dtRtdned
process variable at the nth sanple s mat.i ng
@qus:Lng static fF%?:Q% a%rg. estﬂ“

Tierr] as a mninmumof T[err] and fraf"lng
Klerr] as a maxi mum of K[err] fall:.ng time congteny dir pnd a fglling

The process control apparatus of sisiig 8 gainwhet.ei mdderdaali mMdd NgcKBaNs

further conpri ses: _ rsyga?g,gegrat%&cgil g%g&sggogs ri sing process dead

time L[err] and a falling proces Llerr]
according to the {rm} Eemat ical 4 -NUWZyﬁé(REL@’SIM(E'Em (z:yn)
K 0 B2~ Ra) X Red (1 Beaa) + (0 RN 72

Te _ LNUmEYan-PUm(E Re (3 n)
[KJ Uyw("ERfi'@Rm)) (“ERa)(ERmYn)*(ERm)@;n)J

where N is a number of samples of the

L]

measured process variable in the rising
and falling directions, n ranges from 1
to N, R, is the rising rate-of-change of
the measured process variable at the nth
sample, Yy, is the measured process
variable at the nth sample and Ry, is the
falling rate-of-change of the measured
process variable at the nth sample; and
means for estimating T. as a minimum of T, and
Ty and estimating K; as a maximum of K,
and K;.
9. The process control apparatus of claim 8
wherein the estimating means further comprises:
means for calculating a rising process dead
time L; and a falling process dead time
L according to the mathematical
expressions:



Y\gl??/ 0744?err] where tfer mnmmmﬂwﬁm% mes at

whi ch the measured process varfabie" s*makinally

i ncreasi ng and decreasi ng, respectively, tRand t[err]
are tinmes at which l‘{L“err] and U err] are agg_lﬁhgg t he
excitation out‘Bﬂt’?’o" respectively, y(tf[err]) rr])
are the measured process variable at tines t[err]

and tf[err], respectively, y[err] is t4m- m ni num
measured process vari abl e between tines tR and t[err],
y[err] is the MRXi_nym _tngasm,@d ~-Yp#ocess  variable
between times t[err] and t[err], Where*¥[efr| 1sRrg, tinme
at which Uerr] is renoved, and R err] and Rlerr] are the
rising and falling rates-of - Lp = togy-t - Y ComaigKmat the neasured
process vari abl e at sarrpfe n=1&m espectively; and

means for estimating L as a maxi ghé¥®fe Ll 8hflt 800are times at which thel err]
10. A smart field-nounted control Unit powered . over a procgess
control loop and for controlling™ asure%r%% ] FRRIGP3E dohestimadelyut
signal based on a measur ed pincesssing aaldldscramings i rEgpectively,

i nput -out put nmeans adapted to berCQuA @J 4Pe times at which U, !dM1 BLOCESS
control loop and for ., receiving power fromthe process
control | oop; 3re applied tg bhe, GreddabioRe SREPYSup| ed
to the input- vespretinsElns grid,gbreord 31(tQuy) are the

control means having a process vgiigblss process variable at tiu{'e%olgmand a

control output, wherein ) .
and t_uy, Yespectively, Ywuy 1is the

minimum measured process variable
between times t; and t;, Ywx is the
maximum measured process variable
between times t; and t,, where t, is a
time at which Uy, is removed, and Ry, and
Ry are the rising and falling rates-of-
change of the measured process variable
at sample n=1, respectively; and
means for estimating L. as a maximum of L; and
L.
10. A smart field-mounted control unit powered
over a process control loop and for controlling a
process through a control output signal based on a
measured process variable, comprising:
input-output means adapted to be coupled to
the process control 1loop and for
receiving power from the process control
loop;
microprocessor means coupled to the input-
output means and comprising:
control means having a process variable
input and a control ocutput, wherein
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-32- the control manJlﬂWi’lﬂElMﬂﬂlﬁml

control output signal on the "cohtrol output in

response to the measured process vari able received
on the process_variabl e input and based 0
controlp funma’rgﬁ?& P paraneters; and PCTIUS96/13%28
tuni ng means coupled to the control means for
tuning the control -32ftunction paraneters to the
process based on the measured process

vari abl e; and a nenory d&¥pl €EMEEPY hESANEr ganeratesr bbans
for storing the control functioncontrel output sigRANLANRYLEN Sthe

11. A nmet hod of determ ning tunin rameters. for a process
control system which controls a proceé%mQ%OEtﬁPgaﬁﬁ é?cﬁﬁ??%ﬁé%nﬁ%thgigna
as a function of a measur ed procedeaguredbbrocert yagdabpei neceined

met hod conpri si ng: G Ha0 Pridees 8Ny h Ll a il PHhpSE 0834 Over
tinme such that the neasuréd process vari able ]

ri.ses and falls; det er miPAPRE a rPRi ng WL e EPRFEIORN the
nmeasur ed process vari abl e; parageters; mml a ri sing

rate-of -change Rlerr] in the  tuning means JHRBIHECCP’ QEESSYALLEP! €
determining a falling dead time L[{err[ in the . nmeasur ed
process vari abl e; det er M™EPR§ a TPXI | i THRRG: o7 chePRer® err]

I n t he measur ed procdesstianipddtametars to the process uni ng

the function of the process control paged th SYSLERD
L[err], L[err], Rerr] and Rerr]. as? on =" aﬁfﬁhégh
variable; and

a memory coupled to the microprocessor means
for storing the «control function
parameters.

11. A method of determining tuning parameters for
a process control system which controls a process
through a control output signal as a function of a
measured process variable and a set point, the method
comprising:

varying the control output signal over time
such that the measured process variable
rises and falls;

determining a rising dead time L, in the
measured process variable;

determining a rising rate-of-change R; in the
measured process variable;

determining a falling dead time L, in the
measured process variable;

determining a falling rate-of-change R, in
the measured process variable; and

tuning the function of the process control
system based on L, L;, Ry and R;.



