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(57) Abstract

A process control system (100) controls a non-self regulating process through a control output signal (u(t)) based on a set point Ysgr

{ and’'a measured process variable (y(t)). The process control system includes a control circuit (102, 104, 106, 108) having a sct point input, a

process variable input and a control output. The control circuit generates the control output signal (u(t)) on the control output as a function
of the set point Yser received on the set point input and the measured process variable (y(t)) received on the process variable input. An
auto-tuning circuit (106) excites the process, estimates a process model based on an intersection between rising and falling asymptotes of
the measured process variable (y(t)), and then tunes the control function to the process (110) based on the process model. The auto-tuning
circuit obtains robust results, but is computationally simple such that the circuit can be implemented with hardware or software in low-power
and low-memory applications, such as in field-mounted controllers.
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applications, such as a field mounted controller, hand-
held device or in a personal computer.

Field wmounted controllers include wvarious
devices, such as transmitters, actuators, transducers,
switches, valve positioners and stand-alone controllers.
Field wmounted controllers are used in process control
systems to control the process, measure process
variables and to generate outputs representative of the
process variables for communication to central
controllers or field control elements (e.g. valves) over

process control loops. The loops have included two-

wire, three-wire and four-wire loops. Other loops have
also been used, such as optical and ruiio frequency
control loops.

Field mounted controllers are mounted in a
field area where current and voltage levels are
typically limited to provide intrinsic safety. The
units are often powered over tfxe control loop. A
separate transducer senses each process variable and
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 output signals. Control output signals are
typically sent over a separate control loop to remote
actuators, such as valves or motor drives, which control
the process according to the control output signals. In
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15 which the controller is used. Several basic control al gorithns
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(PID) control al gorithnms. The performance of the control algorithmis

20 determ ned by control paraneters, such as Klerr], T[err] and T[err]
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algorithm In sone applications, Klerr] is replaced with a
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paraneters are can absi bealeckind dnsthe bthgrtfielst coessond exeseisyi Ng a
such as valves. This type of controller is referred to
10 as a "smart" field mounted controller and is disclosed
in more detail in U.S. Patent No. 5,485,400.

The control algorithm or equation performed by
the controller in the transmitter or in the central
control room is specially tailored to the process in

15 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
algorithms. The performance of the control algorithm is

20  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, K, is
replaced with a proportional band parameter PB, which is

25 a function of K;,. 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
parameters are tuned based on a model of the underlying

30 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
model for a non-self-regulating process, such as a level



response in the process variable. 5 Several tuning nmethods are
avail able to tune the control paraneters once the process nodel

par aneters have been determ ned. In the Z egler-N chols' open-|oop
tuni ng nmethod, the process variable y(t) is manually or automatical ly
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parameter estimation is normally sensitive to the steady
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state value Y. It is difficult to obtain desired
15 closed loop responses if the steady state Y, is not
ideally established before starting the step function or

if the field control element has hysteresis.
In the modified Ziegler-Nichols’ frequency
domain (closed loop) method, a relay feedback signal is
20 added to a stable state control signal u(t) = Uy and
toggled between two values to cause 1limit cycle
oscillations in the process variable from which
frequency domain parameters (ultimate period T, and gain
Ky} can be estimated. The control parameters are then
25 generated according to an experimentally based formula.
The estimation of frequency parameters Ty and K, is also
sengitive to Yg. In addition, load and valve friction
make tuning difficult and may lead to 1less than
optimized tuned loops. For the purpose of robust and
30 repeatable tuning, a pretuning stage is often needed to
have a stable state Yy, before applying the disturbance
to the process. The need for pretuning increases the
algorithm complexity and the tuning time. The added
complexity makes it difficult, if not impossible, to
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limted power, nmenory and conputational capability, such as in
field-nounted control transmtters. These net hods and ot her tuning
met hods are described in K Astromand 5 B.  Wttenmark, Adapti ve
Control, AddYQWHPoREs| ey Publ i shing, Chapter 8 (1989) PCT/USI7/12178
SUMVARY OF THE | NVENTI ON The process control system of
pr-esent i nvention includes a controller having a process 10 variable
I nput and a control output. The controdlder generates a control
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Figure 1 is a dimylashihgd Cesmsdexcant(nebs). system according to one
enbodi nent of the present n Figure 2 is a
bl ock di agram of a transmtterS o iR TNVENTION , Which includes a
controller. Thei gRFECESF s EORRERYr anttaR profcesBreanty ol
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present 30
generates a control output signal on the control output

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 a non-self
15 regulating process, estimates a process model based on
an intersection between rising and falling asymptotes of
the measured process variable, and then tunes the
control function to the process based on the process
model.. o .
20 _ BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a diagram of a level control
system acéording to one embodiment of the present
invention.
Figure 2 is a block diagram of a transmitter
25 shown in Figure 1, which includes a controller.
Figure 3 is a diagram of a process control
system of the present invention. '
Figure 4 is a waveform diagram illustrating an
asymptotic auto-tuning procedure of the present
30 invention.
Figure 5 is a waveform diagram illustrating
test data of the asymptotic auto-tuning procedure of the
present invention.



Figure 5 is a waveformdiagramillustrating test data of the

asynptotic auto-tuning procedure of the present invention.
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- 5- Figure 6 is a block diagramof a valve having a
controller Ré%éﬂ@%ﬂ o the present invention. : DETAI LED DESCRI PTI ON
OF THE PREFE | MENTS The present inveffiieH7id™8,.
process control 5 system havi ng a robust auto-tuning feature which is
conputationally sinple such that the systemcan be i npl emrented in a

| ow- power field-nmunted controller in a process control system
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system i ncl ud®s® ?ﬂﬁﬁﬁ&leﬁoﬂ???ﬁ%ﬁﬁg fﬁ gP?aﬁEﬁﬁ%ﬁQﬂlnY?ntﬁaﬂk 14,
I nput val ve 16 and oBER 2 R ' R D ~oup|ed to

transmitter 12 and input vakye g@egént ixw&ktﬁfbnt%%r r&ésé y ol
| oop 20. Loop_20 ca i.ncl ude current oop,
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controllier

a process control system.
Figure 1 is a diagram of one embodiment in
10 . which the process control system of the present
invention is wuseful. The process control system
includes master controller 10, transmitter 12, tank 14,
input valve 16 and output valve 18. Master controller
10 is coupled to transmitter 12 and input valve 16
15 through two-wire process control loop 20. Loop 20 can
include a 4-20 mA or a 10-50 mA current loop, for
example, which allows master controller 10, transmitter
12 and valve 16 to communicate with one another by
varying the current 1level through the loop. In an
20 alternative embodiment, master controller 10,
transmitter 12 and valve 16 communicate by varying the
voltage 1level on loop 20. Concurrently, master
controller 10 and transmitter 12 communicate digitally
over loop 20 in a carrier modulated fashion, such as in
25 the HART® protocol.

Other digital communication systems can be
used, including a Fieldbus Standard which is presently
being adopted by the Fieldbus Foundation.
Alternatively, 1loop 20 carries baseband modulated

30 digital signals such as DE protocol. In addition,
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



transmtter 12 and valve 16 communi cate by varying the vol tage | evel

on |oop 20. Concurrently, master controller 10 and transmtter 12
comunicate digitally over loop 20 in a carrier nodul ated fashion,
such as in 25 the HART[err] protocol. O her digital

communi cati on systens can be . used, including a Fieldbus Standard which

i s present| ywo98860kfei ng . adopt ed by t he Fi el dbus  PGTAIBYIZYSON.

Al ternatively, loop 20 carries baseband nodul ated 30 digital signals such
as- DE protocol . I n addition, master_ controller 10 and transmtter 12
can conmuni cat e with one another opti®ally over single or dual optical

fi ___ber S or by radéo%tfr%ciqugglgxui@n ieJarHl's‘élgéeé” ﬂpt i[f:. l. Patent . NO\AD
98/ 06016 - b- control CIfcuit 1’s

di sclosed in U $.333t.d3d#-No. 5, 333, 114. Mast er controll er

10di ncl udels a controll er @ister wﬁﬁlmey\ﬁo agunﬁaea?ab\&a,ln' ehom@yizdm power
and control to 5 oop 20. - Master_controller. 10 _can ositio in a
central control ﬁ“nﬁ?w?lﬁ sgu'rgﬁoé%,w Fél %r?‘f)lcd;et P8Heﬁ e’h&).congf?gﬁtsorﬁtter
12. Master cont risidrer201.0, Masgssnconeroller 10 men wgl pesibiengd bid coupl ed to

one another in aeafitiisAl ¥ontroDiroeAnbi GW attaiedsfdeseuseedibn wie det ail
n Varrior 10 et al i e¥e? 1521 CRLel0:r Sot319%% 10, transmitter 12
and valve 16 can be coupled to one another in a variety
of configurations as discussed in more detail in Warrior
10 et al., U.S. Patent No. 5,485,400.

In the embodiment shown in Figure 1, the
magnitude of current or the value of a digital signal,
as is appropriate, flowing through loop 20 represents a
control output u(t) which controls flow into tank 14 by
15 controlling the position of valve 16. Transmitter 12
preferably includes its own control function which is
capable of taking over the operation of loop 20 from
master controller 10 and sinking a variable amount of
current to adjust control output u(t). The position of
20 valve 18 controls the flow out of tank 14. Valve 18 is
adjusted by a valve control signal o{t) which is
provided by a transmitter 26 over a two-wire process
control loop 28 which can be coupled to loop 20 in
parallel (as shown in phantom) with loop 20 in a cascade
25 fashion. The parallel configuration is referred to as
a multidrop configuration. The valve control signal
o(t) can also be provided by a separate loop which is

coupled to transmitter 12 or master controller 10.
A sensor 24 is coupled to tank 14 for
30 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
a "direct action' on the process variable y(t) since an

increase in u(t) causes an increase in y(t). The signal
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val ue of a digital signal, as is appropriate, flow ng through |oop 20
represents a control output u t) which controls flowinto tank 14 by 15
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operation of [VWROSR6  om master controller 10 and si nkiPEEUSIKIATBabl e
anount of current to adjust control output u(t). The position of 20

val ve 18 controls the flow out of tank 14. g Valve 18 is - adjusted by a
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level control system shown in Figure 1 is one example of
10 a non-self-regulating process. The preser: invention
can also be used with other non-self-regulating
processes. A non-self-regulating process is a process
in which the measured process variable y(t) will
continue to increase or decrease as long as the control
15 output u(t) is not equal to a steady state value Ug
(i.e., when the inlet and outlet flows are not equal in
a level process}.
Figure 2 is a block diagram of transmitter 12
according to a first preferred embodiment of the present
20 invention. Transmitter 12 is a "smart" transmitter in
that it has computing capability, such as that performed
by a microprocessor. Transmitter 12 includes a rugged,
explosion proof housing 34 for mounting in the field,
input texrminal 36, output terminal 38, input-output
25 circuit 40, demodulator 42, digital-to-analog (D/A)
converter 44, modulator 46, microprocessor 48, analog-
to-digital (A/D) converter 50, process variable sensor
52, clock circuit 54 and memory S6. Clock circuit 54 is
connected to microprocessor 48 to sequence the operation
30 of the microprocessor.
Input terminal 36 1is coupled to master
controller 10 (shown in Figure 1) while output terminal
38 is coupled to valve 16 (also shown in Figure 1).
Input-output circuit 40 is coupled between input



o(t) has a "reverse action"” on the process variable y(t) since an

I ncrease in o(t) causes a decrease in y(t). Sensor 24 can include any
sui tabl e process vari abl e sensor depending on the application to be
controlled, 5 such as an absolute or differential pressure sensor, an
ultrasonic sensor or a mcrowave sensor. O her types of sensors

capabl e of JwOeseMdlérg a signal representative of t he revesoaf17d luid in
tank 14 can al so be used. The | evel control systemshown in Figure 1
I s- one exanple of 10 a non-sel f-regul ati ng- process. The present

I nvention can al so be used with othe®- non-sel f-regul ating
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Uerr] (i.esinnhen tha Icrux&ten@ndslmt "t dHIQWS aF& Behnedtad if a
| evel process). %P 2 1S albl ocC d| agram of transm tter
12 accor di n3STHe% PLFR %t B TerbdatRER SRS eHFPYD

invention. r a_nsi:i*ct:mietr 40 ireceivesrppydcdssansignstler ﬁm:m loog hzd at has
conputing capabi §hbys Sekdids tafsatanae%tzafmf& cont #d1 %dE‘p%OQEBﬁﬁﬁ or

Transmtter 12 includes a. ru xg 05|o roo go Si ng

n
nmounting in the 'f‘((\'é‘ Ft °utpu?nb‘iﬁmtneailmzﬁ uBﬁ peR ¢ en&lr"SBSs
i nput - out put 25 signaksit Mltmrmmmaka@pmm gighinl -inpuinrelbogut (D A)

converter 44, rméyfé\sps A&,rée&wargseéﬁqr&ﬁ 1o'ag>alz<w~and rovQadsoht al
(A/D) converter oces circuit 54 and

nenory 56. ockr% ]25‘? flzggeapor E’SH’ﬁEH‘%&lrlo ﬁch%‘b’r%@e?&SF‘eﬁgsto

sequence t he opeehttivmsaoittesf 12he mi croprocessor. I nput
terminal 36 is coupled toﬁma,slsﬁscess sxmé QkL&rinl eﬁéP&’t‘!‘{hg @oﬁtgaie 1)
whi | e out put term nal tQ _val ve %a so.shown | n Fi gure
1). | nput - oTEPRRE ci r((t,ﬁu tcowrlgecdﬁ.ﬁﬁpé’anﬁﬁt VST &S Bﬁf"tl"e of

desired process state, process variables produced by the

15 process, commands and whole or partial instruction sets
for operating microprocessor 48, coefficients of terms

for such instruction sets and status requests from
master contrxroller 10. Input filter circuit 70 receives

the process signals and directs the signals to

20 demodulator 42. Demodulator 42 demodulates modulated
process signals from the current loop and provides
corresponding digital information to microprocessor 48.

The information can be stored in memory 56 if desired.
Microprocessor 48 also receives process

25 signals from process variable sensor 52. Sensor 52
measures a process variable y(t), such as a level as
shown in Figure 1, and provides the measurement to A/D
converter 50 which digitizes the measurement for
microprocessor 48. The process variable measurements

30 can then be stored in memory 56 for analysis or
transmitted back toc master controller 10 over loop 20.
Microprocessor 48 transmits digital information to
master controller 10 through modulator 46 and current

sink 76, which modulates the information onto loop 20.
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- 8- termnal 36 and output termnal 38. Grcuit 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 | oop
20. | nput -0 circuit 40 receives process signals fr 0 at

I nput telrom nal%lgg suppl I es control out But si gnal g u%lﬂfésgﬂpzoﬁ Lt
termnal 38 as a functron of the process si gnal s. Vol t age regul at or
72 w t hin input-out put circuit 40 receyves power fromloop 20 and

provi des a 10 regul ated voltage for powering all the various el enments
of transmitter 12.1n an alternatiVie pEmeeNteatgnatensmed 52n geder afbng

control QUL PULLMd ) SO L8 PELAN ke Qﬂsgfgné@teeﬁs%t%er 12.

desired process state process_vari ables pro uce process,
commands and mholeI@rtbbﬁtF§P°¢H¥¥ictq RrQcgss VarFBP BpBrABTFY by
m cr oprocessor 48, s€esdf isei fotcombini eatdd to miéxspruassonss s usterohoset s and

status request fr%“ along ”B%Eﬁ”o&?&t r%é&fssl% AR Esf 'f%ﬁr d%'igk‘éﬁt 70

receives rocess st gnhal s and rects t e signals enodul at or
42. Denvodul at or 428@@WE6UIates nodul at ed process srgnals fromthe
current |oop and provides curreft r£spondiagyudicgi ¢atidlf Gﬁﬁﬁﬁfﬁﬂtt)oby

m croprocessor 48'adjusﬁ%t foép@f |o(}n§8 ell;)@ Ska tﬁ&m%f

desi red. processor SO recei Ves process srgnals
from process vari i ereRipanssey. 48 aperajess surrent pgink s thrgugheR4A
vari abl e y(t)joSucbomserrdrevel ased 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
15 provide a set point Yg, or a command, as appropriate, to
microprocessor 48 which instructs the microprocessor to
adjust control output u(t) such that the process
variable y(t) approaches the set point Yg.
According to .the present invention, memory 56
20 also includes an auto-tuning algorithm or software
routine which tunes the control parameters used by the
control algorithm to match the process being controlled.
The auto-tuning algorithm causes microprocessor 48 to
adjust control output u(t) over time and observe a
25 response in the process variable y(t). From this
response, ) microprocessor 48 «can estimate model
parameters for the process and use the model parameters
to calculate the desired control parameters.
The communication wmethods and transmitter
30 connections discussed with reference to Figure 2 are
provided as examples only. Other configurations can
also be used, such as those of a controller connected to
a supervisory master, which are described in U.S. Patent
No. 5,333,114.



shown in Figure 1, and provides the neasurenent to A/D converter 50

which digitizes the nmeasurenent for m cr oprocessor 48. The process
vari abl e neasurenments 30 can then be stored in nenory 56 for analysis
or transmtted back to master controller 10 over |oop 20.

M croprocessor 48 transmts digital information to master controller
10 through n¥¥QA846M¢ 46 and current sink 76, which noBGTEB¥4217Be

i nformati on onto | oop 20. WO 98/ 06016

PCT/ US97/ 12178 - 9- In an alternative
enbodi nent, sensor 52 and A/D converter 50 are located externally to
transmtter 12. In this enbodrnnﬁto +REING ocess vari abl e neasured by

sensor 52 is comuni cated _t.o nre*égroce QL 48 _over Igﬁg)adéo along W th

other process variabl es fFG9PEPTT aPeHt 11 TUSEERRIQN oF URIng current

sink 74 adjusts amdt cohtoel pfinctionshyerformgdj byt imigroproresedr of8current
flow ng through Logp-2lg to orM eheea@ﬁeﬁe%f %@we%lee& GHReRRbofil Nk 74
through O A 10 converter 44 %§ ? % cont rol Hﬂprkthnkgé E%ga
routine storé&d i FONERRY yS¥Fend P8s TRCHEART | DAY patnction 482, process
variable y(t), costwoskEder d®4trbuning cigeuitefiffs %WRF¢hﬁn9’U@PFehgnrecerved

frommaster 69”&{,@'5?&:&& fﬂr ex]ﬂaﬂol£ n FEREd Yo erattlbelul @ont@oray 15
pr ovide a set pogntput’erar process varla setp% gp{’;sf‘tf\s! provxded to

a positive input of summing junction 102 and the
10 measured process variable y(t) is provided to a negative
input of summing junction 102. For a "direct action"
control output, Ygy is provided to a negative input of
summing junction 102 and y(t) is provided to a positive
input of summing junction 102. The output of summing
15 junction 102 generates an error signal e(t) which
represents the difference between the setpoint Yg; and
the measured process variable y(t). Error signal e(t)
is provided to PID controller 104. PID controller 104
includes a proportional gain block 112, an integrating
20 block 114 and a derivative block 116. In an alternative
embodiment, the measured process variable y{t) is
provided directly to derivative block 116, as opposed to
through summing junction 102. The outputs of blocks
112, 114 and 116 are provided to positive inputs of
25 sunming junction 118. During closed loop control, the
output of eumming junction 118 provides the control
output u(t) to control process 110. The basic function
of PID controller 104 as a standard form controller is
defined by Equation 1:

de(t)

Eg. 1
dc q

K
30 ult) - Kel(t)+ 2 [e(e)de+ KTy
TI

where K,, T; and T, are tuned control parameters that
determine the performance of PID controller 104. The



m croprocessor 48 which instructs the m croprocessor to adj ust control
out put u(t) such that the process vari abl e y(t) approaches the set
point Y[err]. According to the present invention, nmenory 56
20 al so includes an auto-tuning algorithmor software routi ne which

tunes the cont sifigfsdet ers used by the control al gori tch
t he process be‘?ﬁg cor?trol | ed. The auto-tuning al gorlthnl”ltcg’g}éégn%

m croprocessor 48 to adj ust control output u(t) over tine and observe
a 25 response in the process variable y(f91- Fromthis - response,

m croprocessor 48 can estimte nodel paranmeters for the process
and use the nodel coatasktpasameterst areatanddt ext hediésed esbariing to

par amet ers. e presend NEnf QTN G2 'm%@cﬁegﬁgdéhgfﬁjcééxfﬁ%m Lt gk 30

connecti ons dlscusse reference to ure are rovi
exanpl es only. OPReFegdnttBuprht Foﬁ?‘“’&ﬁ?ﬁmnm‘-"al%égﬁe%sé& a§@(cl?°&§tt hose
of a controller cdogséagedondrol ofa thigpesruceesy NMeGtlerr fMbumed afepdescri bed

in U.S. Patent 1 _ & . i
PCT/ US97/ 121785 con'élgollﬁegé%ali élso be used w1¥\¥1:1)0t:%§é 9 QL8nt invention,

AUTO- TUNI NG such as gegigk 30fs PavalirdstiostSon ofhEheBAEEOPENI ng
and control functigaesupeed obabsk yanrer easdlesaodififed to an@rdithgsko one

embodi ment  of theogﬂg§e9£r$é“6¥“ﬂf%ncontrollers.
Tuning circuit 106 includes tuning control
10 circuit 122, excitation circuit 124, process model
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
15 the overall function of tuning circuit 106. Excitation
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
20 stage. Switching junction 108 can be an actual switch
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
variable y(t) and generates a model of process 110, as
25 is described in greater detail below. This model is
provided to control parameter rule circuit 128 for
tuning the control parameters for PID controller 104
based on a selected set of tuning rules. The process
model and tuned control parameters are then stored in
30 memory 56 (Figure 2) and can be provided to master
controller 10 over process control loop 20 to optimize
the supervisory or cascade control of the process. The
process model can be provided to other cascade connected
devices for use in additional tuning procedures.



5 Control system 100 includes summ ng junction 102, PID controller

104, tuning circuit 106, swi tching junction 108 and process 110. For a
‘reverse action" control output, a process variable setpoint Y[err] s
provi ded to a positive input of summing junction 102 and the 10
measured process variable y(t) is provided to a negative I nput of

sunmmi ng j uncWP8¥oses? . For a "direct. action” control OURGRESIMVIE r] is
provided to a negative input of summi ng junction 102 and y(t) is
provided to a positive i nput of sum_w'}gg junction 102. The out put of
summ ng 15 junction 102 generates an er signal e(t) which

process variable y(t). Error rovi to Pl ontroller
104. PI D cont r oldigicuigq134, 3 r'fé‘Fl&&Esa epr &ﬁﬁ'FPFBné?Gg%f}% Hreek 4™ an
integrating 20 dlR&K 1384whdéeh aaxrteidouplledetd) ank nish6 be Lincappatdwesdative

enbodi nent, the JTeasy r % ) i r ded ctly to
derivative bl ocK™16; ngglgg C%glgggl g &»@Q{@ ir'/%)% §r%'r%?ep jgﬁiflct | oﬁi:{ng The
out puts of b$ockf‘}’lggerfl?-‘mlrﬂcSﬁEI“ﬂG“&Fé‘lbrg?ﬁ &é’dp‘f’ﬁ R TRV Xput s of
25 summi ng j uncirfihgl 1Bunctilor ngfclujfeedpi-emtcomhveh;mrlne based ot put of
summ ng junctio I Q\i t t ( to ol

o oceas 110 O R QLGS BEpFPILd Wy trigqRl &phuel%goastgggyg% ol
formcontrol | er dkert Clﬂéﬂfnewﬁy °Equ’é?ﬁ]onti‘“e C[ K| circuityn ki@ Klerr],
Tlerr] and T[ er ri4riygRrt Uirgshtcond 6 Ok spasupptieds Hyhainicroprataissori nes t he

perfornance18f F1J3§ﬁ¥¥:59'E%rrégéongbeto commands provided by master

controller 10 over process control 1loop 20. The

represents the differencepfge] 'y?q._q_rrcggg ?‘dep(}."u'} hg{,eﬂ;&a% a tr[§§w§'EIIrt°,asured

commands may be initiated on demand by the user or at
the request of master controller 10. Alternatively,
real time clock 138 may trigger the auto-tuning function

15. based on a selected time period, such as every 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
loop 20.

20 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
calculates new control parameters through circuits 126

25 and 128. Tuning alert circuit 136 compares the new
calculations with the previously stored operating
process control parameters. If the difference between
the calculations is greater than a specified range,
tuning alert circuit 136 triggers the auto-tuning

30 function through trigger circuit 134 or notifies the
user or master controller 10 through alert output 144.
Tuning alert circuit 136 also passively verifies the
estimated process model with the process by fitting
current values of y(t) and u(t) into the model equation



WD 98/ 06016 PCT/ US97/ 12178

control paraneters are tuned, or nodified according to t he present

i nvention to nmatch the characteristics of process 110 at a

conmmi ssi oni ng stage or at any point during control of the process

O her forns of PID 5 controllers can also be used with the present

i nvention, WOBMENS a5 serial and parallel forns. The eqBST8HAN
di scussed bel ow can be easily nodified to cover these ot her forns of
PI-D controllers. .Tuni ng ci rlgw t 106 includes tuning control
10 circuit 122, excitation circuit 124" process nodel estimation

circuit 126 and C@@iéalsgw mbm wlgee if tGHe Gidlab1128. cdppéyg. copdrol
circuit 122 is co tation circuit 124, g (F)cess nodel

| ed
estimation ci rcw’i‘g Cl”l% rjrascfiﬁi‘?%?r?)atr yho-ERpang; FRAFH D LY o
control 15 the ovsswdd Bunctliea ofnt opkpgt ciltduit CHB8cuiEx@idtéat absp

circuit 124 provm@ﬁ@}son@.eml eYeY:) i»teotattefl g goal point cmg%h Har4 es over
time, to process 110 excj tation

signal is used as““t‘zh%rrzir %EBﬁ??%Il ﬁ?‘ﬁu?r%‘fégqﬁaﬁnau’r?%‘be%ﬁnoﬁiﬁ
aut o-tuni ng 20 stheelesiedt pérfuyranget (g 1@8’16aqabbyaiaﬂmddallsswtt ch

or can be a tranzﬁféséﬂt CORLF Uxalb®8) Ui §h99%i—é]h@f0f:he squiidlel Warénd outine
to the next. estimat [ on CI r cul n .obs ﬁ?j t he response

in the neasured pPHc¥sSional gfflyor, b?tﬁn%aéeﬂgr%ﬂeef 581 V#¥¥Sr ocess
110, as 25 is deﬁcthdaedrrnrgcelatbt detparedhebitir a Thhresiolal value

provided to ggnt r_@ém@a q&&eheﬁof%ls% ci iftﬁﬂe Je%%owntegratlu@kegeals%‘é)nt rol
parameters for PID | er on_a ie ect eg é of . tuni ng

rul es. The pr oces%hres eCiZARLE Lk ’cstﬁﬂersol TharShkt er {“ﬁ’e‘?f"stor ed
in 30 nmenory 56 ¢frquirte 125 anditars etpr duriey the ragtisg stage. If

y(t) is not responding or responds incorrectly, circuit
136 generates a tuning failure alert on output 144. The
15 user can take action to correct the auto-tuning
function, such as by changing selected values of the
control output u(t) which are used by the auto-tuning
function or by changing a performance factor o described
below. _
20 Figure 4 1is a diagram illustrating the
waveforms of control outbut u(t) and process variable
yv{(t) during the asymptotic tuning procedure of the
present invention. Tuning control circuit 122
alternates the control output u(t) between two user-
25 selected values U, and U, and while process mdde.l
estimation circuit 126 monitors the process variable
y{t) as it ramps up and down. Through this process, it
is able to determine the rate at which the process
variable ramps and the time delay that occurs before the
30 process responds to the control change.

Once the asymptotic auto-tuning procedure has
been initiated, tuning contxol circuit 122 monitors the
sign of e(t) to determine whether y(t) is less than or
greater then Yg. If e(t) is positive, y(t) is



controller 10 over process control |loop 20 to optim ze t he supervisory

or cascade control of the process. The process nodel can be provided to
ot her cascade connected devices for use in additional tuning

pr ocedur es. WO 98/ 06016 '

PCT/ US97/ 12178 -12 - Tuni ng
circuit 106 We98l96m6i ncl udes a trigger - circuit 134, a POMUSY2178r t
circuit 136 and a real tine cl ock 138 which are coupled to, or may be

| rcor por at ed in, tuning control circujt 122. Trigger circuit 134 5
triggers tuning cont rol circuit 122 to pe’rqf ormthe auto- t uni ng
function of the 8;&,?%5_ ryeelw Qn_basgd. Sta t6r 1_lgg@1r1 Sémds_,] lied by
trigger input 14 | &7t CI rcul real fime c circuit
138. Tri gger iBnpRe 3% §Uibb?li”e‘?ﬁ b9“PrFE+‘H'pr 68%3@8@ A%x‘i’ﬁzatl("ﬁ gure 2)

in response to ceRwaads DIDVfdiiﬁ:dasb‘ﬁ(me.Stervalue annteokwet cH Ot Dvere Jir ocess

control |oop 20 ONARA Ml d t he user
or at t he re(‘q:l?esfp}%fe r%a(st?er contr(r)%?/ "prédn éllﬁ%tsg?ﬁgnl S’%]II?}Q dbe. r eal
tinme clock 138 n¥penrgRr HIRECHEt oVAHAG f ¥kt | Fiparbespashd dPPErsel ect ed
time period, suckrafsewesy ellde UTP, bbercortranoakpat n\attt)/&varﬁmerrent

real time clock t38varve! B, I UPYA %qmtentmswri&,g@é Il addh
supplies the trigger stgnal to trigger er process control
| oop 20. towar a lower transition value LTP during stage 2.

When the process variable y(t) reaches the 1lower
10 transition value LTP, the control output ult) switches
again to U, at switch time tg,; to start the next stage.
The number of stages in the auto-tuning procedure can be
varied in alternative embodiments, but in a preferred
embodiment, there are at least two consecutive stages
15 which create either an up-down transition or a down-up
transition in the process variable y(t). The use of
multiple stages minimizes the influence of process load
changes during the tuning procedure. The last stage in
the sequence terminates when the process variable y(t)
'20 reaches the set point an, at time t,, rather than the
upper or lower transition values UTP and LTP. At time
t,, the asymptotic auto-tuning procedure ends and
process control system 100 becomes a closed PID control
loop which adjusts u(t) to bring the process variable to
25 the set point y(t) = Y.

If the sign of e(t) were positive at switch
time ty,, then the excitation waveform u(t) shown in
Figure 4 would be inverted. Excitation circuit 124
would apply u(t) = U, such that y(t) rises toward Yg,

30 then u({t) = U, such that y(t) falls and then u(t) = U,
such that y(t) rises again.’

By varying the control output u(t) over time
during the auto-tuning procedure, tuning circuit 106 has
the ability to estimate all system parameters accurgtely



20 Tuning alert circuit 136 triggers the auto- t uni ng
function through a trigger output 142. During the cl osed | oop control
stage, tuning control circuit 122 observes e(t), u(t) and y(t) and
passi vel y cal cul ates new control paranmeters through circuits 126 25
and 128. Tuning alert circuit 136 conpares the new calculations with
t he previ ousl ’f%f? operatl ng process control paramef’gr SO e

di fference between the calculations is greater than a specified range,
tuning alert circuit 136 triggers the autgstuning 30 function through
trigger circuit 134 or notifies the user or naster controller 10
through alert outgidthl4depeatabléuramy abbast ciresuilitsl3Sueh sahpassPiply

verifies the o of STEFURIGT IeOBESD; AL Undicelds DA | éPE&%ﬁaxméf'ttl\Agg

current val ues of into t | on
98/ 06016 The process gain cons gag7pg mstgimated by
-13- (di scugserihgl aw) the Semelfl bdimnrmededquas iceor refct thef level not,

circuit 136 trlgger he n ti r [ salert on
out put 144. °ar B OFL’ 3%%“% a4 b?&uﬁ%ﬁt S?lgcg(f?na%% %ltﬁ:%gl??er a set

poi nt change or a 5 nm__dl.s,; uipamgem&(fhe process and issugg.ap al ert
if the desired perfodfmance (e.q. crltlcally danped) is not

present. For exanple, the integral of the uare _of th er.r.or _si gnal
e(t) or the integEgnabion hg %g‘b“i‘?ﬁe S'Lg’es 16°and 18 have"liRea?

operating characteristics and neglects a head pressure
effect on the valves. However, the present invention

10 can also be used with valves having non-linear operating
charécteristics. L is the process lag time and m, and
m, are process gain constants corresponding to the
volume flow into and out of tank 14 divided by the area
of tank 14.

15 When control output u(t) is at a steady state,
Ugs, and the lag time effect disappears,

"ng(Tt)_ = 0 = mIUSs-InZO(t) Eq. 3

When y(t) is increasing (see Figure 4), u(t) = U, and,
dy (t)

Re= = = my(U;-Uss) . Eq. 4

20 Similarly, when y(t) is decreasing (see Figure 4),
ul(t) = U, and,

dy(t)

dc m(Uss - U,) Eg. 5

Rp=

R, and R, are the rate of change of the process variable

y(t) for the corresponding control signals U, and U,

25 respectively. By solving Equations 4 and 5 for m,, the
following mathematical relationship can be derived:

Rg-Rp

M T UZ_UL

Eg. 6



of the error can be conpared with a threshold val ue 10 stored in nenory

56. If the error integral exceeds the threshold, circuit 136 issues
an alert. In addition, circuit 136 nonitors y(t) during the tuning
stage. If y(t) is not responding or responds incorrectly, circuit

136 generates a tuning failure alert on output 144. The 15 user can
take acti onWO%00EGHrrect the auto-tuning functi on, PETUITAYTHY
changi ng sel ected val ues of the control output u(t) which are used by
t e aut o-tuning function or by chanqlng a performance factor a

descri bed bel ow. 20 Flgure 4 is a diagram

illustrating thepys, tM@V Fo¢dBs Qfa iGP @k afut RHh %@the%@9m959§e§§
vari abl e y(t dur j he as) t ot %aﬁ'm ng_procedure of

present inventi® mparm &) tef2§ changg t‘é‘r ﬁﬁ? es the
control output uptocémess wee’nabm yidar.- 2Bce sbbemtcemssahaw Uheegkadind

Uerr] and whllet95908§s o8l the %a&eggtsﬁwhfarfayﬂbw1%6s%995gﬂés t he
process vari a bl e rocess,

i S
£ v o) e Bon A S0, TP Bugh 0TS b ocess
ranps and the tiof dbehaget fmttobturnednbesr dtshea3@mupr vedss arsdpohels to the

control change. %/stem lag time QARG tifRe ASYAPLMY Cnid Ord ULY Prpgedure

has been initlate tunl ng conit)rol Anrcwt 122 nonitors the si gn of
e(t) to determ nBtHitMerl \ES) CPR PRNEeh LR gpterming the risipgnaiferr].

If e (t) is posfalVing nette)s ofschange. WD 98/ 06016

PCT/ US97/ 12348 Referring to the embodiment shown in Figure 4,

there are five lines labeled Line, through Line, which
are consecutive asymptotes of the process variable y(t).
The slopes of these lines represent the rising and
falling rates of change in the process variable y{t).
1s The equation for Line; (I = 1,2,3,4,5) is given by y(t)
= A,t + B; where A; is the slope of Line;, t is time and
B; is the intercept of Line;. Each line is calculated
by obtaining a set of consecutive level samples and
their corresponding times and then performing a least
20 squared error fit of the data to a curve. A set of N
data pairs (t,, VY, for n = 1 to N provides the
following equations:
y(t)) = Ap-t, +B;
y(t) = A, t,+B; Eq. 7

y(ty) = A;-ty+B,

In matrix form,

t, 1 y(t,)}
t, 1 [AI} _ L) Eg. 8
-+ |B;
Ey 1) y(ty

25
This equation can be solved to estimate A and B while
minimizing the least squared error, which results in,



-3-4- initially below Y[err] During stage 1, the control | oop i's
opened at switching junction 108 and excitation circuit 124 forces
u(t) to value U2 at switch tine t[err] to force y(t) toward an upper
transition value UTP. 5 Wen the process variable y(t) reaches the
upper transition value UTP, the control output u(t) swtches to
valve U err] aWoOSHP&Oth tine t[err] to force y(t) downward PCT/YSSURATE a _

| ower transition value LTP during stage 2. When the process variabl e
y(t) reaches the | ower 10 transition valyg LTP, the control output u(t)
Swi t ches again to U2 at switch tine t[err] to start the next stage.

The nunber of stages jn,the auto-tuningproggdur ca(rﬁfoe varyed in
alternative enmbodi man{r"sl _but in & prefer‘ré’d2 EnY Uemtise 'ﬁe'E,y(tthbria are at

| east two consecuti velBs aged 1 - (Whi,ch 21 EALX i Eher)_afn BpLaboin § r ansi ti on
or a down-up transition in the process variable y(t). The use of

mul tiple stages mnim zes the influence of process | oad changes duri ng
the tuning procedure. The | ast stage in t he sequence term negess when

e Dy ospos Yar! APkEdl tohe dounl E8E 105 LRESELaD0! Bhe thlddae Gholt e t[or 1]

rather than the ower transition val ues LYP. time
t[err] the asynptokti dsauestimafiesy procEndimgenthe afdme at ppddeds &¥mt r ol
Ey_st em %00 bngfTESc&ﬁdgﬂﬂdrePthSQnir:]ﬂHrsect ahGOt)hehhi)tL}b, aghoptss W f), to

ring the process yariable to t he set = Ll

| f t%e Si gP\ of e(ty™%er eé‘ﬁ"ﬁsi ?%\;/,e taff“svﬁs[f_cﬁﬁ%% %/é}rre cﬂlgur%]at%lﬁgn e
exci tati on wavef orfddkfarenaeoketivgen theriigteEsactinn dtHBe i hwerddl, the

Exci tgt i E)n c; rcui tcéﬁlf]lespon(di‘;\@ulcén&ﬁa} youput ;swh.{tﬁj(’lf %tffm_;:lktst, ha.éumf]ta)s r |( s)es
toward Y[err], 30 then u = rr] .su t,w(t a : u(t) =
U err] such t e 36'[’) f"éea’anag:ﬂ‘n.l A Ebg&rg 4P _TheBye @lg?glgﬁég ?ﬁre
control outpuOu(tfweransecpsive lipgf i9¥g aEpEPRAESS t1M ng procedure, tuning
circuit 106 has t he 9?'(“ LyAlt-@Jf@;i ireuak) -aystﬁm;pa;kagptgrs '10
accurately y,(t) = A,-t+B,; for u(t)-U, when tatg,

At the intersection ty,
Viltpg) = Ay togy +By=Y,(tpy) = A, Cpyyr +B, Eg. 11

which gives,

Eg. 12

15
With the process gain constant m;,; determined
by Equation 6, the line equations for two consecutive
asymptotes determined from Equation 9 and the
intersection time t,; determined from Equation 12,
20 process estimation circuit 126 estimates the process
gain constant m,, lag time L and steady state control
signal U, according to the following equations:
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-15- with repeatable and robust results such that PID controll er
104 provides the desired performnce. The process gai n constant
can be estimated by | ooki ng at the | evel balance equation of the |evel
5 process shown in Figure 1, which can be witten as: [err] Equati on
.2 assunes two9osedorees 16 and 18 have |inear oper ati ng RITASITIATE St i CcS
and negl ects a head pressure effect on the valves. However, the
present invention 10 can also be used with val ves havi ng non-1i near
operating characteristics. L is the process lag tinme and nferr] and

n are process gain constants corregpgnqAQ to the volume flow into and
out of tank 14 divided by the aHﬁg-————qﬁ—gank 14. 15 When contr ol
output u(t) is at a steady state, tﬁe&r] and the lag tinme effect

di sappears, [err] When y(t) hﬁ_upcrea5|ng (see Flgure 4), ét) = W2
and! m, - 0.-T gs. 13-1

2 1
B,-B;

L=t~ Lop= t
wr~ Lsw 2 -A, SW

In a preferred embodiment, the delays and
rates of change for a number of up-down transitions and
down-up transitions are averaged to lessen the effects

5 of disturbances on the measurements. Equations 13 and
14 are calculated with A, being the average of the
slopes for the "down" lines (Line, and Line, in Figure
4) and A, being the average of the slopes for the "up"
lines (Line,, Line, and Line, in Figure 4). The lag time

10 is calculated in Equation 15 for each up transition (Ly;
and Ly in Figure 4) and then averaged to obtain an
average "up" lag time Ly. The lag time is also
calculated for each down transition (L, and Ly, in
Figure 4) then averaged to obtain an average "down" lag

15 time L,. To compensate for the worst case, the overall
process lag time L is estimated as the maximum of L, and
L,. Equations 13-14 can easily be modified toc estimate
values for a process that is reverse acting by
exchanging U, and U,.

20 Once the process model parameters have been
estimated, the parameters are provided to control
parameter rule circuit 128 which tunes the control
parameters K, T; and T, according to selected rules.
Although any suitable set of rules can be used according

25 to the present invention, circuit 128 preferably
includes internal model-based control tuning rules.
With Equations 9 and 13-15, the process model parameters



[err] 20 Simlarly, when y(t) 1is decreasing (see Figure 4), u(t) =
Uerr] and, J[err] Rlerr] and R err] are the rate of change of the
process vari abl e y(t) for the corresponding control signals Uerr] and
Uerr], 25 respectively. By solving Equations 4 and 5 for nferr], the
foll owi ng mat h‘g%%&% rel ati onship can be derived: WO 98/ 06016
PCT/ US97/ 12178 - 16- Thus, P¢HESOHI B Bss
gai n constant can be determ ned by conparing the rising and falling
-rates of change in the process vari abl-agy(t). Since the process is an
I nt egr al type of process, the process should follow a straight 5 line
under a constant coam e esuimatedipith aferar loeompubational comphgeidy(t)/ dt

reaches its maxi mmmal mean@!uhlﬂﬁ rul%éSteﬂhlaagcéi-f@s iblge ceppst ant
have rested. %h {)t@ IR eergsed t.o term nﬁ the rising
and falling ra‘t’%%a"bef ecﬁ?a §&. R % i HF 16 AEBibodi ment

shown in Figure 4, there gre fina ¥ nes | abel ed Li ne[err] t hrough
Line[err] which are consecuti \'f'e("a’s?'{ﬁ)‘t otes of the process variable
y(t). T; = Egs. 16-18

T - 1:L+L2/4

o 2t+L

5 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

10 Equations 16 and 17 and can be found in Internal Model
Control, PID Contrxoller Design, 25 Ind. Eng. Chem.
Process Des. Dev. 252-65 (1986) According to the
present invention, the time constant 7 is deflned as a

function of a performance factor «a, where
15 T =oal Egq. 19
The performance factor a is preferably greater

than 1 to cover the degrees of desired performance. For
example, a=2 generates a critically damped closed loop
response. A smaller o generates a more aggressive,
20 faster response and a larger « generates a more
conservative, slower response. Inserting Equation 19
into Equations 16-18, the corresponding PID tuned

control parameters become:
4

K -
FomT,

T; = (2a+1) L Eqgs. 20-22

_ o+1/4
b 2+l

25 The PID tuned control parameters K,, T; and T, can
therefore be calculated by control parameter rule



The sl opes of these lines represent the rising and falling rates of
change in the process variable y(t). 15 The equation for Line[err] (I =

1,2,3,4,5) is given by y(t) = Alerr] + Blerr] where Alerr] is the

sl ope of Line[err], t is time and Blerr] is the intercept of
Line[err]. Each line is calcul ated by obtaining a set of consecutive
| evel sanpl ewoess46016 their corresponding tines and then PEFUSITRNY a

| east 20 squared error fit of the data to a curve. A set of N dat a
pairs (t[err], y[err]) for n =1 to N praoypdes the fol |l ow ng equati ons:
[err] 25 This equation can be solved to estimate A and B while

mi ni m zi ng the | eaistowsiquarzs eitior lomhicohpiesiidnali icomplexity. V¥hO8/ 06016

PCT/ US97/ 12178 performance factor « is provided to circuit 128 through

an input 132 and control circuit 122. 1In the embodiment

shown in Figure 2, the performance factor o is provided

5 to microprocessor 48 by master controller 10 as a
digital value modulated on loop 20.

Example

' The process parameter estimation procedure

reflected in Equations 9 and 13-15 was tested in an

10 experiment. A Rosemount Field Controller (also known as

3095LC) was connected through a EART® modem to a

personal computer (PC) running Intellution® software to

controcl the level process described in Figure 1. The

Intellution® software sent requests to the Field

15 Controller to alternate the control output u(t) between

U, and U, and then continuously received sequential

samples of the process variable y(t) through the HART™

modem. The received data was time stamped, which showed

a variable sampling period between 1.0 seconds and 2.8

" 20 seconds. A sample of the data is shown below and is

plotted in Figure 5 with five fitted asymptotes shown in

phantom:

y,{t) = 0.2311t+38.71 for u(t) -100% when 0<t<17.3s
y,{t) = -0.4034+51.61 for u(t)=0% when 17.3<t<36.25
yy(t) = 0.2378t+26.17 for u(t)-100% when 36.25<t<70.
¥,{t) - -0.4031t+72.90 for ul(t) -0% when70.2<t88.21
¥s(t) - 0.2348t+14.24 for u(t) =100% when 88.21<t<110.

Eq. 23

From this data, it can be seen that the asymptote

25 estimation procedure of the present invention is very
robust since the slopes of each 1line -are fairly
repeatable which leads to repeatable estimates of the
process gain constant and the process lag time, which
leads to consistent PID tuning results.



-17- [err] G ven the equation for each Line[err], the process | ag
tinme L is estimated by finding the time at which two 5 consecutive
lines intersect and then t[err] (such as t[err] tferr], t[err] and
tlerr] in Figure 4) calculating the di fference between the
Intersection tine t[err] and the correspondi ng control output sw tch
time t[err] (NRMWOY6  t[(err], t[err], t[er] and t[err] i RCEUSTATE) __
The equations for 10 two consecutive lines or asynptotes is, [err]

At- the intersection t[err], J[err] . whigh gives, [err] 15

Wth the process gain constant nferr] determ ned by Equation 6, the line

equations for two consecutiif an ALEHNLEE0E efBdb@ImEMed pridce®s Rkadalion 9
and the I ntersecti ng-tl me .t gr;;] ]tzdset Fh@ nceoqle‘rroq_m Equation 12, 20

process esti mati offS&FHPRLIT" 156 & pTOCESs PG L ok St &nt

nMerr], lag tine kcizgdistiAlpret eombinad apf the congmal pfeamgtenscerding to
the follow ng equakhelfated directly as a function of A,, B,, A,, and B,.
) 5 The process model parameter equations are folded into
the control parameter equations such that separate
calculations of the process model parameters are
unnecessary.
In the previous discussion, it has been

10 assumed that the process is linear. For a non-linear
process, such as a process with non-linear valve
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,

15 replaces the estimated value Ug; in Equation 13 for a
more improved performance.

The auto-tuning circuit of the present
invention can also be implemented in a valve controller,
for example. Figure 6 is similar to Figure 2 and is a

20 block diagram of a valve controller 160 which includes
input filter circuit 162, voltage regulator 164,
adjustable current sink 166, current transducer 168,
demodulator 170, A/D converter 172, modulator 174,
microprocessor 176, memory 178, clock circuit 180, D/A

25 converter 182 and actuator 184. Circuit 162, regulator
164, and current transducer 168 are connected in series
with process control loop 186 for receiving the measured
process variable y(t) and modulated digital data, such
as a set point Y, from the loop.

30 DPemodulator 170 demodulates the data and
provides the data to microprocessor 176 for analysis.
Regulator 164 receives power from loop 186 and provides
a regulated voltage for powering the elements of valve
controller 160. Current transducer 168 measures the
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- 18- [err] In a preferred enbodi nent, the del ays
and rates of change for a nunber of up-down transitions and down- up
"transitions are averaged to |l essen the effects 5 of disturbances on the

- measurenents. Equations 13 and 14 are calculated with Alerr] being the
" average of two9s06016l opes for the "down" |ines (Line2 and PCTEsoImM7Ei gure
*4) and Alerr] being the average of the slopes for the "up" lines —

~ (Lirne[err], Line[err] and Line[err] in Figure 4). The lag tinme 10 S

cal cul ated in Equation 15 for each up trad%ition (L[err] and L[err] in
Figure 4) and then avera edtootalna lag tine

L[ érr]. The | aB219%e SUELeRfsolevel ¢y EEJI a’t'édeiPGP e?a%?l ddW& ah8ition

(L[err] and L[ecohverted by A/D converter 172 into digital data for
microprocessor 176. Microprocessor 176 transmits data

over loop 186 by modulating the current through sink 166

5 with modulator 174, such as by the HART® protocol. The

auto-tuning algorithm, control algorithm, process model

and tuning parameters are stored in memory 178 for

confiquring microprocessor 176 to control actuator 184

through D/A converter 182 as a function of the measured

10 process variable y(t) and the set point Yg..

In another alternative embodiment, the auto-
tuning circuit of the present invention is implemented
in a motor control for a pump. This embodiment has a
similar structure and function as that shown and

15 discussed with reference to Figure 6.

The asymptotic auto-tuning circuit of the
present invention has several advantages that are not
present in existing tuning techniques. The asymptotic
auto-tuning circuit generates accurate repeatable model

20 parameters with only simple calculations. The simple
calculations allow the auto-tuning circuit to be
implemented in low-power and low-memory applications,
such as in field-mounted controllers. A 4-20 mA current
loop provides only a few milli-amps after the signal

25 range is subtracted to power all of the electronic
components in the unit. This limits the complexity of
the components and the memory space. A typical memory
in a transmitter may be limited to 8K to 64K bytes, for
example.

30 The asymptotic auto-tuning circuit of the
present invention does -not require wmuch user
interaction. Unlike the Ziegler-Nichols’ open loop
test, the auto-tuning circuit of the present invention
does not require users to establish a stable state



parameters Klerr], T[err] and T[err] accordjyng to sel ected rules.

Al though any suitable set of rules can be used according 25 to the
eoent Igventlonibef@hcrECIthb loigaﬁ 1B6gf %abl )és run laﬂagli(ﬁgge?gt %Eaalaﬁ
model - based control_ t.yning rules. uations.9 an -15  the
process nodel par ar?&lg'ﬁgygto assess % §§?%g%f%a%e conditions.” The 'user
sets up the tuning procedur® by progndbegesinitdzdd with

pr esent

PCT/ US97/

12178

very | ow conput ati Qg a628B! 8%tk Yas desiWeddh TJ,'VQnIiUﬁ% NevdilsLS sdiR@ts a
correspondi ng %f

from

[err

10

15

20

25

30

ntrol . arameters fgécPID contr,o

desired 'performance toxr « and then initiates the
auto-tuning procedure. The auto-tuning circuit of the
present invention c¢an be implemented as a manual
operation or an automatic operation, and it can be
operated in the loop commissioning stage at 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 and starting the tuning exercise
automatically wig:hout: 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
invention generates a guided disturbance of the process.
The consecut-;ive', intersecting asymptotes can be
determined from the measured process variable as the
process variable switches between rising and falling
states, which can be a switch from the rising to the
falling state or a switch from the falling to the rising
state. 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
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
described in the article "Auto-Tuned Fuzzy Logic

ers .can.be derived

To

Figure 4) then averaged to obtain an average "down" lag 15 tinme L[err].
conpensate for the worst case, the overall process lag time L is
estimted as the maxi numof L[err] and L[err]. Equations 13-14 can
easily be nodified to estinmate val ues for a process that is reverse
acting by exchanging Uerr] and Uerr]. 20 . Once the process
_model par amet eWQ IS peen estimated, the paraneters ar & to
cont rol parameter rule circuit 128 which tunes the control



5 where Klerr], T[err] and T[err] are the proportional gain, integral

time and derivative tinme, respectively, of PID controller 104, and T is
a desired cl osed | oop response time constant. The control paraneters
for P, PI and PD controllers are slightly different fromthose in 10
Equati ons 16 and can be found in Internal Model Control PID
Controll er DX@%’R&% I nd. Eng. Chem Process Des. DevPCDYS74R178 (1986) .
Accordi-ng to the present invention, the tine constant T is defined as a
function of a performance factor a, Where2 5 [err]

Egq. 19 The performance factof a is preferably greater t han

1 to cover the degheeslpf dBgsia.ediRer f A BRGHre ke 199<ixar324ﬁ: ml r%

generat es acrit I anped cl ose EGE
generates a nor eh%gﬁéés% \r;;é;g l?ag‘f’ﬁ?by rb’%‘b%‘??fe‘p atgdy byy r?%ﬁr@é‘lce
generates a nor&he aumr@mm jolgcudt opan alespbasesed imsmﬂtmngoEguat i on

19 i nto Equatbafsolba §1lé£@1cﬁ£§r%ﬁmn@éﬁ At %&rone%”%
par amet ers becone; s & 1erd he PI D tuned control parane ers
Klerr], T[ er% and ﬁerr % t’heref ore be cal cul ated by control

paraneter rule Although the present invention has been

: described with reference to preferred embodiments,

workers skilled in the art will recognize that changes

may be made in form and detail without departing from

10 the spirit and scope of the invention. The tuning

circuit can be implemented as a software routine or

algorithm stored in memory for execution by a programmed

computer, such as a microprocessor. In alternative

embodiments, the circuit is implemented in digital or

15 analog hardware. The tuning circuit can be located in

the transmitter, in the valve or in master controller

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

20 configure the transmitter during the commissioning

stage. The tuning circuit can estimate the process

model parameters and tune the control pérameters in

different calculation stages or can fold the process

model parameter equations into the control parameter

25 equations such that there is only one calculation stage.

Other configurations can also be used according to the
present invention.
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- 20- circuit 128 with Imml exity Tmﬁ @EE HAS BEEN

performance factor [err] is prow de 128 t hr ofigh REPLAGER nput
132 and control circuit 122. \mn shown In Figure 2, the
performance factor a i's provi d U owm erobrocessor 48

control | er 10 VHR%860I6 i gj ¢ g vaI ue nodul ated ‘on | oop 20. PerRF s —
Exanpl e The process- paranmeter estinmation procedure
reflected in Equations 9 and 13-15 was tested in an 10 experinent. A
Rosenmount Field Controller (also known as 3095LC) was connected

t hrough a HART[ er riduademctATMED 1S: per sonal conputer (PC) running
Intellution[err] sloftvvare tlgo%foce{so 9}01 g%gaqgghspfgg%%t%ggghgeg in

Figure 1. The Tntell ut err twar e uests to t ield 15
Control ler to altcorraesst hRBrewsh @0F°%H%P“EPP§ '\ﬁgeﬁs a fungtdppiofng

U err] and then coftrddasuslyptecesy achriatlient éahprisingsanpl es of the
process variable y(t) throug HEP& 'ﬁ'é@ﬂseﬁﬂ gggjg 0L IHE gei;{ﬂ dat a

was tinme stanped, which showe period, between 1.0
seconds and 2.8 20 seconds. A?%‘%m’pﬂe ‘Eﬁ“ttri‘n’é d&P&PPE shURﬁr%é‘l‘ovxF%d i s
plotted in Figure 5 with five fi¢étkclSymphnsesgaierdtasn the paattain

ylerr](t) - 0.2311t+38.71 for u e 7

IERORR SRR v L ik EAR
- 0. : or u - ber r r

- -0.4031t+72.90 for u(t) -0% wheiabl@ 2 feteivddB8.3n the y[ prodédsg -

gd23‘2‘§t t14.24 for u (t) - 100% W8R8 & Mlanh 53404 on control

function parameters; and
tuning means comprising:

excitation means having an excitation
output coupled to the control
output for generating an excitation
signal having a waveform that
causes the process <variable to
switch between maximally rising and
maximally falling states, the
rising and falling states having
intersecting rising and falling
asymptotes;

estimating means for determining the
rising and falling asymptotes and
for estimating a process wmwodel
based on the asymptotes and the
intersection between the
asymptotes; and

parameter calculating means coupled to
the estimating means for
calculating the control function
parameters based on the process

model.

—

eet Has Been Reraoed

T



Fromthis data, it can be seen that the asynptote 25 estination pracedyre
of the present invention is We t he | S SHEBT HASCBEEN he
are fairly repeat abl e which | eads to repeatabl e egti natm;_(mgghe :

Conerst ot BTt 2 s MO s

PCT/ US97/ 121 W 98/06016 PCT/US97/12178| N an

alternative enbodi nent, process nodel esti rrat ifon circuit 126 and™
control paraneter rule circuit 128 are conbi ned and the control
paraneters are calculated directly aé%a function of Alerr], Blerr],
Alerr], and Blerr]. 5 Thenprogess aodel,hana %{raeﬂua“ ns,atg fpl ded
into t he control ara ter equations such t separat e

cal cul ati ons of t'H¥ e otRi iR iRget BRRNS, €°mPrlSGﬁne@9§%%1r yfor

In the previous diex@memng atshes Peandl8n imsstospd BhaE the ﬁi@fx@s is
linear. For a nof}d i RERiing ahHiPBEBESs %rﬁ?ggct S&C%%g V\’kéf}gv(v)ln I near

val ve characteristics and head pressure e on the va t he
actual stable std&PEEEBIEPHosition dur| ng nor nal cl osed | oop control

at the end of tine sequence t[err] Iac es ma e alue Uerr]
in Equation 13 for e{%:l?j ?r%m’c tt SJ \] The

aut o-tuning circui ta{ﬂ] ,.es(eg{t )2 Y eyiey

for n = 1 to N, where N is a number of samples of the
process variable, t,; is the time at which each sample n
is taken, y(t,) is the process variable at time t,.

3. The process control apparatus of claim 1
wherein the estimating means defines the rising
asymptote with an equation y(t) = At + B, where t is
time, y(t) is the process variable over time, A, and B,
are a slope and intercept of the rising asymptote and
defines the falling asymptote with an equation y(t) =
At + B, where A, and B, are a slope and intercept of the
falling asymptote.

4. The process control apparatus of claim 3
wherein the excitation output waveform has a level U,
during the falling state of the process variable and a
level U, during the rising state of the process variable
and wherein the estimating means estimates a process
gain constant m, according to the expression:

m - g
2 1

5. The process control apparatus of claim 4
wherein the excitation waveform causes the process
variable to alternate between the rising and falling
states and wherein the estimating means determines the
asymptotes of each of the rising and falling states and

This Sheet Has Been Re,

.



I nvention can also be inplenented in a valve controller) ‘
Figure 6 is simlar to Figure 2 and Is a 20 bl ock diacﬁm%m&\%ﬁw
controller 160 which includes rcuit {162

regul at or 164, adj ust abl e quI“Iﬂ‘M“H"ﬂﬂallmurrent fransducer 168,
denodul ator 170, A/ D converter nodiH attor 174 m cro rocessor 176,
menory 178, clwWemsasiécui t 180, D/ A 25 “converter 182 and ad

Crcuit 162, regul ator 164, and current transducer 168 are connect ed
in series w th process control |[oop 186_for receiving the nmeasured

process variable y(t) and nodul ated digital data, such as a set point
Ylerr] , fromthecinamat¥2 the slope A,Dénpdtbakapred§lomieneditet etn the

data and prov des the _Q?ta@e;:?gop&égglréogf o%7§hé Y; AR ¥BdSes

Regul ator 164 recef %s po rom rovid regu at ed
vol tage for poweriamdthbecbtepntR. oIS v vaverage c‘tfnt‘i‘f&ﬁ 2}oPss. of GRS ent
transducer 168 neagiiesnd ates. -22-

anal og current level y(t) i (ra].al Ooé)réc%@s WOLGN-d1S appaier H8d Awif B

converter 172 into digital m cropr ocessor 176..M croprocessor
176 transnits dat awhereiydwhel §¥pita851¢R FHSHPHLarRYGEHR MitchRe f‘ﬁg'&fbh si nk
166 5 with nodul aipsr Lildkrels toh aasebynd hEewARHtelar switohotibhe tgfhand

auto-tuning algorithm contol 2 9eL11iWY BLGREESdPIGhtersect at an

intersection time t,; and wherein the estimating means

estirates a process lag time L based upon a difference
between the intersection time t;,; and the switch time
toy-

7. The process control apparatus of claim 6
wherein the estimating means estimates the process lag
time L according to the expression:

L= - tom 221 ¢
mr” teT 24 SW

8. The process control apparatus of claim 7
wherein the excitation waveform causes the process
variable to have a plurality of rising-to-falling
transitions and a plurality of falling-to-rising
transitions and wherein the estimating means estimates
a sample process lag time L, for each rising-to-falling
and transition and a sample process lag time L, for each
falling—to—“rising transition according to the expression
in claim 6, averages the sample process lag times Ly,
averages the sample process lag times L, and determines
an overall process lag time as a maximum of the averages
sample lag times Iy and L.

9. A smart field-mounted controller which is
powered by a process control loop and controls a process
through a control output signal as a function of a
measured process variable, comprising:

This Sheet Has Been Replaced




and tuning paraneters are stored in nenory 178 for configuring _

m croprocessor 176 to control ‘actuator 184 t hrough D) A converter 182 as
a function of the measured process the set point Y[err]
In anet her alternative errbodl msnt |m‘mﬂmlm||“|l11M|“ ng circuit of the
present invention is inple = |t aLmoworscontrol for a punp. This
enbodi nent h3¥0 /06016 sj I ar structure and function as t h&CTARYMIIENd 15
di scussed with reference to Figure 6. The asynptotic
auto-tuning circuit of the pr esent i@% ntion has several advantages
that are not present in existing tuni g techni ques. The asynptotic

auto-tuning circuit generaggs ffhit- @hgp[,gpe@it@ylg nogkef i AlledPagdmeiers with
only sinple calculations. The si al cul ations a gw t he

auto-tuning circuit to be i tté’dtf’ﬁ PHRETBWSCER AL | bRPReRA y
appl i cations, such as in fifdd- megrtieing ompowelk| esclelly 4£20mmithair r ent

loop provides only a few mlli-ampsaf @hetBe sbghal 25 range is
subtracted to power all of the eI ectronic conmponents in the unit. This

linits the conplexity of 2 CPREF RENE8Y oA PTIE ST F5E Y 2B PECEPPYE t ypi cal
menory in atransmtter mayaid |lamdatnod SkutpubdK Bhéeesinf orhe

exanpl e. ,30 ] The asy”@&%f&ll@ﬂ BehEPétE@s CdHeC‘c':'othEltBEt ut
present invention does not require i nt.eracti on Unli ke

the Ziegler-Nichols' open | oopSighal gz th? P'r'é’néﬁf’é PR Yy 18 FEEPPR t he
present invention does not tequithe usmasswredestpidesds a shabhklest at e

received on the process variable input

and based on control function
parameters;
a tuning circuit comprising:

an excitation circuit having an
excitation output coupled to the
control output, which generates an
excitation signal that switches at
a time tg, between a first 1level
with which the process variable
varies in a first direction along a
first asymptote and a second level
with which the process wvariable
varies in a second direction along
a second asymptote and opposite to
the first direction, wherein the
first and second asymptotes
intersect at a time tgy;

an estimating circuit coupled to the
process variable input, which
estimates a lag time L of the
process in response to the.process
variable, wherein L = tpyr - tg; and

a parameter calculating circuit coupled
to the estimating circuit and the
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-23- before the open |loop test is run-and—imnsStead has an ability
to assess the stable state conditions. The use& !E!‘s sets up the tuning

procedure by providing initial m“ \L s desired Uerr] and
Uerr] levels, selects a 5 desi red\\m or a and then initiates
the aut o- W %rocedure. The*aufo- ‘tunl ng circuit of PHEUSIMZTE
present invention can be inplenented as a nanual operatl on or an
automatic operation, and it can be opetated in the | oop conm ssioning
stage at system 10 initialization, or at any other tine the user w shes
to tune the | oop. For autonatic operwdl omrduie, amhdichunialgulates

citcuit is capable of bringing the pregess.iftodb! unctiorf! ‘b%‘}aFchEPS set
poi nt and starting the tuning exercisge autorratl cally without th

user's involvement. Wth 15 nanual P74 &5 bhe 3% t&?@rbtﬁqdnﬁgnf'ﬁ%l
process vari abl e cl ose to the sefumotiiun a—naleshemna‘i nitiates tuning

t hr ough master controllgr, Q. Coué)leaeéo thzh%o?:‘&Blt%{anQuﬁEﬁ uit of

t he present - invention generat di sturbance o ess.
20 The consecutive, inter secFilﬁﬁ“’-'é\%ynﬁ{‘b‘flés SEaRes pethe GQPEF?& ned
fromthe measured process vari ablfenasidie paramprecgssandr italel e centiehes
between rising and falling Srfﬁ}xgéloﬂ"”} hscan be a switch fromthe
rising to the falling state or swi_.tc fsromthefalllngtothe rising
25 state. UnlikelBtosed | ddf F@Fﬁ%/ SO BPupked FantFehdes ot clagmpg,
frequency domai n t ehbhéipethe t hepyt-esepluti Rieshionis coafibgleed esd rbeted to

operate within a d?BLBf‘Qd Zt?cpetfxﬁo Bgs‘oaes]% ;Osgnmlog 1§§§9’E M?f{t? 1%3%%9&822& a

u(t) disturbance o
auto-tuning 30 cfremi the sg’é‘i"fﬁalc‘émst}%lmﬂrP%nﬁ‘t’?““r@pea?@é’ﬁ?ewéﬁﬁ #Bust .
It can be used to foue-wird nodocpassacettersl flaopB. Pl, PD, PI D and ot her

types of controllefs Such ag fWERY¥alAkererminGRItLALhE SarancSubaghe fuzzy

| ogic controllers are
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
switches consecutively between a rising
state and a falling state;
determining a rising asymptote of the
measured process variable in the rising
state;
détermining a falling asymptote of the
measured process variable in the falling
state;
determining a time t,, at whlch the rising
and falling asymptotes intersect; and
tuning the function of the process control
system based on the rising and falling
asymptotes and the time t, at which the
asymptotes intersect.



I mpl enent ed
| ocated in

10. Master cp FQWWSM@? .

a renote | ochtome

confi gurat or & 4#’?&
connissioning
par aneg er%ug

described in the article "
PCT/U897/12178

ACC Conference 1994, Baltimore : - Maryland, which is hereby
i ncor porated by reference.

Aut o- Tuned. Fuzzy' Logi ¢ WD 98/ 06016

-24- Control, " by J.

The auto-tuning circuit can al so be used in

mul ti-I oop control applications, such as matrix contro\/}, [ﬁ
cascade cont r o¥P&$/e016 ) Al t hough the present in ng?{ as been
described with reference to preferred enmbo nts, workers skilled in
the art will

recogni ze that changes may be made in form and detail

wi t hout departing from 10

the spirit and scope of the invention. The

circuit can be inplenmented as a software roufi ne or

al-gorithmstored in nmenory for execution by
such as a mcropr

(}egsor

UIHI L dl

pro%armed ~~._conputer,

In alternativ odi nent s, th‘e\cwcwt S

The funing circuit, can be
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different cal culation stages or can fold the process nodel paraneter
equations into the control paranmeter 25 equations such that there is only

one cal cul ati on stage. O her configurations can al so be used according
. to the present invention. -25-  WHAT
. IS CLAIMED | S: 1. A process control apparatus for conké )05'7@%_131
process t hr ouli® W08kt r oI out put signal as function of a sur pr esess
. variabl e, conprising: control unif aving a process vari abl e input
.and a control output, wherein the control unit
. generates the control out put signal on the control output
- in response to the neasured process
variable received on the process variable input and
based on control function paraneters; and t uni ng
uni t conpri sing: excitation unit having an excitation
out put coupled to the_ciyntrol out puteof Ofp@€ENerating an
excitation NQ signal having a waveformMhat] 3
causes the process WathhLe_Lof_-_-' —————— SWi-t-6 = n maxi nal |y
rising and maximally falling states, t he
rising and falling statgs paving=—-———-—-—==——=—- -

Q N
S NI§| |
3 N

4
INPUT

REGULATOR

40
r
|
|
|
{
|

+ |
—-'-‘
—
I
1
|
|
1
|
|

42

DEMODUULATOR

—\ Moo ATOR |

|
I
I
I
I
|
I
|
l
l
I
I
I

=
f\j
PJ
| ]
| I &g
| E S
| X
an
N |
' Y
\ U«
| B
I K’
1.
L




intersecting rising and falling
o estimating unit for determning the
- asynpt ot es and

asynpt ot es;
rising and falling
for estimating a process nodel

' based on the asynptotes and the i ntersection bet ween
t he asynptotes; and paranet er cal cul ating

. unit coupl ed WD 98/06016 the estimating - unit PCTUS§74RIT8
calculating the control function 3 par anet ers based on the

. pr.ocess model . -26- 2.
- The process control apparatus of claiml wherein the estimating wunit

conprises wunit for determning a slope A an§ﬂﬁn i ntercept B of the rising
and falling asynptotes according to the follo g expression: [err] for
n=1to N where Nis a number of sanples of §§e process variable, t[err]
Is the tine at which each sanple nis taken,EF*[err]) I's the process

variable at time t[err]. 4
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3. The process control apparatus of claiml wherein the estimating
uni t defines the rising asynptote with an equation y(t) = Alerr] +
Blerr] where t is tine, y(t) is the process variable over tinme, Alerr] and
Bl[err] are a slope and intercept of the rising asynptote and defines the
falling asynptote with an equation y(t) = A2t + B2 where Alerr] and B2 are
a sl ope and i nWeA¥8816 of the falling asyrrp&z# e. 4. Th ‘5‘]/% 478
control apparatus of claim3 wherein the e tati on output waveform has a
| evel Uerr] during the falling state of the process variable and a | evel
U2 during the rising state of the process variable and wherein the
estimating unit estinmates a process gain constant nferr] according to the
expressi on: [err] 5. The process control apparatus of claim4
wherein the excitation waveform causes the process variable to alternate
between the rising and falling states and wherein the estimating unit

determ nes the asynptotes of each of the rhgl?g and falling states and

-27- ,calculates the slope Alerr] in the exQfession recited in claim4 as
an average of the slopes of the rising st at & and the sl ope A2 as an

average of the slopes of the trj
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falling states. 6. The process control apparatus of claim3 wherein
the excitation output waveformswitches froma first |level to a second

|l evel at a switch tine t[err] and the rising and falling asynptotes
intersect at an intersection tine t[err] and wherein the estinmating unit
estimates a process lag tinme L based upon a difference between the

i ntersection tWoesmepsrr] and the switch time t[err] 7. PCTABIPRbBess
control apparatus of claim®6 wherein the e§(5nat|ng unit estinates the
pr.ocess lag tine L according to the expression: [err] 8. The

process control apparatus of claim7 wherein the excitation waveform causes
the process variable to have a plurality of rising-to-falling transitions
and a plurality of falling-to-rising transitions and wherein the estinmating
unit estinates a sanple process lag tine L[err] for each rising-to-falling
and transition and a sanple process lag tinme L[err] for each
falling-to-rising transition according to the expression in claimb®,

averages the sanple process lag tines L[err] ages the sanpl e process
lag tinmes L[err] and determ nes an overmgdd procé?%

lag time as a nmaxi mum of
the averages sanple lag tines L[err] an [ err]. QEh A smart
field-munted controller which is p by a cess control | oop and .
controls a process through a control=\byt S|Jg;$ as a function of a
measur ed process variable, conprisingi t;
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-28- gan i-nput - out put circuit con‘flgured to be md to he procesz7 ,

ol 150 oo o o MU P e

control output, wherein the controller génefat®es * he control (745
signal on the control output in response to the neasured process
vari abl e recei ved on the process varbgble i nput and based on
~control function paranmeters; a tufifng circuit conprising: an
excitation CI AT 1o RRWIMED 13D . excitation output coupled to

t he conNtrol_ output, which generates an exci tat i on signal
that switches att- P PrPREsE| ePRFrob AnRarAts ifox cpafgprlling a

with which the preeess ¥hrbaghea control o‘ﬁ%blu@ssﬁ.gnalfaési feinc@GloroBfal ong
a first aeyr;pltote and a second h' th which the
process vari abl & measured process; Pfaﬁlgg SndCBT“PE&FFBQ aI ong a

~second asynptote and opposioherbd unit havimg 4 iprsicesis variablewiapatn t he
first —and second = asynptobgy . contidd¥ 'SEGhue! AwhdPEihlethb

an estimating circuit coupled to thé
: control unit generates the control

output signal on the control output in
response to the measured ) process
variable received on the prccess
variable input and based on control
function parameters; and

tuning unit comprising:

excitation unit having an excitation
outpﬁt coupled to the control
output for generating an excitation
signal having a waveform that
causes the process variable to
switch between maximally rising and
maximally falling states, the
rising and faliing states having

o intersecting rising and falling

— asymptotes;

W ' ~ estimating unit for determining the
rising and falling asymptotes and
for estimating a process model
based on the asymptotes and the
intersection between the
asymptotes; and

parameter calculating unit coupled to
the estimating unit for
calculating the control function
parameters based on the process

model. _ :
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procegs yari able i nput, which - estimates a lag t | REPLACEMENT SHEET

U ey - tertand "% par ad AMRAREID i o™t Soui e ©' "

to the estimating circuit and the s oo - 29-
~control circuit, which cal cul ates the control function
paraneters based on thg ag time L and control

~function rules; and a nmenory coupled to the control and t-uning
circuits Mh'Chz stores ?98&&9& control appar&HﬂStHQP RarAmet @rs and
. the control unctigon rules. 10. smart fj el d-nounted

"controller of cl‘“’iierﬁeg-f\/m%l n SBheTRLIRE. o M CFPE'BF'ELSF§ cdtfittyur £€8%t o be
~coupled to the HeReewSiniagt aOlklopepa whidchani Sntereepedsf b@nthbergsang

. consisting of two-wire,.three-wre and four-wire prqQces ontr I S.

A method of det & nfAYLLHS; n@s}ﬂ?'éﬂg?%r a‘f%?rét rb‘fo%’ess%g%nt %8?5'8§/’§?‘§m
“whi ch control s expressdent:hrough a control out put signal as a function of a
. measured process variable and a set p L t he net hod

[A_ Ztny(t)-z:t Yyt

B Nztj-(z tn)z Zy(tn) Etnztﬂy(tn)-

for n = 1 to N, where N is a number of samples of the
_ process variable, t, is the time at which each sample n
o is taken, y(t,) is the process variable at time t,.
3. The process control apparatus of claim 1
wherein the estimating wunit defines the rising
asymptote with an equation y(t) = At + B, where t is
time, y(t) is the process variable over time, A, and B,
are a élopé and intercept of the rising asymptote and
defines the falling asymptote with an equation y(t) =
A,t + B, where A, and B, are a slope and intercept of the
falling asymptote.
4. The process control apparatus of claim 3
wherein the excitation output waveform has a level U,
during the falling state of the process variable and a
level U, during the rising state of the process variable
and wherein the estimating unit estimates a process

gain constant m, according to the expression:

A, -A
0,-0,
S. The process control apparatus of claim 4

wherein the excitation waveform causes the process
variable to alternate between the rising and falling
states and wherein the estimating unit determines the
asymptotes of each of the rising and falling states and

REPLACEMENT SHEET
2 1 FEB 2000




conprhsi §g: varyi'ng the cont rcTI\uerHl—gﬂm over ti mMREPLACEMENT SHEET

Sonaect] vel'y betusen a'ri ot ng | M) IIII"HIHIH il and & falling state

determining a rising asynptote of the asured process

variable in the rising st at e; determnlngafalllng
asynptote of the nmeasur ed _pracess variable in the falling
st at e; determining a time t[err] at which the rising

and falling asmfc@tl%%elsnttﬁ{eseglop@nd in the dipvegide feoittédniaf the
process control

asynpt ot es and SRe™ nﬁstT’érarvje%g bﬁﬁ ”ngeof ‘ctd gl%q'q’?:w%lt 1—_29,

i ntersect. and the slope A, as an average of the slopes of the
falling states.
6. The process control apparatus of claim 3
wherein the exeitation‘output waveform switches from a
first level to a second level at a switch time tg and
the rising and falling asymptotes intersect at an
intersection time t; and wherein the estimating unit
estimates a process lag time L based upon a difference
between the intersection time t;, and the switch time
teu-
7. The process control apparatus of claim 6
wherein the estimating unit estimates the process lag
time L according to the expression:

L=ty toym 2200 ¢
. INT SW Al—Az SW >

8. The process control apparatus of claim 7
wherein the excitation waveform causes the process
variable to have a plurality of- rising-to-falling
transitions and a plurality of falling-to-rising
transitions and wherein the estimating unit estimates
a sample process lag time L, for each rising-to-falling
and transition and a sample process lag time Ly for each
falling-to-rising transition according to the expression
in claim 6, averages the sample process lag times Ly,
averages the sample process lag times L, and determines
an overall process lag time as a maximum of the averages
sample lag times L, and L. .

9. A smart field-mounted controller which is
powered by a process control loop and controls a process
through a control output signal as a function of a

measured process variable, comprising:




