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T e present invention relates to an industri al process controller with
adaptive bias, which can be 5 i npl emented in | ow power and nenory

applications, such as in field nmounted control units.

Fi el d mount ed Y8 ¥ units include various devi ces, K1896/14309

transmtters, actuators, transducers, swi tches and st and-al one

controllers. Field nmounted 10 control units are used in process control

systens to control the process, neasure process variables and to

generate outputs representative of the E#ocess vari abl es for

conmuni cation to central con®RAPTAIVE BLAS JCONTROIEREB| el enents (e.g.

val ues) over process control %§¥mﬁ. S E0PRIE i ncl uded two-wre,
three-wire and four-wre er | oops have al so
been used, such as opti cal F%ﬁﬁ’bt f‘Pé’&ﬁéhE? reddtes| to an 11“6’6‘-5%1”13

Fi el d nount ed conprotesmi tonaral mpxurwiwh | adaptive bias, which can be
) 5 implemented in low power and memory applications, such

as in field mounted control units.

Field mounted control units include various
devices, such as transmitters, actuators, transducers,
switches and stand-alone controllers. Field mounted

10 control units 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. values) over process control

15 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 radio frequency control
loops.

Field mounted control units are mounted in a

20 field area where current and voltage 1levels are
typically limited to provide intrimsic safety. The
units are often powered over the control loop. A
separate transducer senses each process variable and
provides the sensed variable to a transmitter for

25 transmission to the central controllexr. Controllers can
be located in a central control room or in the field and
monitor the transducer outputs toc generate appropriate
control output signals. Control output signals are
typically sent over a separate control loop to remote

30 actuators, such as valves, which control the process
according to the control output signals. In certain
applications, controllers select the most appropriate

. set of instructions for process contrel egquipment.



20 field area where current and voltage |levels are typically
Fimted to provide intrinsic safety. The units are often powered
over the control | oop. A separate transducer senses each process
vari abl e and provi des the sensed variable to a transmtter for 25
transm ssi oRyd9ilefy central controller. Controllers can pchgsokadzgs ed in a
central control roomor in the field and noni tor the transducer outputs
to generate appropriate control output signals. Cont r ol out put
signals are typically sent over a separat e control loop to renote 30
actuators, such as valves, which control®™the process according to the
control output signals. rnl Brefldgdiication@PRhkCaiadlhi QAT EQELFES sel ect

t he nost approprlay%ﬁﬁ set o{ énstnuctlgms forlgr cess contro

equi prent . inclu §7F¢r%39ql function which provides the control

PCT/ US96/ 14509 output signals to the remote devices2directly, thereby |n one

appl i cation, t(%s%‘l%@ the ckhEfhl contrdN@des & LRPNOhURELLON Whi ch

provi des the c . .
5 can also be located in the other field control elements,

such as valves. This type of control unit is referred
to as a field mounted control unit and is disclosed in
more detail in Warrior et al., U.S. Patent No.
5,333,114, which is herxeby incorporated by reference.
10 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
which the controller is used. Several basic control
algorithms exist, including Proportional {P),
15 Proportional-Integral (PI) Proportional-Derivative (PD)
and Proportional-Integral-Derivative {PID} control
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
20 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
a function of K,. Other types of PID control algorithms
exist, such as parallel and serial equations. These
25 algorithms have corresponding parameters which are
similar to the ideal-type parameters. The control
parameters are tuned based on a model of the underlying
process to operate the process optimally.
SUMMARY OF THE INVENTION
30 A process controller controls an integrating-
type process, such as a level process or flow control
with a pulse duration output, based on a measured
process variable and a set point. The process
controller includes an error generating circuit, a non-



output signals to the renote devices directly, thereby bypassi ng the
ceptral—cont+ot--er—A—cont+el—feretromr—5S—camratso—be—tocated—TmtHhe other

field control el enents, such as valves. This type of control unit is
referred to as a field nounted control unit and is disclosed in

nore detail in Warrior et al., US. Patent No. 5,333, 114 f‘j@ ‘fb'lqud
her eby i ncor p¥PATMMy reference. 10 The control orithm or
equati on performed by the controller in the transmtter or in the
central control roomis specially tailored to the process in

which the controller is used. Several a%"r c control al gorithns

exi st, |nclud|n Proporti onal (P, Proporti aI-Inte ral (Pl)
Proportional - ﬁFénEPDfm‘tml arﬁi-rqﬂll(‘ipof‘f‘fion%q‘- Iarf{] Dgr1 Bfative

(PID) control cucualtgor | Thérserdfde genénafmngecdntcuhe generateal gorithmis
determ ned by copitgl ﬁ?&ﬁgf%apsreﬁ oﬁ%%ﬁ‘%eﬁeﬁ&é]be nr l'hé"%r:r&)%rﬂhl:

whi ch correspond t0 the-propor {1 onal i nt egra
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algorithm sl n fieraterl aCEirsdScoktesl |signal as reflucedon f ghe
proporti onal bandvparrgﬁ &h . PBaph aqﬁgrﬁve biad f&%hhen?Q&szewas Q her

types of PID corft rithns such ara and seri al
equations.  Thesdugs toalts i F‘h‘h%roha‘ﬁégnéérre%ﬁﬁ)nﬂﬁﬂﬁu’ﬁ%ﬁlaﬁto&esgs whi ch

are simlargd a1 | ggal tﬁgpegdmr PHiner.s. THRbBe Biud rotalue is
paraneters are tuned bas nder Ss to
operate the pr o&f&se ?’er aaterH)aS aogun& ot g@ é"@u%%ﬁ&? sa:&ﬁﬂé%l NVENTI ON
30 10 ﬂfqm:@c@@@ sanor@ismalcmds Z&/Oi-nt egr at i ng- type

process, such as a |level RBhOSKES enblodik@Wt;Oothé dias valuket s aagiddecduration
output, based On a r?:l.rst c%ntrol signal to generate a second control

signal which is used to control the process. The bias

value is selectively updated to equal a steady state

15 level of the second control signal when the error signal
exceeds a selected maximum error band. The updated bias
value forces the error signal toward a predefined error
band such that the measured process variable closely
tracks the set point.

20 In another embodiment, the bias value is added
in the error generation circuit such that the error
signal is the sum of the measured process variable, the
set point and the bias wvalue. The bias wvalue is
selectively updated to equal this error signal at a

25 steady state when the difference between the set point
and the process variable is outside the predefined error
band.

The adaptive bias circuit provides a tracking
feature in the controller without the use of an

30 integration term. This eliminates undesirable limit
cycling caused by a double integration which occurs when
an integration term is used with an integrating-type

process.



process variable and a set point. The process controller

l-ncl udes an error generating circuit, a non- WO 97/ 11414

PCT/ US96/ 14509 - 3- i ntegrating
control circuit and an adaptive bias circuit. The error generating
circuit genewginsiadd error signal based on a differenger®gisnasy t he
set point and the neasured process variable. The control circuit 5
generates a first control signal as a function of the error signal.
The adaptive bias circuit adds a bias value to the control signal, the
measur ed process variable or the “set point. The bias wvalue is
sel ectively updated as ag DR Rl trgguqﬁs ' g 10 force the
error signal toward zero Lment, the bias val ue

is added to the firEtIBERt ol i anglaEGaﬂeﬁérﬁeléV%%cé‘t‘P&té'ﬁﬁt r ol
si gnal whi ch i ssysteth t accormtirgd the queocesbodihenti @€ the yalesents

sel ectively updgigdtigpequal a steady state
) 5 Figure 2 is a block diagram of a transmitter
shown in Figure 1, which includes an adaptive bias
controlier according to the present invention.
Figure 3 is a diagram of the adaptive bias
controller.

10 Figure 4 is flow chart which illustrates a
procedure for updating a bias value in the adaptive bias
controller.

Figure 5 is a waveform diagram illustrating an
auto-tuning stage and a closed-loop adaptive bias

15 control stage according to the present invention.

Figure 6 is a block diagram of a valve having
an adaptive bias control unit according to the present
invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

20 The present invention is an adaptive bias
process control system which is computationally simple
such that the system can be implemented in a low-power
field-mounted control unit in a process control system.
The control system performs a closed 1loop, non-

25 integrating control function over the process through a
control output signal as a function of predefined
control parameters. An adaptive bias circuit adds a
bias value to the control output signal which is updated
when a difference between the measured process variable

30 and a user defined set point exceeds a maximum erroxr
tolerance band.

Figure 1 is a diagram of one embodiment in
which the process control system of the present

invention is wuseful. - The process control system



15 l evel of the second control signal when the error signal exceeds
a—seteeted—rd-mH-eror—banrg—FHRre—apaated—bras————val ue—foreces—the error

sy gnal toward a predefined error band such that the nmeasured process
vari abl e cl osely tracks the set point. 20 I n anot her
enbodi nent, the bias value'is added in the error generation circuit
such that theVyH14 signal is the sumof the neasured 14509
vari abl e, the set point and the bias val ue. The bias value is
selectively updated to equal this error signal at a 25 steady state when
the difference between the set point -&nd the process variable is

out side the predefined error band. The adaptive bias

circuit provides inaluses; master conggphleri 10+ HEadeRdtser k2 wittdul 4t he use
of an 30 int egrlaiy&nvhabm 16 T4 cﬁiﬁpﬁtnataeseumdesmaéﬂa- ldofittroller

cyeling caused by doubl g} 03 °0aLL QUALED- OS5t Be vaile 16

I ntegration termi an’in egra n gt
WO 97/ 11414 through two-wire process contro p@g¢ggghyl45@9 20 can

5 include a 4-20 mA or a 10-50 mA current loop, for
example, which allows master controller 10, transmittex
12 and valve 16 to communicate with one another by
varying the current level through the loop. In an
alternative embodiment, master controller 10,

10 transmitter 12 and valve 16 communicate by varying the
voltage level on loop 20. Concurrently, master
controller 10 and transmitter 12 communicate digitally
over loop 20 in a carrier modulated fashion, such as in
the HART® protocol.

15 Other digital communication systems can be
used, including a Fieldbus Standard which is presently
being adopted by the Fieldbus Foundation and a MODBUS
Standard. Alternatively, 1loop 20 carries baseband
modulated digital signals such as DE protocol. In

20 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 control circuit is disclosed in U.S.
Patent No. 5,258,868, which is hereby incorporated by

25 reference.

Master controller 10 includes a controller 22
and a power source 23 which provide power and control to
loop 20. Master controller 10 can be positioned in a
central control room or in a remote, field location with

30 transmitter 12. '‘Master controller 10, transmitter 12
and valve 16 can be coupled to one another in a variety
of configurations as discussed in more detail in Warrior
et al., U.S. Patent No. 5,333,114.



-4- BRI EF DESCRI PTI ON OF THE DRAW NGS Fi gure

1 is a diagramof a level control system accordi ng to one enbodi nent
éf the present invention. 5 Figure 2 is a bl ock diagram of
atransmtter shown iin Figure 1, which includes an adaptive bias
control ler age®bfip@ to the present invention. PCTHSSE4R0ed 1S A
di agram of the adaptive bias controller. 10 Figure 4 is
flow chart which illustrates a procedure for updating a bias value in
t he adaptive bias controller. Figure 5 is a waveform
diagramillustrating an aut o-tuni ng “§t‘age and a cl osed-1 oop adaptive

bras 15 control stage accgf d'#gg %91&:@? Bﬁési%wh”"i‘?l“irggn e 1, .the
Figure 6 is a block diagramof a valve Flfaw n an adaptiive’bias control
unit according t @agRdtydeffhcurrent|lawimgofhrough logqpETA| r&PY SRSCRA PTI ON

OF THE PREFERREDaEMBREFIMEMNAS AR u(t) which dditrdIesENbwi DNEStE&K ity an
Stch that the sybYcTeapmaPEnEhe peRTI ook s bber raRom PEeE 1 Lt o
control unit 5in Rrpferaly cmiuslessyidisepwn ContThg fonctipn swhkahmiser f or ns
a closed | oop, nedpaBbe of NEQRLIRS | H¥e£O0he Obpd HHIGIIOBOVIRIog D PEQGESS
t hrough a conts{:gl c(:)ut ut, Si f'aol as. a.f ngtionvohgﬂfgef&gue
control paranet e85 %’H‘grp%]\fé'gg] Yy Fé&?{ll dddsVd amount of
current to adjust control output u(t). The position of
valve 18 controls the flow cut of tank 14. Valve 18 is
10 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
fashion. The parallel configuration is referred to as
15 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
measuring a level y(t) of fluid in the tank. The rate-
20 of-change in level dy{t)/dt is a function of the
positions of valves 16 and 18. The process in this
example is a "direct action" process since an increase
in u{t}) causes an increase in yl(t}. In a “reverse
action" process, an increase in u(t) would cause a
25 decrease in y(t). Sensor 24 can include any suitable
sensor, such as an 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
30 be used.

The level control system shown in Figure 1 is
one example of a non-self-regulating process. The
preserxt invention can also be used with other non-self-
requlating processes, such as a flow control with a



bi as value to the control output signal which is updated when a

d+iie;enee—be%meen—%he—ﬂeasu%ed—ﬁ+ﬁeees—vaPPabFe—ee———aﬁd~a—usef—ﬁe+rﬁed
spt poi nt exceeds a nmaxi mum error t ol erance band. Fi gure

1".is a diagram of one enbodi ment in whi ch the process control system

of the present i nvention is useful. The pr
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- 5- i ncl udes master controller 10, transmtter 12, tank 14,

i nput valve 16 and output valve 18. Master controller 10 is coupled to
transmtter 12 and input val ve 16 t htbugh two-wi re process control

| oop 20. Loop 20 can I nclude a 4-20 nmA or_ a current | oop,

10-
f or exanpl e,P‘VoﬁPcﬁuﬁ?‘PcR/Vs°Hﬁ%‘t'%r BReruiehr EiFFéﬂgrﬁrﬁqﬁss 18
and valve 16 to Gogﬁwmeeatenmmhhcbnehanmeasmréq'procesaawyrngb&heydgﬂrent

level through th%d&qo%ontihﬂeago increase or decrease as long as the
- control signal u{t) is not equal to a steady state value
5 Ug (i.e., when the inlet and outlet flows are not equal
in a level process). The mass balance equation of the

level process shown in Figure 1 can be written as:

E'XE(tE’_ - mu{t-L) -mo(t) Eq. 1

The above equation assumes that valves 16 and 18 are

10 linear and neglects a head pressure effect on the
valves. L is the overall process dead time, t is time
and m, and m, are constants corresponding to the volume
flow into and out of tank 14 divided by the area of tank
14. By assuming o(t)} is constant, the following general

1s equation for a direct acting integral-type process can
be derived from Equation 1:

dy(t
_%‘C_). - m(ult-L) - Ugg) Eq. 2

where Uy, is a steady state value of control output
uf{t).

20 Figure 2 is a block diagram of transmitter 12
according to a first preferred embodiment of the present
invention. Transmitter 12 includes a rugged, explosion
proof housing 34 for mounting in the field, input
terminal 36, output terminal 38, input-output circuit

25 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 56. Clock circuit 54 is connected
to microprocessor 48 to sequence the operation of the

30 microprocessor.
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or i Pat ent,
series with one another in loop 20. Input ~output

circuit 40 receives process signals from loop 20 at
input terminal 36 and supplies control output signals
u(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
regulated voltage for powering all the various elements
of transmittexr 12.

The process signals used in generating control
output u{t) comprise set points representative of a
desired process state, process variables produced by the
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 10. Input filter circuit 790
receives the process signals and directs the signals to
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
signals from process variable sensor 52. Sensor 52
measures a process variable y({t]) and provides the
measurement to A/D converter 50 which digitizes the
measurement for microprocessor 48. The process variable
measurements can then be stored in memory 56 for
analysis or transmitted back to master controller 10
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- 6= Hr—the epboetrert—show—+—r—gte—1—t+he———maghi-tude
off current flow ng through |oop 12 represents a control output u(t)

whi ch controls flowinto tank 14 by controlling the position of valve
16. Transmtter referably includes its own control function I ch
S capabﬁ?%?"f'gki Ircl)g over t%e operation of |oop 20 frorﬁ%r%sggfﬁﬁ\é\?er
controller 10 and sinking a variabl e anmount of current to adjust
control output u(t). The position of val ve 18 controls the flow out of
tank 14. Valve 18 is 10 adjusted by a9ralve control signal o(t)
which 1is provided by a transmtter 26 over a two-w re process

control | oop 28 RMPEh 1O9R MRP coupliEaoPEOresgoR0 48n transmgdsa| dEgitak shown
i n” phantom) W t hihfopm@€iom ta waseadeontrolieshioobhrdligh podalilbhebr 46

configurati on i spgf@RLaMh! 829 7K whlcAUlddd0n CADTIWALEAR, odfle val ve
control signal o(t) can al so be praovide a‘by_a Separate 00 Ich is
coupl ed to transhPPPef?12 T #RsAHreTREVS [egpbodgdment, sensor 52 apdensor

24 i's coupl ed t oayBRrdonveritetr 50 arenkasitedExterdd! ty (ranehittsrdian the
Lk e ace 80, eplh: ABIEneld | Y pefULA | fhcsdnd mLIRAP Ly o e
sensor 52 is communicated to microprocessor 48 over loop
20 along with other process variables from different
sensors.

10 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
converter 44 based on a control algorithm or software
routine stored in memory 56 and as a function of the

15 measured process variable yl(t}, stored control
parameters and instructions received from master
controller 10. For example, master controller 10 may
provide a set point Y, or other command to
microprocessor 48 which instructs the microprocessor to

20 adjust control output u{{t) such that the process
variable y(t) approaches the set point Y.

Memory 56 may also include an auto-tuning
algorithm or software routine which tunes the stored
control parameters used by the control algorithm to

25 achieve a degsired control performance. The aﬁto-tuning
algorithm causes microprocessor 48 to adjust control
output u{t) over time and observe a response in the
process variable y{t). From this response,
microprocessor 48 estimates model parameters, such as an

30 estimated steady state control output value Ug,, the
system dead time L and the constant m,, and use the
model parameters to calculate the desired control
parameters for the control function. Although any
tuning circuit or method can be used with the present



exanple is a "direct action" process since an increase in u(t) causes
an increase in y(t). In a "reverse action" process, an increase in
t(t) would cause a 25 decrease in y(t). Sensor 24 can include any
sui tabl e sensor, such.as an absolute or differential pressure
sensor, an Ulwg #ae4kC Sensor or a mcrowave sSensor. O hpernisydRasesOf
sensors capabl e of generating a signal representative of the |evel of
fluid in tank 14 can also 30 be used. The | evel control
system shown in Figure 1 is one exanple of a non-self-regulating
process. The present invention can-also be used with other non-self-
regul ating procesifmtivhth 3&mp1ekoWLopi{ibIW ttuding circuitd 84411414
PCT/ US96/ 14509 . - (- . _pul se duration
output. A non- sd§ENB5uFaR kY IaMegdB ¢ Co-Pendipg aRRLIGAEIAN OfF £AY
measur ed procestvali.abestitldd *Fiedd| BasexhtinogessoComraladmiar wdebr ease as
|?n9 as the Auto-Tuning,* and filed on August 15, 1995, which is
153 hereby incorporated by reference.
Several well-known control functions are
available, such as P, PI, PD and PID control functiomns.
The basic control equation for a PID controller in an

ideal form is,

K, delt
10 u{t) - er(t)+?ffe(t)dc+xprp ed(t) Eq. 3

where K,, T; and T, are control parameters representing

the proportional gain, integral time and derivative
time, respectively.

In some applications, such as integrating

15 processes, P or PD control functions may be preferred

over PI and PID control functions. With an integrating

process, the closed loop control performance of PI and

PID control functions may experience undesirable limit

cycling in the presence of valve hysteresis and friction

20 due to double integration since the process acts as a

natural integrator. Limit cycling occurs as the process

variable oscillates about the set point, which causes

the contrcl signal and thus the control valve also to

oscillate in an opposite direction to counteract

25 oscillations in the process variable. There is no

stable state in the process variable or the control

signal. This compromises process gquality, causes

increased valve wear and affects upstream and downstream

process. Although tuning the control parameters K,, T;

30 and T, can temporarily compensate for hysteresis and

friction in a valve for a level control application,



control signal u(t) S not equal to a steady state value 5 U[err] (i.e.,
Aottt e ~A—a—t-e =ss) - The

ss bal ance equatlon of t he . level process shown in Figure 1 can be

witten as: [err] Egq. 1

The above equation.assunes that valves 16 and 18 are 10 i se@’i‘%p

negl ects a heXPHMd8%yure effect on the valves. L is the overa

process dead tinme, t is tine and nferr] and n{err] are constants

corresponding to the vol une flowinto and out of tank 14 divided by

the area of t ank 14. By assuming o(t)13is constant, the foll ow ng

Lol Trom Eaual gl EVealng' R rdliindad, WILEURidePCaREEBY SlYe OO

Eq. 2 V\herlmd.lf:srg]fmstaost efoly @samelev-al ue of control output

u(t). 20 Fi gur @pe dpﬁeé’ez{& Qakelt f8% 3BRL ek BIWIT EYELidd by
according to a first preferre enbodl rrent of theilg gse nt wéggntlon

Transnitter 12 ink% ng iy PRI Ag

mounting in the frﬁd; onpl]lnas valnm rril,@al 8@6 showpuint dhei nfdl3sying

| nput - out put ci r chjﬁ? 40, denodul ator 42, digital-to-analog (D A)
converter dtor 46, microprocessor 48, anal og-to-digital
(A/D) converter 50 pgpgﬁssxya(ﬁ)abkgsﬁﬁﬁﬂuirg cl ock circudg. %4 and
menory 56. Clock circuit 54 i s connect et to m croprocessor 48 to

sequence the Operallsonv% ue %Rs is adaptively updated during normal

closed loop control to minimize a tracking error

10  introduced by a lack of integration
Figure 3 is an illustration of an adaptive
bias process control system according to one embodiment
of the present invention. The control and tuning
algorithms stored in memory 56 configure microprocessor
15 48 as a process control system. Control system 100
includes summing junction 102, PD controller 104, tuning
circuit 106, adaptive bias circuit 108, and filter 110,
which are coupled to process 112. In one embodiment,
the functions of these elements are performed by
20 microprocessor 48 (shown in Figure 2). Although a PD
type controller is shown in Figure 1, the present
invention is also useful with a P type controller or a
P(D) type controller where the D term is zero.
For a "direct action" process, a process
25 variable set point Yo, is provided to a positive input
of summing junction 102 and the measured process
variable y{t) is provided to a negative input of summing
junction 102, through filter 110. For a "reverse
action" process (not shown), Y. is provided to the
30 negative input of summing junction 102 and y{t} is
provided to the positive input of summing junction 102.
The output of summing junction 102 generates
an error signal e(t) which represents a difference



30 m croprocessor. WO 97/ 11414

PCT/ US96/ 14509 I nput termnal 36 is coupled to master
dontrol ler 10 (shown in Figure 1) while output term nal 38 is coupl ed
to valve 16 (also shown in Figure 1). | nput -out put circuit 40 is

coupl ed betwyemoimpst 5 terminal 36 and output term nal 3JIcTNS96/84508 40

I ncl udes I nput filter circuit 70, voltage regulator 72, current

sink 74 and current sink 76 which are connected in series with one
anot her in | oop 20. | nput - out put _ggtcuit 40 receives process signals
fromloop 20 at 10 I nput term nal 36 and supplies control output signals

u(t) at output twstiwesdl S ased bodati g Ofaddietlé OR@SSured progaaks.
Vol t age regulatorig%fMtfyéyjrﬂggféptgut é¥r£Uitr4o' e e'ge power
fromloop 20 andvapl? G\ ded A regul a%%'balvoﬂage ¥ of ?J‘éﬁé?‘fnt) a?P t he
various el ement scarg-radflerr bk PP aqontxoller 104 includes proportional
gain control block 114, derivative block 116 and summing
5 junction 118. The outputs of blocks 114 and 116 are
provided to positive inputs of summing junction 118.
Summing junction 118 generates a first control output
signal on output 120 that is combined with a bias value
Ugs to generate a second control output signal uft)
10 which controls process 112,

In one embodiment, the control parameters K;
and T, of blocks 114 and 116 may be tuned, or modified
by tuning circuit 106 to match the characteristics of
process 112 and to obtain a desired control performance.

15 Tuning circuit 106 provides an open loop excitation
signal, which varies over time, to process 112 through
switching junction 122. The excitation signal provided
by tuning circuit 106 is used as the second control
output signal u(t) for disturbing process 112 during an

20 auto-tuning stage. Switching junction 122 can be an
actual switch or can be a transfer of control from one
algorithm or software routine to the next. Tuning
circuit 106 then observes the response in the measured
process variable y(t) through filter 110 and generates

25 a model of process 112.

As disclosed in the co-pending Zou et al.
application, the process model parameters Ug, m, and L
may be estimated from the response in y(t) as:

U ReUpgn* RpUyax
EST RR*RF
R
30 m - Re ___Rp  ReR, Eqs. 5-7

YUyax~ Ugsr Upsr=Uvzy  Usax~ Upzw

L = max{Lg, Ly



The process signals used in generating control out put u(t) conprise
set—porfts—t+epresentative of ; :

vari abl es produced by the process, commands and whole or partial
instruction sets 20 for operating mcroprocessor 48, coefficients of
terns for controlllng n1croprocessor 48 and status requests from

master control W8P AMM | nput filter circuit 70 recei veSCEHS%145¥es s
signals and directs the signals to denodul ator 42. Denodul ator 42
denodul at es nodul ated 25 process signals fromthe current |oop and

provi des correspondi ng digital infors#-ion to m' croprocessor 48.

The information can be stored in nenory 56 if desir

M croprocessor 485 Feddtd/ &y ;?r’i?ce"s’ée rising gﬂ%‘stF}WﬁIJrSEE§§ ®&ri abl e
sensor 52. Senseharige 30 theasedAfred pracess variable yth), 13ngad@rqvi des

he o Toasur emeite thdVR SN SHECERT; MO' BDsEl AP AE  and RSUT STON

for mcroprocessor 48 ess var ur efren t be
stored in nenory 3 f Be arearﬁﬁq}’@%‘@ﬁ- t"t‘adﬁé‘mmct%%ﬁ b&ékl‘!“émnm‘ﬂ

controller 1% signal J4i¥k@rbahbéb4 applied to process 112 through

PCT/ US96/ 14509 switching junction 122. The process model parameters

are then used to tune the control parameters X, and T,.

Equations 5-7 are easily modified to estimate a process

in which the process is reverse acting by exchanging U,

10 and Uy;,y. Other process model estimation equations can

also be used with the present invention. Once the model

has been estimated, any suitable set of tuning rules can

be used to tune the parameters, such as internal model-

based control (IMC) and Lambda tuning rules. The

15 process model and tuned control parameters are then

stored in memory 56 (Figure 2} and can be provided to
master controller 10 over process control loop 36.

Adaptive bias control circuit 108 is coupled

between P or PD controller 104 and process 112. Circuit

20 108 includes summing junction 124, ramp and hold circuit

126, switching Jjunction 128 and tracking error

comparator circuit 130. Summing junction 124 has one

positive input coupled to the ocutput of summing junction

118 and another positive input coupled to ramp and hold

25 circuit 126. Summing junction 124 generates the secongd

control output signal u(t) which is the sum of the first

control output signal 120 of PD controller 104 and bias

reset value Uy provided by ramp and hold circuit 126.

Control output signal u(t) is fed back to ramp and hold

30 ¢circuit 126 through switching junction 128. Tracking

error comparator circuit 130 controls the state of

switching junction 128 as a function of a comparison of

a maximum tracking error e,y provided at input 132 and

the tracking error signal e(t} provided at input 134.



-9- over | oop 20. M croprocessor 48 transmts digital

i-nformation to naster controller 10 through nodul ator 46 and current
sink 76, which nodulate the information onto | oop 20. In an
alternative enbodi nent, sensor 52 and 5 A/ D converter 50 are |ocated
external to twoesfster 12. In this enbodi ment, the pryeasssvaes abl e
measur ed by sensor 52 is comuni cated to m croprocessor 48 over | oop
20 along with other process variables fromdifferent sensors. 10
Current sink 74 adjusts control output u(ﬂ_by adjusting the | evel of
current flow ng through | oop 20. M cT opr ocessor 48 operates current

sink 74 through Bhé value wv&g,[,tﬁy% m@@tea l@yC&IE m%rahaarémrﬁeor

sof tware routi ne s%% d té’f’gﬁ P al% nf;tlon o;

measured proces8TOVATE aﬁ??‘f con &g 12 t1|g8Fe oS Er ?r%‘?e%ﬂs and
i nstructions recépvedtérage ngstmemory SécodRigqurd &) .10. For exanple, master

controller 10 may Pr Cotinth ny sahcmbﬂtlié{ qrédréyen%hehecgmri 0
nm croprocessqQr 48 i.ch instructs croprocessor to 20 t%t
)

control output Of(B3Ss FFFeY hé{f"l"‘?héﬂ%r dRedguation, 4. 5 énﬂ?t
approaches the sdnfﬁermtﬁqbrenjuatlon defined by Mzuatyob6 Regndlsdchasncl ude

an auto-tuning so%gp&h @,{e SR Lot |§1gt)v\,h1 cﬂst the stored

control par arreters used Uﬂt/ ol aI gorl t hm achi eve & desired
control perfornmfdE} 'I?Fe odet ¢ cFffﬁ'causes M cr opr ocessor
48 to adjust control out put u(Ugs—axl,gr t| me and observe a reésponse I n
t he €ss K .

» _

10 The tracking error is inversely proportional to K,, and
directly proportional to the difference Ug,-U,;. If the
bias reset value U, is selected so that Uy = Ug, the
stable state tracking error e(t) = egi will approach
zero.

15 Given Equation 8, tracking error comparator
circuit 130 operates switching junction 128 according to
the flow chart shown in Figure 4. When process control
system 100 begins closed loop control of process 112,
switching junction 122 opens. The process model has

20 been estimated and the control function parameters have
been calculated. At step 140, tuning circuit 106
provides the estimated steady state control output value
Ugsy to ramp and hold circuit 126 which ramps Uz to Ugg
for initializing the control output u{t). The estimated

25 value Up may be somewhat different from the real Ug.
Consequently, PD controller 104 receives a tracking
error ef{t) from summing junction 102. At step 142,
tracking error comparator circuit 130 waits a user-
defined time period to allow y{t} and e(t) to approach

30 a stable state. The time period may be any period such
as several seconds or minutes.



process variable y(t). From this response, m cr opr ocessor
48—est+rates—hodet—paraneters—stcias—amr—SO——estt+mated—steady—stat e

cgntrol output value Uerr], the systemdead tine L and t he constant
nferr], and use the model paranmeters to cal culate the desired control
parameters for_the control function. Al t hough any tunj i it or
met hod can be WREW W4 h t he pr esent WO 97/ 11414 POHhuSIeh sy

PCT/ US96/ 14509 -10- i nvention,

exanpl es of suitable tuning circuits and met hods can be found in a

co- pendi ng application of Zou et al.;l%®ntitled "Field Based Process
Control Unit Wth Aut gf“guni ng, " and filed o Augast 15, 1995, which is
5 hereby incorporated by réf&fdncEaiting the seleckrg. Gimge| PeXiRfm

contr _oI functi onstaa@cir_xg exrao bainperatsg:chlm Hegikis, oBPBeawing| EamplE s ol
funetions. THE DAL qent &0 c%&lﬁ?éﬂe%“th@rsénﬂé% @20k Pht Shask @R

I deal formis, ) ,
' tracking error value ey, at step 144. If |e(t)]| is

5 less than e, no action is necessary and tracking error
comparator circuit 130 leaves switching junction 128
open such that bias value Uy is not updated. If {e(t}]
is greater than ey, then tracking error comparator
circuit 130 verifies whether the process is stable.

10 There are several ways in which tracking error
comparator circuit 130 can verify whether the process is
stable. In one embodiment, N samples of erroxr e(t) are
collected, at step 146, which are fit into a curve an+b
with a least square data fitting method where a is the

15 slope, n is the sample and b is the intercept.
Specifically, '

a*'1+b = e(l1)
a*2+b = e{2) Eq. 9

a'‘N+b = e(N)

The above equation can be written imn the

following matrix form,

11 a e{l})
20 2t e(2) Eq. 10
N 1 |tP e(M

This equation is solved according to the least square
data fitting method by modifying the equation by the
following matrix,

12...N
Eq. 11
11...1

25 which results in



10 u(t) = Klerr]e(t)+ [err] e(t)dt + Klerr]T[err] Eq 3 wher e
Klerr], T[err] and T[err] are control paraneters representing t he
proportional gain, integral tinme and derivative time, respectively.

In sone applications, such as integrating 15 processes, P or PD control
fluncti ons maywdernpgmf erred over Pl and PID control fungiiw®éiestd/th an
I ntegrating process, the closed | oop control performance of Pl and

PI D control functions nay experience undesirable limt cycling in the
presence of valve hysteresis and frictiong20 due to double integration
since the process acts as a natural |nt egrator. Limt cycling occurs
as the process vari abl e t the set point, which causes
the control signal and thus t% to osgil | gbe in an
opposite direction to counter Ci E\@Kﬁh in the procéss vari abl e.

There is no stable state in the process variabl e or the control
signal . ~ This ”E!ﬁG@l—éf:&g RHQCEESEr AM@tEiN, arkPUSESY rgreﬁéed val ve
wear and affects ‘upst,ream an dovvnstream process. %ﬂ‘ ou tuning the

control pararreté’r agiopy | thep gayatign eé’t?ﬂ‘e?[err] can tenporarily

conpensate for teresis fand fr| c val ye for | evel control
application, ﬁ 12 E I‘} '1)3: a( Bq. 13

bf  NW-1)| -2 (N+1) Y ne(n) +g (N+1) (2N+1} Y e(a)

5 The terms a and b are calculated, at step 146, according
to the above equation. These terms can be calculated by
simply calculating the terms Le(n}) and Ine{n}. Once a
and b are determined, tracking error comparator circuit
146 determines whether the process is stable. If the

10 slope ja| of the curve is less than a threshold wvalue
a3y, at step 148, the process is stable and is outside
the allowed error band {determined at step 144). The
threshold value a,,, may represent a specified change in
level over a specified period of time, for example. The

15 bias reset value Uy is updated, at step 150, to egual
the present value of u{t) so that the stable state error
function ez will approach zero.

In some applications, such as averaging level
process contreol, a sudden change or *bump" in the

20 conrtrol signal wu{t} will wupset the upstream or
downstream process. Therefore, a "bumpless" update of
bias value Uy is often desired. This can be achieved
with a linear or exponential ramp function to smooth the
bias value and thus the control signal update. In one

25 example,

newly = 0ldUpg+ Rt 1£0<t<T

newlye = Uss ife>T Eg. 14

where,



WO 97/ 11414
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packing friction, for exanple. The present invention r
replacing the integration termin Equation 3 with a 5

limt cycling by

reset or bias value Uerr],” as showmn in the follow ng

o
u (t) = Klerr MMM orr ] T[err] + Uerr] 6%3?"'5?%9’“5“’ Bi as

value Uerr

]

i s adaptively updated during normnal cl osed | oop con

mnimzé a tracking error 10 introduced bg a lack of integration

Figure 3 is an illustration of an adaptivé

bi as process control

according to one enbodi nent _ ﬁi t he present invention. The cont
algorithns stose y 56 configure mcroproceggorig

as- a process control system @®ntrol system 100 i ncl udes sunm ng
junction 102, PD controller 104, tuning circuit 106, adaptive b
circuit 108, and filter 110, whi ch are coupled to process 112.

t uni ng

enbodi nent ,

10

15

20

25

30

Rt e tHectawndfothé esep elmimmtis ahe pend epexrdddby In
another example,

newlyg = Ugg + (01dUps- Ugg)€Xp (-RE) Eq. 16
where R is the time constant of the exponential ramp
function.

If the slope |a] of the curve is greater than
the threshold value a,y, then tracking error comparator
circuit 130 determines whether the product, ab, is less
than zero, at step 152. If so, a>0 and b<0 or a<0 and
b>0, which means that the error e(t) is approaching the
error band. There is no need to take any action in this
case and tracking error comparator circuit 130 returns
to wait step 142.

If ab>0, the error e(t) is outside the allowed
band and the process variable y(t) is moving away from
the set point. In this situation, action is required to
bring the process variable y(t} toward the set point to
avoid possible limit cycling in the load (or demand)
where there never exists a stable control state, such as
when cascade tanks experience load limit cycling. At
step 154, a small offset, Kb, is added to bias value
Ups, where K; is a user-defined integral gain constant
that is stored in memory 56. The offset brings the
process variable y(t) back toward the set point.
Tracking error comparator 130 then returns to wait step
142. This process is repeated periodically to adapt
bias value Uy to load and disturbance changes.

Several other ways to determine whether the
process is stable exist and can be used with the present
invention. For example, a more simplified method

educes

trol to

system
rol and
5 48

i as
In one



20 mcroprocessor 48 (shown in Figure 2). Al though a PD type
controller is shown in Figure 1, the present I nvention is al so useful
ith a P type controller or a P(D) type controller where the Dtermis
Zero. For a."direct action” process, a process 25 variable

set point Y[ e¥d$risaprovi ded to a positive input of sursgTAEEE/ANBe | ON
102 and the neasured process variable y(t) is provided to a negative
i nput of sunm ng junction 102, through filter 110.  For a "reverse
action" process (not shown), Y[err] is prguided to the 30 negative input
of summ ng junction 102 and y(t) is provided to the positive input of
sunmi ng juncti onid®dlves collecting N TEBEmslEsPUSf OEhe UBRLBE eURGt iag@ 102

gener at es e ELEfinsigd WPheflidy YL CBehEPLERRIY SyRALILET ERCR R,

WO 97/ 11414 : 450
-12- bet wegamples d&t spather Whan 2 Shuesheldadmeed Bf Resdben

the process is stable. Since the process is stable, and

5 the error is outside the error band, as determined at
step 144, the bias wvalue U, is updated with a ramp
transition to equal the present value of u{t}.

Figure S 1is a waveform diagram which
illustrates the adaptive bias operation. Waveform 180

10 represents the magnitude of the control ocutput uf{t) over
time. Waveform 182 represents the magnitude of the
process variable y(t}) over time. From time t, to time
ta, tuning circuit 106 disturbs control output uf(t},
observes the measured process variable y({t}, estimates

15 the steady state control output Ug,; and other process
model parameters and then tunes the control parameters
K, and T,, as discussed above. It should be understood
that the tuning procedure and the tuning circuit 10€ are
optional with the present invention.

20 Adaptive tuning of bias value Uy, begins at
time t,. At time t,, tuning circuit 106 provides the
estimated steady state control output Uy to ramp and
hold circuit 126. PD controller 104 then begins
controlling the process. As mentioned above, the

25 estimated steady state control output Ug,, shown at 184,
may be somewhat different than the real steady state
control output Ug,, shown at 186.

At time t,,, the process variable y(t} reaches
a stable state with a tracking error eg greater than

30 ewx- A tracking error band of 2e.,x is shown at 188
along waveform 182. At time t,;, bias wvalue Uy is
updated to the real steady state control output Ug with
a ramp function, shown at 186. The process variable



variable y(t). Error signal e(t) is provided to PD controller 104. PD
c ert+ott+er—104—neludes p ' ' - -
derivative block 116 and sunmng 5 junction 118. The outputs of bl ocks
114 and 116 are provi ded to positive inputs of summ ng junction 118.
Summing junction 118 generates a first control output si gnal on out put
120 that is cHYAd#4nith a bi as val ue Uerr] to gener SP6249nd
control output signal u(t) 10 which controls process 112.

I n one enbodi nent, the control paraneters K[err] and T[err] of blocks
114 and 116 may be tuned, or nodified -1%y tuni ng circuit 106 to natch

t he characterl stlc cess 112 and.to obtain _a desired control

f
per f or mance. O ‘Hbe’}:ﬁ%ﬁ e85 G5 5o vT AR & PTRTEN 190 Pdcd) 038 éh

signal , which varuzeaaclmxw eroE, eiothabcibssldds thamegh . swi t chi ng
junction 122. The excitatigp %lg,@altz rogl q@gtur ang¥ Bgnlﬂ}g,cgggcqgadl% S
or

used as the second contr ol Sﬁ? di'sturbi_ng process
112 during an 20 ©B a&iﬁ%"f:ﬁﬁirﬁgl%t%ess tch? d:"]“l'}ﬁE’th-Sﬁ 1% Rramgse an
actual sw tchs or twen precessreansiarleol (chnts a newostabslke stateal gorig2ym or

sof tware routine Vta_q?gxg trad iy ir Qfet t he
response in the r%gsur é’ §*&on rocesusllg\l/lgr}lz(i f Cﬁ cetlhrgugﬁ%ﬂ%)ter 10 and
generates 25  a GRARILING eﬁFBEe%s 342192 is greater thapsegi s $x3&E 1% t he
co- pendi ng Zou etexidor compapgtiorcatinfuit he3pr atlesesTosiel tqiar apet erxﬁ

derrd. merr] aghdaces biT8Y r28eESHAIRL o8,  E8TLLNE "ERPAUNRS dbnk
10 output steady state value Ug with a ramp function,

shown at 194. Process variable y{(t) reaches a new
stable state, at 196, which has a tracking error eg

that is less than eyy-
In an alternative embodiment, the adaptive
15 bias value is added to the measured process variable
y(t) or the set point Yy, as opposed to the control
output signal u{t). In this embodiment, the summing
junction shown in Figure 3 is removed and an error bias
value ey, is added to summing junction 102. Equation
20 4 for PD control would therefore not include the term
Ugs - The input of switch 128 is coupled to e(t), as
opposed to u({t), to feed e(t} back to ramp and hold
circuit 126. The output of ramp and hold circuit 126
provides e, to summing junction 102. As a result
25 summing junction 102 operates according to the following

equation,

e(t) = Yoo~y {t) + €p7as Eqg. 17
In this case, the control goal is to force y{t) = Y,
that is e(t} = eu,¢. At the steady state, e{t) = eg4,

30 yit) = Y. If €4 is updated to equal ey, then Y is
forced toward Y, in the above equation for the same
reasons as were discussed with reference to Equation 8.
The error bias value eg,; is updated in the same manner



30 m = [err] Eqs 5-7

L = max(L[err], L[err]) WO 97/ 11414

PCT/ US96/ 14509 - 13- where R err] and
Rlerr] are the rising and.falling rates of change in the neasured
process vari demnyds), L[err] and L[err] are the risi ngrandsiedte i Ng
system dead tines, and U err] and U err] are sequential maxi num and

m ni nrum control 5 signal disturbances applied to process 112 through

sw tching junction 122. The process nodebgparaneters are then used to
tune the control paraneters Klerr] and T[err]. Equations 5-7 are

easi |y nodi fi edatso tdst ibimase valmeodRs sdescribed \whiove .t heltpr=ixaslsd ilse r ever se
acting by exchaQ&HggsELgar&hgé)théu%%gﬁgﬂwgdducgggrugﬁgceﬁgegnggke timation
equati ons can al.so be used wt resent invention e nodel

10

15

20

25

30

includes adding positive or negatlve terms such that the
addition may in fact be a subtraction.

Adaptive bias control eliminates the primary
disadvantage of a lack of tracking ability in
traditional P and PD control systems. The adaptive bias
control of the present invention is simple, robust and
adaptable for unexpected process disturbances and load
changes. Since the adaptive bias control requires only
simple calculations, it can be implemented in devices
having limited power and memoxry, such as field mounted
process control units. For example, a 4-20 mA current
loop leaves only a few milliamps 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 space that can be implemented
in the unit. Typical memory transmitters available

today are limited to BK to 64K bytes, for example.

The adaptive bias control 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 valve control unit
200 which includes inpur filter circuit 202, voltage
regulator 2084, adjustable current sink 206, current
transducer 208, demodulator 210, A/D converter 212,
modulator 214, microprocessor 216, memory 218, clock
circuit 220, D/A converter 222 and actuator 224.
Circuit 202, regulator 204, and current transducer 208
are connected in series with process control loop 226
for receiving the measured process variable y(t) and
modulated digital data, such as a set point Yg,, from

the loop.



has been estimated, any suitable set of tuning rules can be used

. as.

to
nd

a}nbda tuni ng rul es. The 15 process nodel and tuned control paraneters
ar stored in nenory 56 (Figure 2) and can be provided to
10 over process control |oop 36. Ada tive

e then

master controller
rol cWOAYIMI408 is coupl ed between P or PD conPFHIUFHY 14
Crcuit 20 108 includes sunm ng junction 124, ranp and hol d

bi as cont

process 112.

circuit

conpar at or

1

26,

switching junction 128 and tracking error

coupled to the output of summ ng .juncti 18 and anoth osit
i nput coupl ed to ranmp and HTPSHALOE %cﬁ't de'@%iU?tg nta'"i ﬁé?gorf’"ié

generat es the secpmdvides thetdata ot putcrippoedesser) 20hi Ebri analgsssm of
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u(t

COﬁ&geiae& %4 %eaébeég;%@r @Qoﬁorasgléz%r ﬁ%@&&@é@s

reset value Uerr

CII’

4 and

circuit 130. Sunmming junction- 324 has one positive i nput

prov]
b FeSH e NG YR i ORI Jhe UERERFS 356v3 I ough
swi tchi ng junéti onodfBol UmitckiGly Currentorrawsiareat @08cinegsuted 3the
controls the stat
conpari son of

the tracRPRYCEFeDr ¥ §/8 c@’("(?“fﬁ‘bv? dl‘&‘E°|‘P|’Fﬁ&t ajy data Ptor

fnflog cu%nttChEQGeiU’}F@ﬂ)onﬂxze’l@épa z‘zasnct WRScR! £
Xi nmum trac error e[err] provide
microprocessor 216. Microprocessor 216 cransmits data
over loop 226 by modulating the current through sink 206
with modulator 214, such as by the HART® protocol. The
auto-tuning algorithm, control algorithm, process model,
tuning parameters and other user-defined constants are
stored in memory 218 for configuring microprocessor 216
to control actuator 224 through D/A converter 222 as a
function of the measured process variable y(t} and the
set point Ygg.

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
the spirit and scope of the invention. For example, the
adaptive bias value can be added to the control output
signal, the measured process variable or the set point
value to move the tracking error e({t) toward zero. The
adaptive bias control 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 analog hardware. The
control 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 or at a
remote location near the transmitter or wvalve. The
control circuit can be used with any suitable tuning

dat 1np ut 132
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-14- The value of e[err] nmay be selected by the user and can be

provi ded by master controller 10 (Figure 1) over |oop 20 for storage
in nmenory 56 (Figure 2). . Summ ng Junction 124 represents the
addition 5 woabligs reset value Uerr] in Equation 4. PR fiRednishe
differential equation defined by Equations 2 and 4 has a solution at
the stable state, y(t) = Y[err], u(t) = Uerr], e(t) = e[err] and
de(t)/dt = 0. Therefore, e[err] = [err]

Eq. 8 10 The tracking error is i nver'sze%-y proportional to Klerr], and
di re;:tlyI pr OBFrtem_ id o?irh?le%taﬁeg %mh ; ULé[sEfEﬂneUb%M] -kn'o{wrr]xt hﬁeglert—b'b fs
reset value Uery] is selected 50 tha err] .= Jerr . st abl e
state tracking eﬂ%‘?&at)"pgné 8PP RS E‘ﬁbf’%‘écﬁtﬂe '“°li§£?5§ Ziggler-

G ven Equati on 8Nithalcki fyeguencycdopaimt trlosed lopptumnetidl, aperndiees

swi tching junctigpe Ja8 RAGAHEeR0 1h0the copdifiilOWppRaEhe SHOWLAdY Llagur e 4.
When process _control gaﬁstem 1ggﬁ§$gl%0| oseg | pop control of process
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been cal cul at ed. At step 140, tuning circuit 106 provi des the
estimated -st-eady—stat-e--Cont+oel—etipet—yat-te———=~fer+] to ranp—and—hete
cigrcuit 126 which ranmps Uerr] to Uerr] for initializing the control
out put u(t). The estinmated 25 val ye.J-e++—re B mewhat different from
the real Uerr]. Consequent |y, P[DHSc&HEjE@ ‘%5 E@i receiv . L(l ng
error e(t) frSR¥MMng junction 102 At REPEACEMD, tra%’ﬁﬂ é?s?

conparator circuit 130 waits a user- getined tine period to aIIowy(t)

and e(t) to approach 30 a stable state. The tinme perio
such as several seconds or nminutes. ~23- VO 971"“’””'“@”]"') m’o
PCT/ US96/ 14509 - 15-

waiting the sele ' I : t racki ng error conpar at or 130 begl ns

observing sanpl est. of @ poocess ronphdot apparas ushiors gapteslhindg arhe
maxi. mum tr acki il Rl iQly-tgbeepeblEsE . baked!l 8B W ineasulreli® (gddcdss

variable and a set point, comprising:

error means for generating an error signal as
a function of a comparison between the
set point and the measured process
variable;
non-integrating control means coupled to the
error means for generating a first
control signal as a function of the
error signal; and
adaptive bias control means for adding a bias
value to at least one of the first
control signal, the measured process
variable and the set point as a function
of the error signal.
2. The process control apparatus of claim 1
wherein the adaptive bias control means includes means
for monitoring the error signal and for selectively
updating the bias value when an absolute value of the
error signal exceeds a selected maximum error.
3. The process control apparatus of claim 2
wherein the means for selectively updating includes
means for selectively updating the bias value according
to a ramp function.
4. The process control apparatus of claim 2
wherein the adaptive bias control means is coupled to
the non-integrating control means and includes means for
generating a second control signal based on a sum of the
first control signal and the bias value and wherein the
means for selectively updating updates the bias value to
equal the second control signal.
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5 less than e[err], no action is necessary and tracking
conparator circuit 130 | eaves switching junction 128 lmmml“p “lll#““l

Hi as value Uerr] is not updated. |f_Jle(t)]

t hen tracking error conparator |mg|SHEEB(HASeBEEm=s whet her the
process is Stabhbhrieid Therg are ggmgx(}ﬂ{} ways|in vweghsdsiiaeki ng
error conparator circuit 130 can-we+++y—whetter (he process is
stable. In. one enbodi nent, N sanples of error e(t) are col | ected, at
step 146, which are fit into a curve an+by,_ with a | east square data

fitting nethod where a is the 15 slope, n is the sample and b is

t he 2i ntgrcepE :2)5. Spemfnhealwocess cont:rol appariths+JdE -cEiin 2

a * + - e * * % _
o(N whereirythe adaptixSinids cORtERl JTRMRAT FyRied Yo'

foll owi ng nmatri xtherayror m¢ansg|and inghidesqugarisorfars prsviagdngeddvadi ng to

the | east squarepias gagmalitdi Bgrbet hednBy WBdirbyhn@nkhereguatidmby the
fol I ow ng mitrlXgenerates the error signal based on a sum of the set
point, the measured process variable and the bias value,
and wherein the means for selectively updating updates
the bias value to equal the error signal.
6. The process control apparatus of claim 1
wherein the adaptive bias control means comprises:
means for collecting N samples of the errox
signal and determining whether at least
one of the N samples exceeds a selected
maximum error;
means for fitting the N samples to a
polynomial eguation an + b, where a is
the slope of the curve, b is the
intercept and n is a variable
representing the number of the sample;
means for updating the bias wvalue when at
least one of the N gsamples exceeds the
selected maximum error and the absolute
value of slope a is less than a selected
maximum slope.
7. The process control apparatus of claim 6
wherein the adaptive bias control means further
comprises:
means for updating the bias value to equal a
sum of a past bias value and a selected
integral gain constant K. multiplied by
intercept b when at least one of the N
samples exceeds the selected maximum
error, the absolute value of slope a is
greater than a selected maximum slope
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and a product of slope a and interxcept b
is greater than zero.

The process control apparatus of claim 1

wherein the adaptive bias control means comprises:

9.

means for collecting N samples of the error
signal and determining whether at least

one of the N samples exceeds a selected

maximum error;

means determining a variance in the N samples
and for updating the bias value when at
least one of the N samples exceeds the
selected maximum error and the variance

is

less than a selected maximum

variance.
A field-mounted control unit powered over a
process control loop for controlling a process based on
a measured process variable and a set point, comprising:
input-output means adapted to be coupled to

the

process control loop and for

receiving power from the process control

loop;

microprocessor means coupled to the input-

output means and comprising:

error means having an input for

receiving the measured process
variable and the set point, wherein
the error means generates an error
signal as a function of a
comparison between the measured
process variable and the set point;

non-integrating control means coupled to

the error means for generating a
first control -signal as a function
of the error signal; and
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5 The ternms a and b are calculated, at step 146, accordi ng “
above equation. These terns can be cal cul ated by si mpl ‘t\mqw g‘ﬁ m“\‘
the terns [err]e(n) and [err]ne(n). Once a and b are d

tracking error conparator -circuit aes whet her the process

i's stable. Wwod¢nead0 slope |a|  REIEETHAS B&N bss t hamcayusterasdol d

val ue alerr], at step 148, the Epg\g@ stablfe and i s outside

the allowed error band (.determ ned = e t hreshol d val ue
alerr] may represent a specified change_lzg_ Ievel over a specified
period of tinme, for exanple. The 15 bias reset value Uerr] is updated,

at step 150, to equal theaﬁpaﬁ_am biabucorirdl( mkafs fdintaddifgsaabl e
state error function e[err] wil la SRR %achoz%rto a In some
applications, such as averagi ng Ieve rocess &Sn?'f ofi® °§u88%n change
or "bump" in the 20 control mgrfdlrs‘lu(cp)ltrﬂniwl%ﬁ)betthet measupsdream or
downst ream process. Therefore, a " vaypdple a{a the saltagoyﬁl;ue

Uerr] is often desired. This can} T %Qh%‘ﬁgn of £ 1,2 5' 'fﬁ%ga%

exponential ramp function to smoot i I'aS™ value an
control signal update. In one 25 aaéanple, newJerr] = ol dU[err] +

Rt if Oferr] t [err] T a memoReWdhpléed to W mlicroprocddsdr medns.
Egq. 14 wher e, .
10. A process control system for controlling a
process based on a measured process variable and a set
point, comprising:
a process control loop;
a controller comprising:
error means having an input for
receiving the measured process
variable and the set point, wherein
the error means generates an error
signal as a function of a
comparison between the measured
process variable and the set point;
non-integrating control means coupled to
the error wmeans for generating a
control signal on the process
control loop as a function of the
error signal;
adaptive bias control means for adding a
bias value to at least one of the
control signal, the measured
process variable and the set point;
and
means for selectively updating the bias
value as a function of the error
signal; and
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exanple, 5 newJerr] = Uerr] + ‘%y Efy padIBEEN]
Eq. 16 where Ris thé time consfahtt ggXponept i al agg
function. WO yi1i414 I f the slopei|a E S grp(ﬂ' ait:0

the threshold value a[err], then tracking error conparator 10 circuit 130

det er mi nes whet her the product, ab, is |less than zero, at step 152. if
so, a>0 and b<0 or a<O0 and b>0, whi ck7feans that the error e(t) is
approaching the error b i d pLon in
this case and tracki ng girl?lo? -Q(%g’ ggré c‘f?cu%gels%o uFﬁé‘E to
wait step 142. | }oem>whi¢hecoptsple( the sPr@GFP§Fdé'19c ha

al | ened function of the control signal.

n\ i



band and the process variable y(t) is noving away from the set point.
| mthrs—srtuoationm—act+on—t+s—regqurret—to———=hrt-ng-—the—pr 0Ocess—vari-abl e
y@§t) toward the set point to 20 avoi d possible limt cycling in the | oad
(or denand) where there never exists a stable control state, such as
when cascade perience load limt cycling. At step 154, a small
of f set, K[errf@%l 1s“‘i')!(:{dded to bias val ue Uerr], where RFE’PF’]‘“i‘%”’a
user-defined integral gain constant 25 Y§hat is stored in menory 56. The

of fset brings the process variable y(t) back toward the set point.
Tracking error conparator 130 then returns to wait step 142. This
process is repeated periodically to adapt bi as value Uerr] to | oad
and di sturbance changes. 30 Several other ways to determ ne
whet her the process is stable exist and can _be used with the present
i nventi on. For exanple, a nore sj tﬁog'—-_ VD977 11414
PCT/ US96/ 14509 23 ; |
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involves collecting N sanples of the error e(t) and determ ni ng
whether the stati+st+eal—vartanceof—the—sanptes s sSnater—than a-
threshold value. If so, then the process is stable. Since the process
is stable, and 5 the error is outside the error band, as determ ned at
step 144, the_bi alue Uerr] is updated with a ranp Bébehidedn tO
equal the pre‘!@ﬁfﬁ'\’& ue of u(t). Figure 5 isrgfwavé orm

di agram whi ch illustrates the adaptﬁvg bi as operation. Waveform 180 10
represents the magnitude of the control output u(t) over tinme.
Wavef orm 182 represents the nagnitude of the process variable y(t)
over tinme. Fromtinme t[err] to tine t[err], tuning circuit 106

di sturbs control output u(t), observes the measured process variabl e
y(t), estimates 15 t he steady state control output U[erh%ia d gfher

process nodel p ers and then tunes the control a S
Klerr] and T[err], as\drsjcussed above. It should be under stofl I t
t He tuning proceduregan.d e..t.lJ.niJlg_c.i.Lc.ui_LJ..O.ﬁ_ar_e.____.opﬁmal with {he
present invention. 2 Adaptive runrtrg—of—bras- yal e Gﬂerr]cr;
begi ns at time {[err] .—-At—tme~tfetrr* t uni RG Qi Ngi t|105 prdvi d
estimated steady state cdntiro qggput

126. PD controller} 10 g
menti oned above, the 25

shown at 184, y be do at dif -nlléteady state
control output Uerr], shoWin bBJ186. nﬁ t[err]}, the
process variable y(t} reacHes as R tracking ‘error

e[err] greater than 30 /feﬂerr . At d of|2[err] i s shown
at 188 §? . —

b

clock

MEMORY




al ong waveform 182. At time t[err], bias value Uerr] is updated to
t he—reat——steady—state—controt—output—tferri—nrth a+anp furet+of—
shown at 186. The process vari able WO 97/ 11414

PCT/ US96/ 14509 y(t) then reaches a new stable state 190 which has
a tracking error e[err] that is less than e[err]. At
time tlerr], é'%i?’é't‘&‘bance or process | oad change occur’scrmPWess
112. PD controller 104 brings 5 t he pr%@%ss variable y(t) to a new

stable state, at 192, by varying control output u(t). Since the stable
state tracking error e[err] at 192 is greater than e[err], tracking
error conparator circuit 130 closes switch 128 and updat es bi as reset
value Uerr] to equal the real control 10 out put steady state val ue
U-err] with a ranp function, shown at 194. Process variable y(t)
reaches a new stable state, at 196, which has a tracking error e[err]
-~ on
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that is less than e[err]. In an alternative enbodi nent, the

adaptive-15-bias val ue i s—addet—t+o—the—reastr-ed—process—vari able— -

y(t) or the set point Y[err] as opposed to the control out put si gnal
(t). In this enbodiment, the summ ng junction shown in Figure 3 is
renoved and an error bias value e[err] is added to suqq%%%mb? Jion
102. Equati YP¥HI414, (5 PD control woul d therefore not include the term
Uerr]. The input of switch 128 is codﬁﬁed to e(t), as opposed to u
t), to feed e(t) back to ranp and hol d circuit 126. The output of ranp
and hold circuit 126 provides e[err] to summ ng junction 102. As a
result 25 summ ng junction 102 operates according to the foll ow ng
equati on, e (t) - Y[err] - y(t) +e[err] Eq. 17
In this case, th ontrol goal is to force y(t) = Y[err], that is e(t)
= elerr]. At t ady state, e(t) e[err], 30 y(t) = Y[err]. If
e[err] is updated tdg [€ tngn Y[err] is forced toward Y[err]
in the above equaticn2%é$$¢23'gé*QkST reasons as were discussed with
reference to Equation 8. e 1ne error bias value e[err] is updated in the
sane nmanner 42
WA/T7
/44
Y
le@ <G
7
/46\ N
(OLLECT N SAMPLES OF &(t)
CALCULATE a AND b '
/52
Y
154
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- 26———as—the—btas valdve—trerr—descr+bed—above—t+t—shoutd—te—
understood that the terns "add" and "sum' used herein i ncl udes addi ng
poesitive or negative terns such that the addition may in fact be a
subtraction. Adaptive bias control elimnates LJRr

di sadvant age ngyﬁ‘bf:k of tracEi ng abilgmy in traditi OF]%‘PS aksg;le
control systens. The adaptive bias control of the present invention is
si npl e, robust and adapt abl e for unexpected process disturbances and

| oad 10 changes. Since the adaptive bias control requires only

sinple calculations, it can be inplenented in devices having limted
power and nmenory, such as field nmounted process cont units. For
exanple, a 4-20 mA current | ogp es only a few m |Tianps after the
si gnal range 15 IS subtracted togqpp al | of the el ectr@§ c conponents
in the unit. This limts the D ity of the conponents and
the nenory space that can be inpleneh in the uni Typi cal nenory
transmtters avail able t oday ar &g ited to 8K to 64K bytes, for
exanpl e. 20 The adaptive bigslicontrol «circuit of the

present invention can also be inplenenfed in a val ve control unit, for
exanpl e. Figure 6 is simlar togy Figure 2 and is a§§|00k di agram of a

11%

val ve control wunit 200 whi chelngt s input filter rcuit 202,
vol t age 25 regul at or 204, adjus\ﬂoﬁghcurrent sinlf 2 current
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transducer 208, denodul ator 210, A/ D convertér 212, no {2;[,,50

ptee |1 Lﬁqewmmsm ’Cafeggge”mesrp 199
2

are ‘cofinettel in geries Wlt pr o@EBLAGKINt rol |l oop 2 _
rece| VI ng the neasured process vari aees=pttr—amd nodul at ed di gital
data, such as a set point Y[err], from -2%he |oop. WO
97/ 11414 PCT/ US96/ 14509

-21- —%e%%d%;%m—z%—demdul ates the data and provi des

the data to microplecessor 2A% findustmliykiprocess &egttal oappldateseifves

power from | oop Zzéoﬁef'oﬁﬂré Q?lslnté%%r%@%ﬁetegnﬁgé{:ﬁggl cDeoé@nggdt he

elenents of valve 5 contr unit fansducer neasure t he
anal og current |ev@R At )measunssh Precedsi cvariable anshverteetbypaint,

converter 212 int oc&hgriﬁngiata for
a two-wire process control loop;
error means for generating an error signal as
a function of a comparison between the
set - point and the measured process
variable;
non-integrating control means coupled to the
error means for generating a first
control signal as a function of the
; error signal;
: adaptive bias control means for adding a bias
value to one of the first control
- . signal, the measured process variable - -
and the set point and for updating the
bias "value as a function of the error
signal; and
a field device coupled to the two-wire
process control loop, which controls the
industrial process as a function of the
first control signal and the bias value.
2. The industrial process control apparatus of
claim 1 wherein the adaptive bias control means includes
-means for monitoring the error signal, and selectively
updates the bias value when an absolute value of the
error signal exceeds a selected maximum error.
3. The industrial process control apparatus of

@,

claim 2 wherein the adaptive bias control means
selectively updates the bias value according to a ramp
function. '
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m croprocessor 216. M croprocessor 216 transm ts dat m&&[GIJ&SO

oo a2, e curvent throuoh ! MEYH I UKL il or 2APEAAISZE, SEP 199

L

pgocess nodel , tuni ng paraneters and ot her user-defined constants are
stored in nenory 218 for configuring mcroprocessor 216 to control
actuator 224 through D/ A converter 222 as a245 function of the neasured
process variable y(t) and the set point Y[err]. Al t hough
the present invent4on has b&he indutsdrilbgirodesls cendredcapmatefserafed
enbodi ment s, YOI S2S KiHd:Alnl Meddeaah t%le' Hi880 Wb AheahBNG 20
may be madelnformand detail w thout dep fPom e spirit "and

scope of the inverfidutedse etk’@nﬁpe-lpﬁegranama@@m:f@bumaw u’é‘%hhiet?e
added to the cont nn(darmJtﬂa:u-t generat §Ag/a ddoriaonted1P50§R88F Madéd e DI

t he set point he tr I ng_ernror tovvard ero._ The 25
adaptive bias contro CI E:glﬁl fﬁ%‘l %%mf%km gﬁg biasgryatie |‘ad'ﬁ{1| ne
or al gorithm stor @&electimedyy fupdatesexeths i oiblby a pabgeamtmj ceyualer,
such as a m Crs‘iiﬁéi:%‘i‘x%%ﬁ'ilgj Pgl Bﬁ%?ﬁéva‘\r! &L@ghe 1, the circuit

is inplemented in digital ‘control circuit can
be | ocated in the3ransnittd&he W“Strﬁﬁé PEPgEss: CPRtKadt aPPazatrsl Iofr 10.

Mast er control |l er elaiml02 Cmebazhomdadﬁ?&fénbiab CHHtIL rReaher i a

renote | ocation n @3{ tter or va control cirgcuit
can b& used with g’%&é a%se means anJ includes means £C

S providing the b:.as signal to error means, wherein the
— error means generates the error signal based on a sum of
the set point, the measured process variable and the
bias value, and wherein the means for selectively

updating updates the bias value to equal the error

signal.

6. - The industrial process control apparatus of - ..
claim 1 wherein the adaptive bias control means
comprises:

means for collecting N samples of the error
signal and determining whether at least
one of the N samples exceeds a selected
maximum error;

means for fitting the N samples to a
polynomial equation an + b, where a is
the slope of the curve, b is the
intercept and n is a variable
representing the number of the sample;

means for updating the bias value when at
least one of the N samples exceeds the
selected maximum error and the absolute
value of slope a is less than a selected
maximum slope.

@,
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WO 97/ 11414 L 596/ 1} 6/]_450
-22- circuit or nethod, such a Tl HAOwRENIieg er- C
open-1 oop tuning nmethod, the nodified ol T Ni 4SSEP 19
damai n (cl osed | oop) nethod, or the 40l
application referred 5 to above. ernatively,
can be used without a tuning circuit. _ag5.
-23-

esed in the copendi ng
the present invention

7. The industrial process control apparatus of
claim 6 wherein the adaptive bias control means further
comprises:
means for updating the bias value to equal a
sum of a past bias value and a selected
integral gain constant K; multiplied by
intercept b when at least one of the N
samples exceeds the selected maximum
errér, the absolute value of slope a is
greater than a selected maximum slope
and a product of slope a and intercept b
is greater than zero.
8. The industrial process control apparatus of
claim 1 wherein the adaptive bias control means
comprises:
means for collecting N samples of the error
- signal and determining whether at least - =
one of the N samplés exceeds a selected
. maximum error; _
means determining a variance in the N samples
and for updating the bias value when at
least one of the N samples exceeds the
selected maximum error and the variance
is less ‘than a selected maximum
variance.
9. A field-mounted control unit powered over a
'aprocess control loop for controlling a process based on
a measured process variable and a set point, comprising:
input-output means adapted to be coupled to
the process control 1loop and for
receiving power from the process control

Q

loop; _ -
microprocessor means coupled to the input-
output means and comprising:

. ||IIIII| IIIIII IIIII IIIII ll IIII
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WHAT |'S CLAIMED | S 1. An industrial process control 96jr14 50
C(_Snt rolling an integrating-type indu fﬁzb L O : ded on e
I"s

pgocess variable and a set point, co a two 24SEP 199
cgntrol | oop; error neans f an_grror signal as

a function of a conparison between the set point and the
measur ed process vari abl e; -26- non-integrating control
means coupled to the error nmeans for generating a first

control signal as a function of téwror means hawimgor sagndinput for
adaptive bias control neans for addi ngr&éyﬁgng the measurdd ugrégegge of
able

the first control signal, the asured process var ]
and the set point and for selectively Variable and the ges pagnthewbeasinal ue
as a function of the erriHe @irddd meafi8 generatesdanf&flér

device coupled to the two-wre . proce control | qop,
whi ch controls the i ndudthgngl pr3Bess® asstsémﬁ%gﬂ"i on°8f tfRe
first control signal and the bias val semparison b@hweenduthei ahepsuareds

trol apparatus of claim1l wherein | ' 0 F I
[ nel udes. e geostimre s et o PRl (e
cqup

I ncl udes neans for nmonitoring the err0r signal, a ective
bi as val ue when an absol ute val uRW-iNteIFALIRIFoRETOk MEADES edcted

maxi mum error. 3. The industri alther enassr ciedn®| fopPYetidtating a
' first control signal as a function
of the error signal; and
adaptive bias control means for adding a
bias value to one of the first
control signal, the measured
process variable and the set point
and for updating the bias value as
- a function of the error signal; and . ..
a memory coupled to the microprocessor means.
10. An industrial process control system for
controlling an industrial process based on a measured
process variable and a set point, comprising:
a process control loop;
a controller comprising:
error weans having an input for
receiving the measured process
variable and the set point, wherein

——
™
T’

)

' the error means generates an error
signal as a function of a
comparison between the wmeasured
process variable and the set point;

non-integrating control means coupled to
the error means for generating a
control signal on the process

S e
T eooser



cl.aim 2 wherein the adaptive bias control neans selectivel ymﬁsgtée, 14 50

bi_as val ue according to a ranp function.
-25- 7. The industrial process. control apparatus of ersm 199

t ke adaptive bias control neans further conprises: means for
updating the bias value to equal a _27- sumof a past bias value
and a sel ected I ntegral gain constant Klerr] nultiplied by
intercept b when at |east one of the Noontrol loop as sgnpﬁl?&f&gegflstﬁge
sel ect ed maxi num error, the absol ute value of slope a I's
greater than a sel ected nmaxi num sl ope €XTOr signal; 4nd a product of sl ope
a and intercept b | adapteite bilaBagontrol neans for aB8ing a

i ndustrial process control apparatus gf. i ereint daptive bjas
control neans Yidd Adlde V08" 8RE ¥ ALEPLLNES]

gignal, the @measured process
variable and the set point; and
means for selectively updating the bias
value as a function of the error
signal; and
a field device coupled tc and powered over
the process control 1loop, the field
device controlling the process as a
- function of the control signal.
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conpri ses: means for col l ecting N sanpl es ofREféLACEMENT SHEET

si.gnal and detern1n Lunast
-excetds a sel ected ‘ﬂ‘ “ ‘““\ i mum error;

vari ance.in the N s

and for updat
en -at. Ieast one of the N sanples exceedp
sel ected maxi mrum error and the vari ance I B
sel ected naxi mum vari ance. A fi el d-npunted Pnnfro
. unit powered over a process control IoopZPor controlling a process based pn

a nmeasured procesmaTvaki ebhemahdrg. set point, conprising

| nput - out put neans adapte 0 be coupled to he process
control loop 4&nd for An industrial ?é%%?%?n§°55ﬁ%} PPBﬁF?ﬁ%spfﬁﬁess
control controllliagpin mtegratmgnww&nd&ssaﬁ.aﬂrqmﬁcwbhgddt o the

| nput - on a ,Rg;g‘y}ege%@% e%% CooRt ﬁigg:and a set point,
comprising: :
a two-wire process control loop;
error means for generating an error signal as
a function of a comparison between the
set point and the measured process
variable;
non-integrating control means coupled to the
error meane for generating a first
control signal as a function of the
exrror signal;
adaptive bias control means fof'adding a bias
value to one of the first control
- signal, the measured process variable .--°
and the set point and for selectively .
updating the bias value as a function |
of the error signal; and
a field device coupled to the two-wire
process control loop, which controls the
industrial process as a function of the
first control signal and the bias value.
2. The industrial process control apparatus of
claim 1 wherein the adaptive bias control means includes
means for wonitoring the error signal, and selectively
updates the bias wvalue when an absolute wvalue of the
exrror signal exceeds a selected maximum error.
3. The industrial process control apparatus of
claim 2 wherein the adaptive bias control mweans

selectively updates the bias value according to a ramp
function.

a_



- 26- ) error
recei ving the neasured process
pbi n¥, wherein
signal as. a
measur ed
non-integrating control
for generating a

of the error signal;
addi ng a

control signal, t he nmeasu
the set point claim 6 wherein
val ue as a functdcsmpzﬁfsetshe err
m cr opr ocessor mneans. .m a
controlling an |ndustr|al Srgg
a set point, conprising:
control |l er conpri sing:
receiving the neasured proc
poi nt, wherein

Lpr
nmeans

and
Thelli

means

conce HATEA MUY ™"

having an

I nput? R
= VRERLACEN
means gener

conpar
#cess vari able and the set
coupled to

.
P

I )

2120671898 nd

first_control signal}as a function
adapti ve bias contr6T—TEans Tor

%ﬁaﬁé@k"ﬂglt Br8REs8f cBH@rgﬁ.r ?«gg?r&n

re varlabre and
they ftopsi veebiéasi %‘é‘l“’yr%d%ﬁar% furEhgras
or signal; and a nenory coupled to the

ggrb%g Str'all%§§9655 C ntr %%ﬁ% gm for
e

%ltb‘ﬁgat 2d u(?cess aBil e and
sum gf propast kigs reilyo@nd a selected

r | Rgh | for
éggegraf §8in egﬁﬁﬁén@aﬁarlgﬁﬁ lﬁﬁﬁp§%§ st

intergepkr PoWhaBaAt 4eABEaPBS &F &heolN

samples exceeds the selected maximum
error, the absolute value of slope a is

arn

greater than a selected maximum slope
and a product of slope a and intercept b

8.

claim 1 where

comprises:
means

signal and determining whether at least

is greater than zero.

The industrial process control apparatus of

in the adaptive bias wmeans °

control

for collecting N samples of the exrror

one of the N samples exceeds a selected
. maximum error;

means

determining a variance in the N samples

and for updating the bias wvalue when at
least one of the N samples exceeds the
selected maximum error and the variance

is less than a selected maximun

variance.

9. A fie
process control

ld-mounted control unit powered over a
loop for controlling a process based on

a measured process variable and a set point, comprising:

input-

output means adapted to be coupled to

the process control loop and for

receiving power from the process control
loop;

microprocessor means coupled to the input-

output means and comprising:



~signal . as a function of a

comRERSACEMPNT SHEET

asured process variable and the s ()1 0\
%gn T ntegrating co rreans coupl ed to WMW M
tor generatl ng a Jn] control signal on the jpriocess

-27- H’Hunctlon of the erporosT 998 |
adaptive bias control rreans foF atddi ng a bi as val ye to one of the
cont rol signal, the measur€2b- process ‘ '
the set point; and means for selectively updating thelbias _
val ue as a function of the er @8For weans siRHEIing andta fi&PEC devPee
coupled to and povvered over t heeBE DERSP CORET Oheh8QPed! h@zfdcglsg
device controlling the process as a {unctd R of the caontr %nal

ariable an e set point, w er

the error means generates an error
signal as a function of a
comparison between the measured
process variable and the set point;

non-integrating control means coupled to
the error means for generating a
first control signal as a function
of the error signal; and

adaptive bias control means for adding a
bias value to one of the first
control signal, the measured
process variable and’'the set point

and for selectively updating the bias
- . _value as';. function of the error signal;
and a memory coupled to the microprocessor means.
10. An industrial process control system for
controlling an industrial process based on a measured
process variable and a set point, comprising:
a process control loop;
a controller comprising:
error means having an input for
receiving the measured process
variable and the set point, wherein
the error means generates an error
signal as a function of a
comparison between the measured
process variable and the set point;
non-integrating control means coupled to
the error means for generating a
control signal on the process
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(57) Abstract

A process controller (100} controls an integrating-typs process (112) based on a measured process variable (y(t}) and a set point
(Yser). The process controller (100) includes an emor generating circuit (102), a non-integrating control circuit (104) and an adaptive bias
circuit {108). The error gencrating circuit (102) generates an exror signal (e(t)) based on a difference between the set point (Yser) and the
measured process varizble (y(1)). The control circuit (104) generates a control signal (u(t)) as a function of the error signal (e(t)). The
adaptive bias circuit (108) adds a bias value to the control signal {u(t)), the measured process variable (y(t)) or the set point (Yser). The
bias value is selectively updated as a function of the error signal (e(t)) to force the error signal (e(t)) toward zero.




