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[571 ABSTRACT

A process control system controls a process through a
control output signal based on a set point and a measured
process variable. The process control system includes a
cortrol circnit having a set point input, 2 process variable
input and a comtrol owtput. The control circuit generates the
contro] output signal on the control output as a function of
the set point received on the set point input and the measured
process variable received on the process variable input An
augto-tuning circuit excites the process, estimates a process
model based on a rising dead time, a rising rate-of-change,
a falling dead time and 2 falling rate-of-change in the
measured process variable ard then mnes the control func-
tion to the process based on the process model, The anto-
tuning circuit obtains robust results, but is computationally
simple such that the circuit can be implemented with hard-
ware or software in low-power and low-memory
applications, such as in such in field-monnted contrel units,
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FIELD BASED PROCESS CONTROL
SYSTEM WITH AUTO-TUNING

BACKGROUND OF THE INVENTION

The present invention relates to an industrial process
controller with low-complexity and robust auto-tuning
which can be implemented in low power and memory
applications, such as a ficld mounted control umit.

Field mounted control units include varions devices, snch
as transtnitters, achuators, transducers, switches and stand-
alone controllers. Ficld mounted control units arc used in
process control systems to control the process, measure
process variables and to generate outpots representative of
the process variables for communication to central control-
lers or field confrol elements (c.g. values) over process
control loops. The lcops have included two-wire, three-wire
and four-wire process control loops. Other loops have also
been used, such as optical and radio frequercy control loops.

Field rnounted control units are mounted in a field area
where curreat and voltage levels are typically limited to
provide intrinsic safcty. 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
transmission to the central controlles. Comtroflers can be
located in a central control room or in the field and combine
the transducer outputs to generate appropriate control output
signals. Control owtput signals arc typically scmt over a
separate confrol loop to remote 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 control equip-
meat.

In one application, the transmitter itself includes a control
function which provides the control output signals to the
remote devices directly, therehy bypassing the central con-
troller. A control function can also be located in the other
field control clements, such as valves. This type of control
unit is refexred to as a “smart™ ficld mounted control unit and
is disclosed in more detail in Wamior ct al., US. Pat. No.
5333,114, which is hereby incorporated by reference.

The control algorithm or eguation perfarmed by the
contreller 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 Pro-
portionai (P), Proportional-Intcgral (FI) Proportional-
Derivative (PD) and proportional-Integral-Derivative (PID)
control algorithms. The perfarmance of the contfrol aigo-
rithm is determined by control parameters, such as K, T;
and Twhich corespond to the proportional gain, integral
time and desivative 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 Kp. Other types of PID control algorithms exist, such as
parallel and serial cquations. These algorithms have come-
sponding paramsters which arc similar to the ideal-type
parameters. The control parameters are tuned based on a
model of the underlying process to operate the optimally.

Onc of the most important tasks in tusing the control
paramesters is defining the initial process model and estimat-
ing the corresponding model parameters.

A model for a self-regulating process, sach as a
temperature, flow or pressure control process, can often be
defined by a first order plus dead time equation. A model for
1 non-scif-regulating process, such as a level control
process, cah be defined by an integrating cquation. The
carresponding model parameters are estimated by distarbing
the process and observing a response in the process variable.
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Several tuning methods are available to tune the control
once the process model have been

detecmined. In the Ziegler-Nichols® open-loop tuming
method, the process variable y(t) is manually or automati-
cally controlled to a stable state Yo and a step function is
applied to a control signal u(t). The process model param-
eters are then estimated by obscrving the response in the
process variable. The process model parameter estimation is
notmally sensitive to the steady state value Yo It is difficult
to obtain desired closed loop responses if the steady state
ﬁYg:.is not ideally established before starting the step func-

In the modified Ziegler-Nichols' frequency domain
(closed loop) method, a reday fecdback signal {s added to a
stable state control signat u{ty=U.; and toggled between two
values to cause limit cycle oscitlations in the process vari-
abic from which domain parameters (ultimate
period T, and gain K;) can be estimaied. The control
paramncters are then generated acconding to an experimen-
tally based formula. The estimation of frequency parameters
Ty and K, is also scnsitive to Yz In addition, load and
valve friction make tuning difficult and may lead to less than
optimized tuned loops. For the purpose of robust and repeat-
able tuning, a pretuning stage is often necded to have a stable
state Y g 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 implement such a tuning algorithm in
applications having limited power, memory and computa-
tional capability, such as in ficld-mounted control transmit-
texs. These methods and ofher tuning methods are described
in K. Astrom and B. Wittcnmark, Adaptive Control,
Addison-Wesley Publishing, Chapter & (1989).

SUMMARY OF THE INVENTION

The process comtrol system of present invention includes
a controller having a process variable input and a control
cutput, The controlicr generates a control output signal on
the control output as a function of a measured process
variable received on the process variable input. An auio-
tner is coupled to the controller. The auto-tuner exciies the
process, estimates a process model hased on a rising dead
iime, a rising raie-of-change, a falling dead time and a
falling rate-of-change in the measured process variable and
then tuncs the function of the controller to the process based
on the process model. The auto-tuner obtains robust results,
but is computationally simple such that the circuit can be
implemented with hardware ot software in low-power and
low-memory spplications, such as in transmiiter or valve
based field-monnted control units,

The aoto-tuner circuit can be configured to tune the
control function for sclf-regulating processes and for non-
self-regulating processes. In one ecmbodiment, the auto-tuner
comprises a performance input for receiving a user-defined
perfamance factor. The auto-tuner unes the control func-
tion hased on the process model and the performance factor.
The performance factor can be selected to provide
aggressive, conservative and critically damped performance.
The auto-tuner can be used to tune parameters for control
functions such as P, PL, PD, PID and various other types of
control functions.

The control systemn can alse include a trigger
circult which triggers the auto-toner as a function of a
received wigger command, a real time clock output, or an
observation of the process.

BRIEF DESCRIFTION OF THE DRAWINGS

FIG. 1 is a diagram of a level control system according to
onc cmbodiment of the present invention.
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FIG. 2:sablockdmgamotfatransnﬂw=ahminm
1, which includes & control nmit.

FHG. 3 is a diagram of a process control system of the
present invention.

FIG. 4 is a waveform diagram {llustrating an anto-tuning
stage and a closed loop comirol stage for a mon-self-
regulating process, accarding to the present invention.

FIG. % is a wavcform diagram illostrating an sito-tuning
stage for a sclf-regulating process.

FIG. & is a block diagram of a valve having a control nnit
according to the present invention.

DETAILED DESCRIFTION OF THE
PREFERRED EMBODIMENTS

The prescat invention is a process control system baving
a robust auto-tuning feature which is computationaily simple
such that the system can be implemented in a low-powes
field-mouated control unit in a process control system.

FIG. 1 is a diagram of one embodiment in which the
process control system of the present invention is useful.
The process control system includes master controller 14,
transmitter 12, tank 14, input valve 16 and output valve 18.
Master controller 18 is coupled to transmitier 12 ,and input
valve 16 throngh two-wire process control loop 20, Loop 28
can include a 4-20 mA or a 10-50 mA current loop, for
exampic, which allows master controller 18, transnitter 12
and valve 16 to communicate with one ancther by varying
the curmrent level through the icop. In an alternative
embodiment, master controller 18, transmitter 12 and valve
16 communicate by varying the voltage level on loop 28.
Concurrently, master controller 19 and transmitter 12 com-
municate digitally over loop 20 in a carrier modulated
fashion, such as in the HART® protocol.

Other digital commwnication systcms can be used, includ-
ing a Ficldbus Stancard which is presently being adopted by
the Fiekibus Foundation. Alternatively, loop 28 carics basc-
band modulsted digital signals such as DE protocol. In
addition, master controller 19 and transmitter 12 can com-
municate with onc another optically over single or dual
optical fibers or by radio frequency. An example of an
optical control circuit is disclosed in U.S. Pat. No. 5,258,
368, which is hereby incarparated by reference.

Master controller 18 includes a controlier 22 and a power
source 23 which provide power and coatrol to loop 2.
Master controller 19 can be positioned in a central control
room or in a remoie, ficld location with trapsmitier 12
Master controller 18, transmitter 12 and valve 16 can be
coupled to one ancther in a varety of configurations as
discussed in more detail in Warrior et al., U.S. Pat. No.
5333,114,

In the embodiment shown in FIG. 1, the magnitude of
current fiowing through loop 12 represents a control owtpat
u(t) which controls flow into tank 14 by controlling the
position of valve 16. Transmitter 12 preferably includes its
own coatro] function which is capable of taking over the
operation of loop 24 from master controller 16 and sinking
a variable amount of cwrrcot to adjast control osttput w(t).
The position of valve 18 controls the flow out of tank 4.
Valve 18 is adjusted by a valve control signal oft) which is
provided by a transmitter 26 over a two-wire process control
loop 28 which can be coupled to loop 20 in paralie]l (as
shown in phantom) with loop 24 in a cascade fashion. The
parallel configuration is referred to as a multidrop configu-
ration. The valve control signal o(t) can also be provided by
a separate loop which is coupled to transmitter 12 or master
controlker 18,
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A sensor 24 is coupled to tank 14 for measuring a level
y(t) of fluid in the tank. The rate-of-change in level dy(ty/dt
is a function of the positions of valves 16 and 18, Control
output u(ty has a “direct action” on the process variable y(t)
since an increase in 9(t) causes an increase in y{t). The signal
oft) has a “reverse action” on the process variable y(t) since
an increase in oft) canses a decrease in y(t). Sensor 24 can
include any sultable sensor, such as an absolute or differ-
ential prezssure senzor, an ultrasonic sensor or a microwave
sensor. Other types of sensors of generating a signal
of the level of fluid in tank 14 can also be

used. The level control system shown in FIG. 1 is one

example of a non-self-reguiating process, The preseat inven-
tion can also be used with self-regulating processes and with
other non-self-regulating processes.

FIG. 2 is a block diagram of transmitter 12 according to
a first embodiment of the present invention. Trans-
mitier 12 ic a “smart™ transmiiter in that it has computing
capability, such as that performed by & microprocessor.
Transmitter 12 includes a rugged, explosion proof housing
3 for mounting in the field, input terminal 36, output
terminal 38, input-output circnit 48, demodulator 42, digital-
to-analog (D/A) converter 44, modulator 46, microprocessor
48, analog-to-digital {(A/D) converter 58, proccss variable
sensor 52, clock circuit 54 and memory 36, Clock cirouit 54
is connected to microprocessor 48 to sequence the operation
of the miaoprocessor.

Input terminal 36 is coupled to master coatroller 16
{shown in FIG. 1) while output terminal 38 is coupled to
valve 16 (also showa in FIG. 1). Input-output circuit 49 is
coupled between input terminal 36 and output terminal 38,
Circuit 40 includes input filter circuit 7@, voltage regulator
72, current sink 74 and current sink 76 which are connected
in series with one another in loop 26. Input-output circuit 49
receives process signals from loop 20 at inpot texminal 36
and supples contro] output signals () at cutput terminal 38
as a function of the process signals. Voltage regulator 72
within input-output circnit 48 recelves power from loop 26
and provides a regulated voltage for powering all the various
elements of transmitter 12.

The process signals used in generating comtrol outpat u(t)
comprisc setpoints represeatative of a desired process state,
process variables produced by the process, commands and
whole or partial instruction sets for operating microproces-
sor 48, coefficients of terms for controlling microprocessor
48 and status requests from master coniroller 19, Input filter
circuit 78 reccives the process signals and directs the signals
to demodulator 42. Demodulator 42 demodulates modulated
process dignals from the coment loop and provides come-
sponding 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, Scosor 52 mecasurts a process
varisble y(t), such as a level as shown in FIG. 1, and
provides the measurement 1o A/D converter 56 which digi-
tizes the measurement for microprocessor 48. The process
variable measurements can then be stored in memory 56 for
apalysis or (ransmitted back to master controller 16 over
loop 20. Microprocessor 48 transmits digital information to
master controller 19 through modulator 46 and current sink
76, whicth modulate the information onte loop 28. In an
alternative embodiment, seasor 52 and A/D converter 58 are
located external to transmitter 12, In this embodiment, the
process variable measured by sensor 52 is communicated to
microprocessor 48 over loop 28 along with other process
variables from different sensors.

Cunrent sink 74 adjusts control output u(t) by adjusting
the level of current flowing through loop 28, Micxoprocessor
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438 operates current sink 74 through DfA converter 44 based
on a control algorithm or software routine stored in memory
56 and as a function of the measured process variable y(t),
stored control parameters and instructions received from
master controller 10. For example, master controller 18 may
provide a set point Yoz or other command to microproces-
sor 48 which instructs the mé sor to adjust control
output u(t) such that the process variable y(t) approaches the
set point Yeg

According to the present investion, memory 58 alsc
includes an auto-tuning algorithm or software rootine which
tunes the control parameters used by the control algorithn o
match the process being controfled. The anto-tuning algo-
rithm causes microprocessor 48 to adjust confrol output wt)
over time and observe a response in the process variable y(t).
From this response, microprocessor 48 can cstimate model
parameters for the process and use the model parameters to
calculate the desired control parameters.

The communication methods and transmitter connections
discussed with reference to FIQ. 2 are provided as examples
only. Other ng can also be used, such as those
described in U.S. Pat. Na. 5333,114.

AUTO-TUNING

FIG. 3 is an illustration of the auto-mming and control
functions performed by microprocessor 48 according to one
embodiment of the present invention. Control systern 108
includes summing junction 192, PID' controller 184, tning
circuit 106, switching junction 108 and process 118. For a
“direct action™ control output, 8 process variable setpoint
Y oz is provided to a positive input of summing junction
192 and the measured process variable y(t) is provided to a
negative input of summing junction 162. For a “reverse
action™ control output (Got shown), Yz is provided to a
negative input of summing junction 192 and y(t) is provided
to a positive input of summing junction 192, The output of
summing junction 182 gencrates an ezror signal cft) which
represents the difference between the setpoint Y o and the
measured process variable y{t). Errcr signal &(f) is provided
to PID controfler 184. PID controller 184 incindes a pro-
portional gain bock 112, an integrating block 114 and a
derivative block 116. In an alternative embodiment {not
shown), the measured process variable ¥(t) is provided
directly to derivative block 116, as to through
summing junction 102, The outputs of blocks 112, 114 and
116 are provided to positive inputs of summing junction 118.
During dlosed loop control, the output of summing junction
118 provides the control output ut) to controt process 116,
The basic function of PID controller 184 is defined by
Equation 1:

K el
) = Kpe(t) +—p— jem*mr.%ﬂ

where Kp, T; and T, are tuned control parameters that
determine the paformance of PID comtroller 184, The
control parameters are tuned, or modified acoording to the
present invention to match the characteristics of process 119
at a commissioning stage or at any point during control of
the process.,

Tuning circuit 106 includes tuning control circuit 122,
excitation circuit 124, process model estimation circuit 126
and control paramecter rule circoit 128. Tuning control circuit
122 is coupled to excitation circuit 124, process model
estimation cireuit 126 and conirol parameter rule circuit 128
to controf the overall function of taning circuit 186. Exci-

tation circuit 124 provides an open loop cxcitation signal,
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which varics over time, to process 118 through switching
junction 188. The excitation signal is used as the control
output signal during an open loop avto-tuning stage, Switch-
ing junction 188 can be an actual switch or can be a transfer
of control from one algorithm or software routise o the
next. Model estimation circuit 126 then observes the
response in the measured process variable y(t) and generates
a model of process 118, as is described in greater detail
below. This model is provided to control paramecter rule
circuit 128 for tuning the control parameters for PID con-
troller 184 based on a sclected set of tuning rules. The
process model and tuned control are then stored
in memory 56 (FIG. 2) and can be provided to master
controller 18 over process control loop 36 to optimize the
supervisory or cascade conirol of the process. The process
model can be provided to other cascade connected devices
for usc in additional tuning procedures.

Tuning circuit 196 firther includes a trigger circuit 134,
atuming alert circuit 136 and a real time clock 138 which are
coupled to, or could be incorporated in, tuning control
circuit 122, Trigger circuit 134 triggers tuning control circuit
122 to perform the anto-tuning function of the present
invention based on trigger signals supplied by trigger input
148, tuning alert circuit 136 or real time clock circuit 138.
Trgger input 140 is supplied by microprocessor 48 (FIG. 2)
in response to commands provided by master controller 10
over process control loop 36. The commands may be initi-
ated on demand by the user or at the request of master
controlier 19, Alernatively, real dme clock 138 may trigger
the aumto-tuning fonction based on a sclected time period,
such as every half-hour. In an aiternative embodiment, real
time clock 138 is incarporated in master controller 18 and
supplies the trigger sipnal to trigger input 148 over process
control loop 36.

Tuning alert clreuit 136 triggers the auto-mning function
through a trigger ontput 142, During the closed loop control
siage, tuning control circuit 122 observes e(t), u(t) and y(t)
and passively calculates new control parameters through
circuits 126 and 128. Tuning alert circait 136 compares the
nesy calculations with the previously stored operating pro-
cesi control parameters. K the difference between the cal-
culations is greater than a specified range, tuning alert circuit
136 triggers the auto-tuning function throngh trigger circuit
13 or notifics the user or master controlier 16 through alert
oirtput 144, Tuning alert circuit 136 also passively verifies
the estimated process model with the process by fitting
current values of ¥(t) and w(t) imto the model equation
(discussed bedow) 10 see if the model is correct. If not, circuit
136 triggers the anto-tuning function or issues an alert on
output 144, Circuit 136 also monitors e(t) and y(f) after a sct
point change or a major distuzbance in the process and issues
an alert if the desired performance (e.g. critically damped) is
aot present. For example, the integral of the square of the
emor signal e(t) or the integral of the absolute value of the
crror ¢an be compared with a threshold valve stoced in
memory 56, i the cmor inicgral exceeds the threshold,
circuit 136 issues an alert. In addition, circuit 136 monitors
y(t} during the tuning stage. K y{t) is not responding or
responds incorrectly, circnit 136 generates a tuning failure
alert on output 144. The user can take action to correct the
auto-tuning function, such as by changing the selected
values of Uppp, Uppey or & performance factor ¢ described
below.

FIG. 4 is a diagram illusirating the waveforms of control
output w(t) and process variable y(t). Once the auto-tuning
stage has been initiated, tuning control circuit 122 monitors
the sign of ¢{t) to determine whether y(t) is above or below
Y s If e(t) is negative, y(t) is above Y gey The control loop
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is opened at switching junction 168 and excitation circuit
124 forces w(t) to a user-selected minimum control ocutput
value U,y at time t, to force y(1) toward Yepn Tuning
control circuit 122 then monitors e(t). Once &(t) is below a
sclected threshold aror level, excitation circuit 124 applics
a user-sclected maximum oontrol output value Uy, to

118, at Hme tg, mchﬂmty(t]minu'eming.m
time ty,,,, y(t) is maximally . At time tg, the
nnnmmemlmlouqmtvalneUmNisaglinapﬁiodlo
process 110 such that y(t) starts decreasing. At time ¢ ., 5,
¥(t) is maximally decreasing. At time t,, the auto-tuning
stage ends aed process conirol system 184 becomes a closed
PID control loop which adjusts uft) to bring the process
variable to the set point (=Y g

¥f the sign of e{t) were positive at time 5, then the
excitation waveform w(t) shown in FIG. 4 woutd simply be
inverted. Excitation circuit 124 would apply u(t)=Uy,, » such
that y(t) rises toward Y g5, then u (€=U, such that y(t)
falls and then u ()=1,,,y such that y (1) rises again.

By varying the control output u(t) over time during the
suto-tuning stage, tuning circuit 106 has the ability to
estimate all system parameters acourately with repeatable
and robust results such that FID controller 184 provides the
desired pesformance. Tuning circuit 106 can be configured
to cstimate the process model pacameters for non-sclf-
regulating and sclf-regulating processes according to the
peesent invention.

1. Non-Self- Processes

The level process shown In FIG. 1 is one example of a
non-self-regulating process. A non-self-regulating process is
a process in which the measured process variable y(t) will
continue to increase or decrease as long as the control signal
w(t) is not cqual to & steady state value Ugy (i.c., when the
inlet and outlet fows are not equal ip a level process). The
level balance equation of the level process shown in FIG. 1
can be writien as:

S < mywte - 1) - ekt ol
Egquation 2 assumcs that valves 16 and 18 arc linear and
neglects a head pressiae cffect on the valves. L is the system
dead time and m, and m, arc coustants corresponding to the
volume flow into and out of tank 1d divided by the arcs of
tank 14.

When control cutput u(t) is at a steady atate, Ug,, and the
dead time effect disappears,

20 - 0= il — o a3

w y(t) izs maximally increasing (see FIG. 4), u{t) =Upg,x

a.-%ﬂ-lm=mum-m(o=mwm—vn) Fa 4

Similarty, whea y(t) is maximally decreasing (sce FIQ. 4) ,
WO=Upgy and,

Rp=| fﬁil = (1 Unane — mao(f)) = (Vs — U} Be. 3

By dividing Equation 4 by Equation 5, the following math-

ematical relationship can be derived:
RBr  Upax—Uss By 6
R  Us-Uan

A rising dead time L, and a falling dead tiree L, (see FIG.

4) of process variable y(f) can be written as:

35

50

65
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En = a2 AR ~ v Eqe. 7-8
Lr=tay—tr— ’(um_)_m
where y(ty, y) is the process variable at time t,, ., when the

time derivative of y(t) reaches the maximum in the positive
direction. Simnilarly, y(t_y,.y) is the process varishle at time
1_3¢ax When the time derivative of y(t) reaches the maximum
in the negative direction. The term Y,z i3 the minimom
valuc of ¥(f) between times t;, and ty and the term Y, . is
the maximinm value of y(t) between times 1, and tine t,.
Through Equations 4-5 and 7-8, process model estimation
circuit 126 calculates Ly, Ly, Ry and Ry

From Equations 4-5 and 6-8, the process model param-
etcrs Uggy (cstimated steady state Ug,), m, and L can be
estimated as:

Rallson + Rplisnx Hgs. 511
Unre~—pev8r
Ry Ry _ Rp+Ry
M That-Unr Uesr—Uaw  Duax- Dan
L = mex(iy, Ly)

To aliow the resulting PID function to compensate for the
worst case, the overall system dead time L is estimated in
Eguation 11 as the maximnm of L, and L, Process model
estimation circuit 126 estimates the process model param-
cters Uger , my and L according to Equations 9-11. Equa-
tions 9-11 can easily be modificd to catimate a process in
which the system is reverse acting by exchanging Uy, y and
Upern The process model parameters are provided to control

rule circuit 128 which tunes the contrcl param-
cters Kp, Ty and T, acooading to selected rules, as discussed
in greater detail below.

The wmfittered process variable y(t) may be too noisy to
producercpulablemmngparametas Although there are

several snitable methods to handle a noisy process variable,
the present invention preferably includes a low pass filter
130 (also referred to as a dynamic filter o a user damping
filter) coupled to the outpat of process 110, With low pass
filter 138, process model cstimation circuit 126 can provide
robust estimation of model parameters Uy, m, and L by
using Bquations 9-11.

Tn an atternative embodiment, Equations 4-5 and 7-8 arc
replaced with the following egquations 1o improve noise
reduction and obtain even more reliable results. The rising
rate of change R, in the process variable can be defined over
a sampling period T as:

R = mL(Upoax — Uss), whews R -2 ot 1= nony Bg. 12

Rin = ml{Uspux — Usy), where Rn=%q- at=bax+T

n..«=.-1{um-ug),mxm=%ﬂ atem tuaar + (N = DT

Since all the Ry’s in BEquation 12 correspond to the same
control signal U, ,y, the Ry's can be averaged according to
the following mathematical expression for a better approxi-
mation of Ry in ooder to minimize a least square aror in
estimating the constant m,:
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N Eq. 13
I Bm
=1

Ry=
Similarly, the following equation can be used for the falling
direction:

gr 2 Eq 14
n=1
R,::--.-w———-
The rising and falling dead times L, and 1, are estimated
aocordiugtquuatlons 78

tule circuit 128 tunes the control
Wmfmrmmudhlummwamm
of rules. Although amy suitable set of rules can be used
according to the present invention, circuit 128 preferably
incdudes internal model-based control (IMC) tuning rules.
With Equations 9-11, the proccss model pararneters can be
estimated with very low computational complexity. With
IMC tuning rules, the corresponding control parameters for
PID controllers can be derived from:

__ 2t+lL

- Baa 15-17
mylr+ L2P

T=2t+L

To= 1L + 134
==+l

where K,,, T, and T, are the prapostional gain, integral time
and derivative time, respectively, of FID controller 184, and
©is a desired closed loop response time coastant. The control
parameters for P, PI and PD controllers are slightly different
from those in Equations 15 and 16 and can be found in
Internal Model Control, PID Controller Design, 25 Ind.
Eng. Chem. Process Des. Der. 252-65 (1986). Acconding to
the present invention, the time constant T is defined as a
function of a perfarmance factor o, where

=, Eq 18

The pedformance factor o preferably ranges between Y4
and 3 to cover the degrees of desired performance. For
example, o=1 gcperates a critical damped closed loop
response. A smailer o generates a more aggressive, faster
response and a larger o0 generatcs &8 more conscrvative,
slower response. Inserting Equation 2! into Equations
18-20, the comesponding PID tured control parameters
become:

_ 4 Egs. 19-21
K==

r={2x + 1) L
=+t L

The PID tuned conirol parameters K, T; and Ty can
therefare be calculated by control parameter Tule circuit 128
with low computational complexity. The performance factor
tx is provided to circuit 128 through an input 132 and control
cirenit 122, In the embodiment shown in FIG. 2, the per-
formance factor o is provided to microprocessor 48 by
master controller 19 as a digitai value modulated on loop 20.

In an alternative embodiment, process model cstimation
circuit 126 and control parameter rule circuit 128 arc com-
bined and the control parameters are cafculated directly as a

10
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function of Ly, Ly, R,, and Ry The process model param-
eter equations are folded into the control parameter equa-
tions such that separate calculations of the process model
parameters are unnecessary.

In the previous discussion, it has been assamed that the
process is linear. For a non-linear process, such as a process
with non-lincar valve characteristics and head pressure
effects on the valve, the actual stable state valve position
during noamal closed loop coptrol at the end of time
sequence {, can be used to replace the estimated valoe Ugey
in BEquations 10 and 15 for a more relisble performance.,
2. Sclf-Regulating Processcs

Process model estimation circuit 126 (shown in FIG. 3)
can also be configured for cstimating the process model
parameters for 2 self-regulating process such as heat

exchanger temperature, Sow and pressure control processes.
Most self-regnlated processes can be modeled by the fol-

lowing first order plus dead time equation:

Te 22 + %= Keoit - ) e 2

where process model parameters L, T and K represent the
dead time, ime consiant and static gain of the process,
respectively.

The process model parameters are estimated by applying
the open loop control pattern w(t) that is shown in FIG. 8. As
in the non-self-regulating process, the auto-tuning circuit of
the present invention separates the process model param-
cters in the rising and falling dircctions to model the worst
casc performance. Considering the rising direction when u(t)
= pgax and ¥(t) is increasing (dy(t)}/dt>0) and assuming the
dead time L has passed, the following equations can be
written from time b, to time t;:

TRy +3; = Kpllpgry Eq. B

Talley + 33 = Kelarax

TuRpy + ¥y = Epllaosx

where Ty and K, arc the time constant and static process
gain in the rising direction and N is the number of samples
of W(t) In the rising direction, Ry, is the rate of change of y(t)
at an nth sample afier ty,, ,, Which is defined as:

x..=%9- w = gax+ (- T Eq. 24

where T is the sample period. The matrix form of the above
cquation can be written as:

|-

This cquation can be solved to estimate T, and K, while
minimizing the least squarc cmror by using the pseudo
inverse of the matrix on the left-hand side of Equation 25,
This can be done by modifying the above cquation by
Equation 26:

Bu - Umnx Bg. 25

-Um

Res Eq. 26
thax ... Vs
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which results in:
' n
ngl & _Umng e T - £1 B -
—aar g Rpe NUuix Kx Uaeax g -1
=1 =1

From Equation 27, the following estimations can be derived:
<]

Um(mli. (ERnF)

—NUuAxEvnlon + Ustax(ERA)Tyw)
(— ZRANTRmyn) + (ERGNEa)

The same method can be used to derive the nsing system
dead time L, a8 was uscd for the non-sclf-regulating pro-
cess:

YReaz)— yumw Eq. 29

La=tnr—m~ -

where Ry, is the rising rate-of-change of y(t) at sample r=1.

In the falling direction, u(t)=lly,;, and y(t) is decreasing
(dy(t)<0). Similar equations can be used to cstimate time
constant Tp, static gain K, and dead time L, for the falling
direction, as shown below:

[]-

Vs NERG, — (ERpF)

hmvr(tml)m

Ean 30-31

NUswZyallrs + Ussn(ERRYEya)
(— ERpo)ERPayn} + ERENEpn)

where R, is the falling rate-of-change of y(t) at sampiec p=1.

During operation, from time t; to time tp, process model
cstimation circuit 126 (FIG. 3 ) cstimates L; according to
Bquation 32 and counts the variables IR, IR, %, £Y, and
ZY, R, in Equation 2§. From time t, to time t,, circuit 126
estimates Ly according to Equation 34 and counts the
vasiables ER,,, ZR 2, Y, and ZY, R, in Equation 33.

A typical process behaves differently in the rising and
falling directions. For example, in temperatmre control
applications, the process may exhibit this behavior becanse
of endothermic and exothermic reactions in the process.
Arbitrarily choosing the process model parameters in elther
the rising or falling dircction can sometimes lead to an
undesirable closed loop control performance. The process
model estimation circuit of the present inyention obtains a
more robust PID control peformance. First, a strong low-
pass filter (filter 138) is used to prevent noise from cornpt-
ing the derivative signal dy(t)/dt. Sccond, the process model
parameters are cstimated by circuit 126 according to the
following equations:

Ky = mux(Kp X,
o = milTn,T5)
L = max{l .tz

Once the prooess model parameters bave been estimated
for the first onder plus dead time process equation, the P, T
and D control parameters can be tumed as a function of
several existing tuning mles. For example, the fallowing

Hou 32-34

Bqg. 28 4

15
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Internal Model Coatrol (IMC) tuning rules have been found
to give preferred PID control performance:

e+ L

TR+

Bas. 35-37

T=Te+

Tob
=T

where K, T, and T, are the proportional gain, integral time
and dexivative time, respectively. As with the pon-self-

process, the cloged loop time constant T is defined
as a function of the performance factor ¢, where

ol Eq. 38

As discussed above, the perfonnance factor o preferably
ranges between 32 and 3. Equation 34 cnsurcs a maximum
closed Joop time constant 1. Equations 32 and 33 cosure the
smallest possible propoational gain K, for a given perfor-
mance factor ot

The anto-tuning circuit of the present invention can alse
be implemented in a valve control nnit, for example. FIG. 6
is similar to FICi. 2 and is a block diagram of a valve control
unit 166 which includes input filter circult 162, voltage
regulator 164, adjusiable curreat sink 166, current trans-
ducer 168, demodulator 178, A/D converter 172, modulator
174, microprocessor 176, memory 178, clock circnit 180,
D/A 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(f) and modulated digital data, such as a set poipt
Y oxry, from the loop.

Demodutator 178 demodnlates the data and provides the
data to microprocessor 176 for analysis. Regulator 164
receives power from loop 186 and provides a reguiated
voltage for powering the clemeats of valve control uni¢ 160,
Cufrent transducer 168 measures the analog current Jevel
y(t) in loop 186, which is converted by A/D converter 172
into digital data for microprocessor 176, Microprocessor
176 iransmits data over loop 186 by modulating the curreat
through sink 166 with modulator 174, such as by the
HART® protocol. The aoto-tuning algorithm, control
algorithm, process model and tuning parameters are stored

in memory 178 for configuring microprocessor 176 to
control actuator 184 through DYA converter 182 a5 & func-

tion of the measured proccss variable y(t) and the set point
Yoxr

The auto-tuning circuit of the present invention has sev-
cral advantages that arc not preseot in cxisting tuming
techniques. The auto-tuning circuit generates accurate
modei parameters with only simple calculations. The simple
calculations altow the auto-tuning circait to be implemented
in low-power and low-memory applications, such as in
ficld-mounted control units. A 420 mA curreat loop pro-
vides only a few milli-Amps after the signal range is
subiracted to power all of the electronic components in the
unit. This limits the complexity of the components and the
memary space. A typical memory in a transmitter may be
limited 1o 8K to 64K bytes, for example.

The auto-tuning circuit of the present invemtion does not
require much user interaction. Unlike the Ziegler-Nichols®
open loop test, the axto-tuning circuit of the present inven-
tion does not require nsers to establish a stable state before
the open loop test {s run and instead has an ability to asscss
the stable statc conditions. The user scts up the tuning
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procedure by providing inmitial varisbles such as desired
Upeax atd Uy, levels, selects a desired performance factor
a and then initiates the ing procedure,

The auto-tuning circait of the present invention can be
implemented as a mapual cperation or an awomatic
operation, and it carl be operated in the loop commissioning
stage at system initialization, or at any other time the user
wishes to tune the loop. For antomatic operation, the auto-
tuning circuit is capable of bringing the process variable
ciosc to the set point and starting the tuning exercise
automatically without the user's involvement. With manual
operation, the user brings the process variable close to the
set point and then indtiates tuning through master controller
10.

The auto-tuning circuit of the present invention generates
a guided disturbance of the process. Unlike closed loop relay
control based tuning or other frequency doamain techniques,
the present invention can be restricted to operate within a
defined zone. For cxample, some users may prefer a w(t)
distorbance of only 10% and 75% of the full scale. The
anto-tuning circuit is simple, user friendly, repeatable and
robust. It can be used to tune control parameters for F, PL
PD, PII} and other types of controliers such as fuzzy logic
controllers. Suitable fuzzy logic controllers are described in
the article “Aunto-Tuned Fuzzy Logic Conirol,” by J. Quin,
ACC Conference 1994, Baliimore Md., which is hereby
incorporated by reference.

Alihough the present invention has been described with
reference to prefemmed embodiments, workers skilled in the
art will recognize that changes may be made in form and
detail without departing from the spirli and scope of the
invention. The tuning circuoit can be implemented as &
software routine or algordthm stored in memory for execu-
tion by & programmed compater, such as a microprocessor.
In alternative cmbodiments, the circuit is implemented in
digital or analog hardware. The tuning circuit can be Jocated
in the transmitter, in the valve or in master controller 18.
Master controller 18 can be located in 2 ceantral control
TOOMm, at 4 remots location near the transmitier or valve or in
a hand-held configurator which is used to configure the
transmitter during the commissioning stage. The tuning
circuit can cstimaie the process model parameters and tune
the control parameters in different calculation stages or can
fold the process model parameter equations into the control
parameter equations such that there is only onc calculation
stage. Other configurations can also be used accarding to the
present invention.

What is claimed is:

1. A process control apparatus for controlling a process

through a controd output signal as a function of a measured 5,

process variable, comprising:
control means khaving a process variable input and a
control ontput, wherein the control means gencrates the
control output signal on the control cutput in response
to the measured process variable received on the pro-
cess veriable input and based on control function
parameters; and
tuning means comprising:
excitation means having an excitation output coupled to
the control output for generating an excitation signal
which riscs and falls over time;
estimating means for calcolsting a rise dead time L, a
fall dead time 1., a rising rate-of-change R, and a
falling rate-of-change Ry in the measured process
variable in response to the excitation signal and for
estitmating a prooess model based on Lg, L~ R and
R,; and

14
paramster caiculating means coupled to the estimating
means for calculating the control function param-
etexs based op the process model,

2. The process control apparatus of claim 1 wherein the
estimating means comprises means for calenlating R, and
Ry as a maximumm rising and falling rate-of-change of the
measurcd process variable, respectively.

3. The process control apparatus of claim 1 wherein the

1o estimating means comprises means for calculating Ry and

R according to the mathcmatical expressions:

where N is a selecied number of samples of the measured
process variable io the rising and falling directions and R,
and Ry, are the rising and falling rates-of-change of the
measiured process variable at the nth sample.

23 4, The process control apparatus of claim 1 wherein the

cstimating means compriscs:
mcans for incrementing the excitation output signal from
a selected minimom value Uy, 1o a selected maximum
value Uy, and for decrementing the cxcitation signal
from Uy .y to Uy and
means for caleulating 1., and I, according to the math-
ematical expressions:

'd=M“’I’ME;£

L= tagar= i~ Yhaax) — yuax

where t,,,, and t ,,, . are times at which the measured
process variable is maximally increasing and
decreasing, respectively, t; and 1 are times at which
Upgax and Uy are applied to the excitation cutput,
respectively, Yty ) and Y(t,..,) arc values of the
measired process variable at times ty .y and t .
respectively, Y 15 the minimim measured process
variable between times t, and ¢, and Y, is the
maximum meastired process varisble between times
te and t,, where t, is a time at which U,y is
removed.

5. The process control apparatus of claim 1 wherein the
process mode] includes a process dead time value L and the

33 estimating mezns estimates L as the maximum of L, and I,

6. The process conirol apparatus of claim 1 wherein the
cxcitation means comprises:
means for incrementing the excitation signal from a
sclected minimum value Uy, to a selected maximum
value Uy, y and for decrementing the excitation signat
from Upgy 0 Upgine
7. The process control apparatns of claim 6 wherein the
apparatus is configured for controlling a non-self-regulated
process in which the process model parameters include a
coastant m, and the estimating means comprises means for
estimating m, according to the mathematical expression:
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_ Rx+Rr
P Vaax—Vaaw

8. The process control apparatus of claim 6 wherein the
apparatus is configured for conirolling a non-sclf-regulated
process in which the process model parameters include an
esﬂmatedstmdystatcvnheUmofﬂ:coommlout;mt
signal and the means compwiscs means for esti-

mating Uger according to the mathematical expression:

Rylisan+ Rellpax
Ver-—g+%

9. The process control apparatus of claim & wherein the
apparatus is configured for controlling & sclf-regulaied pro-
cess in which the process model parameters include a time
constant T, a static process gain K, and a process dead
time L and whercin the estimating means compeises:

means for calculating a rising time constant T, a rising

static process gain K, a falling time constant T and a
falling static gain K. according to the mathematical

cxpressions:
[=]-
—NUnaxZsaRe + Untar(ERR NIy}
u.m(m&. —(TRMP) (— ZRpe)ERpite) + (ERENT 3w}
. —NUanEyaRr + Ussn(ERRNEN)}
Van(NERG, ~ (ERaYD) | (— ERm)ERm¥e) + (ERENEr)

where N is a number of samples of the measured
process variahle in the rizing and falling directions,
nranges from 1 to N, R, is the rising rate-of-change
of the measured process variable at the nth sample,
Y, is the measured process variable at the nth sample
and R, is the falling rate-of-change of the measured
process varishle at the nth sample: and
means for estimating T, as a minimum of T, and T, and
estimating K. as a maximom of K, and K.
1¢. The process conirol apparatus of claim 9 wherein the
cstimating means further comprises:
means for calculating a rising process dead ime L, and
a falling process dead time L according to the math-
ematical expeessions:

ax) —
h=m—u—x ) — Yaaw

F{ladax) = Sy
Le=tax—tr— -

where ty.y and t 4., are times at which the measured
process variable is maximally increasing and
decreasing, respectively, tg and tg are times at which
Upray and Uy, are applied to the excitation output,
respectively, ¥(t,..) and Y(t ,,,) are the measured
process variable at times to,., and t ..y .
respectively, Y, is the minimum measured process
variable between times t, and ty, Yy, 5 is the maxi-
mum measured process variable between times t

5
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and t,, where t, is a thme at which Uy, is removed,

means for estimating L as &8 maximum of Ly and L.

11. The process control apparatas of claim 1 wherein the
parameter calculating mesns comprises means for receiving
a selected closed loop response performance factor and
calculates the control function parameters based on the
selected performance factor.

12. The process control apparats of ciaim I and further
comprising tuting inifiation means coupled to the mning
meang for initiating the excitation means, estimating means
and paramcicr calculating means.

13. The process control apparatus of claim 12 wherein the
tuning initiation means compriscs a trigger input for receiv-
ing a wigger command signal

14, The process control apparatis of claim 12 wherein the
tunming initiation means comprises a real time clock which
triggers initiation of the excitation means, estimating means
and parameter calculating means based on a selected time
paiod.

15. The process control apparatus of claim 12 wherein the
tuning initistion means is coupled to the process and com-
prises means for comparing the process model and the
control function parameters with a present operation of the
process and for initiating the tuning meane as a function of
the comparison,

16. The process control apparsins of claim 15 and further
comprising means for gencrating an alert signal as a function
of

17. The process conircl apparatus of claim 12 wherein the
control means comprises means for generating an coor
signal as a function of the mecasmed process variable and
wherein the funing initistion means is coupled to the control
means and comprises means for measuring performance of
the control means as a function of the error signal.

18. The process control apparatus of claim 1 wherein the
conirol means is selected from the group consisting of P, P1,
PD, PID and fuzzy logic controllers.

19. A smart ficld-mounted control unit powered over a
process contral loop and for controlling a process through &
condrol output signal based on & measured process variable,
compsising:

input-oatput meaas adapied to be covpled to the process

control loop and for receiving power from the process

controt loop;

microprocessor means coupled 1o the input-output means

and comprising:

control means having a process variable input and a
control output, wherein the control means generates
the control output signal on the control output in
response to the measured process variable received
on the process variable input and based on control
function ; and

tuning means coupled to the control means for tuning
the control function parameters to the process based
on the measured process varlable: and

a memary coupled to the microprocessor means for

stering the control function parameters.

28. The smart ficld-mounted cootrol vnit of claim 19
wherein the input-cutpat circuit is configured to be coupled
to the process control 1oop, which is selected from the group
consisting of two-wire, three-wire and four-wire process
control loops.

21. The smart ficld-mounted control unit of claim 19
wherein the process control loop is a two-wire process
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control loop and the input-cutput circuit is configured o be
coupled to and receive power from the two-wire process
control loop.
22, A smart ficld-mounted conirol unit 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:
am ioput-output circnit configured to be coupled to the
process control loop and for receiving power from the
process control loop;
a controfler having a process variable input and a control
output, wherein the controiier generates the control
output signal on the control outpot in response to the
measured process variable received on the process
variable input and based on coatrol function param-
eters;
a tuning circuit comprising:
an cxcitation circuit haviag an cxcitation output
coupled to the control output, which generates an
cxcitation signal that rises and falls;

an estimating cireuit coupled to the process variable
input, which estimates a model of the process based
oD a rising dead time Ly, a falling dead time L, a
rising rate-of-change R, and a falling rate-of-change
Ry in the measurcd process variable in response to
the excitation signal; and

a pacameter calculating circuit coupled to the cstimat-
ing circuit and the control circuit, which calculates

18

cstimating mears for estimating a process model based
on a rising dead time L, a falling dead time Ly, &
rising rate-of-change R and a falling rate-of-change
Ry in the measured process variable in response to
the excitation signal; and

parameter calculating means coupled to the estimating
means for determining the function of the controller
based on the process model.

26. A method of determining tuning parameters for a

10 process control system which controls a process through a

is

the control function parameters based on the process .,

model and control function rules; and
a memory coapled to the control and tuning circuits for
storing the control function parameters and the control
fonction rules.

23. The smart field-mounted coatrol unit of claim 22
wherein the input-cutput circuit is configured to be coupled
to the process control loop, which is selected from the group
consisting of two-wire, three-wire and four-wire process
control loops.

3s

24. The smart ficld-mounted control unit of claim 22 4,

wherein the process control loop is a two-wire process
control loop and the input-output circuit is coafigured to be
coppled to and receive power from the two-wire process
control loop.

25, In a process control apparatus having a controller with
a process variable input and a control ottput, wherein the
controlicr controls a process throngh a control outpat signal
generated on the control output as a fonction of a measured
process variable received on the process variable input, the
improvement comgprising:

a tuning circuit comprising:

cxcitation means having an excitation output coupied to
the control cutput for generating an excitation signal
which rises and falls over thne;

control output signal as a function of a measured process
varigble and a set point, the methad comprising:

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

determining a rising dead time 1., in the measured process
variable;

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

determining 2 falling dead time L, in the measured
process variable;

determining a falling cate-of-change R in the measwed
process variable; and

tuning the function of the process control system based on
Lp, Ly Ry and Ry

27. The method of claim 26 whercin tuning the function

of the process control system comprises:

defining a process model with process model parameters;

cstimating the process model paramcters as & function of
Lo Ly R and Ry

defining the function of the process control system with a
control cquation which comprises control parameters;
and

tuning the control parameters as a fonction of the process
model parameters,

28, The method of claim 26 wherein tuning the function

of the process control system comprises:

defining the function of the process control system with a
control equation which comprises conirol parameters;
and

tning the control parameters directly as a function of L,
Ly, Ry and Ry

29. The method of claim 27 and further comprising:

coupling first and sccond smart ficld-mounted conirol
units to ome another over a process control loop,
wherein the steps of claim 27 are performed by the first
smart fieid-mounted control unit; and

passing the process model from the first smart field-
mounted controd unit to the sccond smart ficld-mounted
control unit.



