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(57) A process control system (100) controls a proc-
ess (110) through a control output signal (u(t)} based on
a set point (Yger) and a measured process variable (y
(). The process control system (100} includes a control
circuit having a set point input, a process variable input
and a control output. The control circuit generates the
control output signal (u(t}} on the control output as a
function of the set point (Y sy} received on the set point
input and the measured process variable (y(t)) received
on the process variable input. An auto-funing circuit
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Fleld based process control system with auto-tuning

{106) excites the process (110}, estimates a process
model based on a rising dead time, a rising rate-of-
change, a falling dead time and a falling rate-of-change
in the measured process variable (y(t)} and then funes
the control function to the process (110} based on the
process model. The auto-tuning circuit { 106) obtains ro-
bust results, but is computationally simple such that the
circuit can be implemented with hardware or software
in low-power and low-memory applications, such as in
field-mounted control units.
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Description

BACKGROUND OF THE INVENTION

[0001] The present invention relates to an industrial process confroller with low-complexity and robust auto-tuning
which can be implemented in low power and memory applications, such as a field mounted control unit.

[0002] Field mounted control units include various devices, such as transmitters, actuators, fransducers, switches
and stand-alohe controllers. Field mounted 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 cen-
tral controllers or field control elements (e.g. values) over process control loops. The loops have included two-wire,
three-wire and four-wire process control loops. Cther loops have also been used, such as optical and radio frequency
control loops.

[0003] Field mounted control units are mounted in a field area where current and voltage levels are typically limited
to provide intrinsic safety. The units are often powered over the control loop. A separate transducer senses each
process variable and provides the sensed variable to a fransmitter for transmission 1o the central controller. Conircllers
can be located in a ceniral control room or in the field and combine the transducer cutpuls to generate appropriate
control output signals. Control output signals are typically sent over a separate control loop to remote actuators, such
as valves, which control the process according to the control output sighals. In certain applications, controllers select
the most appropriate set of instructions for process control equipment.

[0004] In one application, the transmitter itself includes a control function which provides the control putput signals
to the remcte devices directly, thereby bypassing the central controller. A contral function can also be located in the
other field control elements, such as valves. This type of control unit is referred to as a "smart” field mounted control
unit and is disclosed in more detall in Warrior et al., U.S. Patent No. 5,333,114, which is hereby incorporated by refer-
ence.

[0005] The control algorithm or equation performed by the controller in the transmitter or in the central control room
is specially tailored fo the process in which the controller is used. Several basic control algorithms exist, including
Proportional (P}, Proportional-Integral (Pl} Proportional-Derivative (PD} and Proportional-Integral-Derivative (PID} con-
trol algorithms. The performance of the control algerithm is determined by control parameters, such as Kg, T) and Tp
which correspond to the proportional gain, integral time and derivative time, respectively, for an ideal-type of PID control
algorithm. In some applications, Kp 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 equations. These algorithms have comresponding
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 oplimally.

[0006] One of the most important tasks in tuning the control parameters is defining the initial process model and
estimating the comresponding model parameters. A model for a self-regulating process, such as a temperature, flow
or pressure control process, can often be defined by a first order plus dead time equation. A model for a non-self-
regulating process, such as a level control process, can be defined by an integrating equation. The comesponding
model parameters are estimated by disturbing the process and observing a response in the process variable.

[0007] Several tuning methods are available fo tune the control parameters cnce the process model parameters
have been determined. In the Ziegler-Nichols’ open-loop tuning method, the process variable y(t) is manually or auto-
matically controlled to a stable state Ygg and a step function is applied to a control signal u(t}. The process model
parameters are then estimated by observing the response in the process variable. The process model parameter
estimation is normally sensitive to the steady state value Ygg. It is difficult to obtain desired closed loop responses if
the steady state Ygg is not ideally established before starting the step function.

[0008] Inthe modified Ziegler-Nichols' frequency domain (closed loop) method, a relay feedback signal is added to
a stable state control signal u(t} = Ugg and toggled between two values to cause limit cycle oscillations in the process
variable from which frequency domain parameters (ultimate period T, and gain K,) can be estimated. The control
parameters are then generated according to an experimentally based formula. The estimation of frequency parameters
Ty and Ky, is also sensitive to Ygg. In addition, load and valve friction make tuning difficult and may lead to less than
optimized tuned loops. For the purpose of robust and repeatable tuning, a pretuning stage is often needed to have a
stable state Yg, before applying the disturbance to the process. The need for pretuning increases the algorithm com-
plexity and the tuning time. The added complexity makes it difficult, if not impossible, to implement such a funing
algorithm in applications having limited power, memory and computational capability, such as in field-mounted control
transmitters. These methods and othertuning methods are describedin K. Astrom and B. Wittenmark, Adaptive Control,
Addison-Wesley Publishing, Chapter 8 (198%).
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SUMMARY CF THE INVENTICON

[0009] The process control system of present invention includes a controller having a process variable input and a
control output. The confroller generates a control output signal on the control output as a function of a measured
process variable received on the process variable input. An auto-tuner is coupled to the controller. The auto-tuner
excites the process, estimates a process model based on a rising dead time, a rising rate-of-change, a falling dead
time and a falling rate-of-change in the measured process variable and then tunes the function of the controller to the
process based on the process model. The auto-tuner obtains robust results, but is computationally simple such that
the circuit can be implemented with hardware or software in low-power and low-memory applications, such as in trans-
mitter or valve based field-mounted control units.

[0010] The auto-tuner circuit can be configured to tune the control function for self-regulating processes and for non-
self-regulating processes. In one embodiment, the aute-tuner comprises a performance input for receiving a user-
defined performance factor. The auto-tuner tunes the control function based on the process model and the performance
factor. The performance factor can be selected to provide aggressive, conservative and critically damped performance.
The aultc-tuner can be used to tune parameters for control functions such as P-Pl, PD, PID and varicus pther types
of control functions.

[0011] The process control system can also include a trigger circuit which triggers the auto-tuner as a function of a
received trigger command, a real time clock output, or an observation of the process.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012]

Figure 1 is a diagram of a level control system according to one embodiment of the present invention.

Figure 2 is a block diagram of a transmitter shown in Figure 1, which includes a control unit.

Figure 3 is a diagram of a process conirol system of the present invention.

Figure 4 is a waveform diagram illustrating an auto-tuning stage and a closed loop control stage for a non-self-
regulating process, according to the present invention.

Figure § is a waveform diagram illustrating an auto-tuning stege for a self-regulating process.

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

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0013] The presentinvention is a process control system having a robust auto-tuning feature which is computaticnally
simple such that the system can be implemented in a low-power field-mounted control unit in 2 process control system.
[0014] Figure 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 10, transmitter 12, tank 14, input valve 16 and output
valve 18. Master controller 10 is coupled to transmitter 12 and input valve 16 through two-wire process control loop
20. Loop 20 can include a 4-20 mA or a 10-50 mA current loop, for example, which allows master controller 10, trans-
mitter 12 and valve 16 to communicate with ohe another by varying the current level through the loop. In an altemative
embodiment, master controller 10, transmitter 12 and valve 16 communicate by varying the voltage level on loop 20.
Concurrently, master controller 10 and fransmitter 12 communicate digitally over loop 20 in a carmier modulated fashion,
such as in the HART® protocol.

[0015] Other digital communication systems can be used, including a Fieldbus Standard which is presently being
adopted by the Fieldbus Foundation. Alternatively, loop 20 carries baseband modulated digital signals such as DE
protocol. In addition, master controller 10 and transmitter 12 can communicate with one another optically over single
or dual optical fibers or by radio frequency. An example of an optical control circuit is disclosed in U.S. Patent No.
5,258,868, which is hereby incorporated by reference.

[0016] 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 transmitter 12.
Master controller 10, transmitter 12 and valve 16 can be coupled to cne another in a variety of configurations as
discussed in more detail in Warrior et al., U.S. Patent No. 5,333,114.

[0017] In the embodiment shown in Figure 1, the magnitude of cumrent flowing through loop 12 represents a control
output u(t} which controls flow into tank 14 by controlling the position of valve 16. Transmitter 12 preferably includes
its own control function which is capable of taking over the operation of loop 20 from master controller 10 and sinking
a variable amount of current to adjust control output u(f). The position of valve 18 controls the flow cut of tank 14. Vialve
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 parallel (as shown in phantom} with loop 20 in a cascade fashion. The parallel
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configuration is referred to as a mullidrop 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.

[0018] A sensor24 is coupled to tank 14 for measuring a level y(t} of fluid in the tank. The rate-of-change in level dy
(t)/dt is a function of the positions of valves 16 and 18. Control output u(t} has a "direct action" on the process variable
y(t} since an increase in u(t) causes an increase in y(t}. The signal o(t) has a "reverse action™ on the process variable
y(t} since an increase in oft) causes a decrease in y(t). Sensor 24 can include any suitable sensor, such as an absolute
or differential pressure sensor, an ulirasonic sensor or a microwave sensor. Other types of sensors capable of gener-
ating a signal representative of the level of fluid in tank 14 can also be used. The level control system shown in Figure
1 is one example of a non-self-regulating process. The present invention can also be used with self-regulating proc-
esses and with other non-self-regulating processes.

[0019] Figure 2is a block diagram of transmitter 12 according to a first preferred embediment of the present invention.
Transmitter 12 is a "smart" transmitter in that it has computing cepability, such as that performed by a microprocessor.
Transmitter 12 includes a rugged, explosion proof housing 34 for mounting in the field, input terminal 36, output terminal
38, input-output circuit 40, demoedulator 42, digital-to-analog (D/A} converter 44, modulator 46, microprocessor 48,
analogto-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 microprocessor.

[0020] Input terminal 36 is coupled to master controller 10 {(shown in Figure 1) while output terminal 38 is coupled
to valve 16 (also shown in Figure 1). Input-output circuit 40 is coupled between input terminal 36 and output terminal
38. Circuit 40 includes input filter circuit 70, voltage regulator 72, current sink 74 and current sink 76 which are connected
in series with one ancther in loop 20. Input-output circuit 40 receives process signals from locp 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 transmitter 12.

[0021] The process signals used in generating control output u{t) comprise setpoints representative of a desired
process state, process variables produced by the process, commands and whole or partial instruction sets for gperating
microprocessor 48, coefiicients of terms for controlling microprocessor 48 and status requests from master controller
10. Input filter circuit 70 receives the process signals and directs the signals to demodulator 42. Demodulator 42 de-
modulates modulated process signals from the current loop and provides comesponding digital information to micro-
processcr 48. The information can be stored in memory 56- if desired.

[0022] Microprocesscr 48 also receives process signals from process variable sensor 52. Sensor 52 measures a
process variable y(t}, such as a level as shown in Figure 1, and provides the measurement to A/D converter 50 which
digitizes the measurement for microprocessor 48. The process variable measurements can then be stored in memory
56 for analysis or transmitted back to master controller 10 over loop 20. Microprocessor 48 transmits digital information
o master controller 10 through modulator 46 and current sink 76, which modulate the information onto loop 20. In an
altemative embodiment, sensor 52 and A/D converter 50 are located extemal to transmitter 12. In this embodiment,
the process variable measured by sensor 52 is communicated to microprocessor 48 over loop 20 along with other
process variables from different sensors.

[0023] Current sink 74 adjusts control output u{t) by adjusting the level of current flowing through loop 20. Micro-
processcor 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 measured process variable y(t), stored control parameters and instructions
received from master controller 10. For example, master controller 10 may provide a set point Yge1 or other command
o microprocessor 48 which instructs the microprocessor to adjust control output u({t) such that the process variable y
(t) approaches the set point Yge.

[0024] According to the present invention, memory 56 also includes an auto-tuning algorithm or software routine
which tunes the control parameters used by the control algorithm to match the process being controlled. The auto-
tuning algorithm causes microprocessor 48 to adjust control output u(t) over time and observe a response in the process
variable y(t}. From this response, microprocessor 48 can estimate model parameters for the process and use the model
parameters to calculate the desired control parameters.

[0025] The communication methods and transmitter connections discussed with reference to Figure 2 are provided
as examples only. Other configurations can also be used, such as those described in U.S. Patent No. 5,333,114,

AUTO-TUNING

[0026] Figure 3 is an illustration of the auto-tuning and control functions performed by microprocessor 48 according
to one embodiment of the present invention. Control system 100 includes summing junction 102, PID controller 104,
tuning circuit 106, switching junction 108 and process 110. For a "direct action" control output, a process variable
sefpoint Ygey 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. For a "reverse action™ control output (not shown), Yger is provided to a
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negative input of summing junction 102 and y(t} is provided to a positive input of summing junction 102. The output of
summing junction 102 generates an ermror signal e(t} which represents the difference between the setpoint Yg-1 and
the measured process variable y(t). Emrer signal e(t) is provided to PID controller 104. PID controller 104 includes a
proportional gain block 112, an integrating block 114 and a derivative block 116. In an altemative embodiment (hot
shown}, the measured process variable y(t) is provided directly to derivative block 116, as opposed to through summing
junction 102. The outputs of blocks 112, 114 and 116 are provided to positive inputs of summing junction 118. During
closed loop control, the output of summing junction 118 provides the control output u(f} to control process 110. The
basic function of PID controller 104 is defined by Equation 1:

u(t) = Kpo(t) + K?PI o(f)at+ Ko T, 200 Eq. 1
|

where K, T, and T are tuned control parameters that determine the performance cof PID controller 104. The control
parameters are tuned, or modified according to the present invention to match the characteristics of process 110 ata
commissioning stage or at any point during control of the process.

[0027] Tuning circuit 106 includes tuning control circuit 122, excitation circuit 124, process model estimation circuit
126 and control parameter rule circuit 128. Tuning control circuit 122 is coupled to excitation circuit 124, process model
estimation circuit 126 and control parameter rule circuit 128 to control the overall function of tuning circuit 106. Excitation
circuit 124 provides an open loop excitation signal, which varies over time, to process 110 through switching junction
108. The excitation signal is used as the control output signal during an open loop auto-tuning stage. Switching junction
108 can be an actual switch or can be a transfer of control from one algorithm or software routine to the next. Model
estimation circuit 126 then observes the response in the measured process variable y(t) and generates a model of
process 110, as is described in greater detail below. This model is provided o control parameter rule circuit 128 for
tuning the control parameters for PID controller 104 based on a selected set of tuning rules. The process model and
tuned control parameters are then stored in memory 56 (Figure 2} and can be provided to master controller 10 over
process control loop 36 to optimize the supervisory or cascade control of the process. The process model can be
provided to other cascade connected devices for use in additional tuning procedures.

[0028] Tuning circuit 106 further includes a frigger cirguit 134, a tuning alert circuit 136 and a real time clogk 138
which are coupled to, or could be incorporated in, funing control circuit 122. Trigger circuit 134 triggers tuning control
circuit 122 to perform the auto-tuning function of the present invention based on trigger signals supplied by trigger input
140, tuning alert circuit 136 or real time clock circuit 138. Trigger input 140 is supplied by microprocessor 48 (Figure
2) in response to commands provided by master controller 10 gver process contral loop 36. The commands may be
initiated on demand by the user or at the request of master controller 10. Alternatively, real ime clock 138 may trigger
the auto-tuning function based on a selected time period, such as every half-hour. In an alternative embodiment, real
time clock 138 is incorporated in master controller 10 and supplies the trigger signhal to trigger input 140 over process
control loop 36.

[0029] Tuning alert circuit 136 triggers the auto-tuning function through a trigger output 142. During the closed loop
control stage, tuning control circuit 122 observes e(t), u(t) and y(t) and passively calculates new control parameters
through circuits 126 and 128. Tuning alert circuit 136 compares the new calculations with the previously stored operating
process control parameters. If the difference between the calculations is greater than a specified range, tuning alert
circuit 136 triggers the auto-tuning function through trigger circuit 134 cr notifies the user or master controller 10 through
alert output 144. Tuning alert circuit 136 also passively verifies the estimated process model with the process by fitting
current values of y(f} and u(t} into the model equation {discussed below)} to see if the model is cormrect. If not, circuit
136 friggers the auto-tuning function or issues an alert on output 144. Circuit 136 also monitors e(t) and y(t) after a set
point change or a major disturbance in the process and issues an alert if the desired performance (e.g. critically damped)
is not present. For example, the integral of the square of the emror signal e(t) or the integral of the absolute value of
the error can be compared with a threshold value stored in memory 56. If the error integral exceeds the threshold,
circuit 136 issues an alert. In addition, circuit 136 monitors y(t) during the tuning stage. If y(t} is not responding or
responds incorrectly, circuit 136 generates a funing failure alert on cutput 144. The user can take action to comect the
auto-tuning function, such as by changing the selected values of Uy n. Upax or a performance factor o described below.
[0030] Figure 4 is a diagram illustrating the waveforms of control output u{f} and process variable y(t}). Once the auto-
tuning stage has been initiated, tuning control circuit 122 monitors the sign of e(t) to determine whether y(t) is above
or below Yger. If €(t) is negative, y(t) is above Yger. The control loop is opened at switching junction 108 and excitation
circuit 124 forces u(t) to a user-selected minimum control output value Uy, at time t; to force y(t) toward Yger. Tuning
control circuit 122 then monitors e(t). Once e(t) is below a selected threshcld error level, excitation circuit 124 applies
a user-selected maximum control output value Uy to process 110, at time g, such that y(t} starts increasing. At time
taax: ¥(1) is maximally increasing. At time 1g, the minimum coentrol output value Uy, is again applied to process 110
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such that y(} staris decreasing. At time 4, y(t) is maximally decreasing. At time t,, the auto-tuning stage ends and
process control system 100 becomes a closed PID control loop which adjusts u(t) to bring the process variable to the
set point y(t} = YgeT-

[0031] If the sign of e{t) were positive at time t,, then the excitation waveform u(t) shown in Figure 4 would simply
be inverted. Excitation circuit 124 would apply u(t} = Uyax such that y(t} rises toward Yger, then u(t} = Uy y such that
y(t} falls and then u(t) = Uy such that y{t} rises again.

[0032] By varying the control output u{t) over time during the auto-tuning stage, tuning circuit 106 has the ability to
estimate all system parameters accurately with repeatable and robust results such that PID controller 104 provides
the desired performance. Tuning circuit 106 can be configured to estimate the process model parameters for non-self-
regulating and self-regulating processes according to the present invention.

1. Non-self-Regulating Processes

[0033] The level process shown in Figure 1 is one example of a non-self-regulating process. A non-self-regulating
process is a process in which the measured process variable y({t) will continue to increase or decrease as long as the
control signal u(t} is not equal to a steady slate value Ugg (i.e., when the inlet and outlet flows are not equal in a level
process) . The level balance equation of the level process shown in Figure 1 can be written as:

% = mqu(t-L) - m,o(f) Eq. 2

Equaticn 2 assumes that valves 16 and 18 are linear and neglects a head pressure effect on the valves. L is the sysltem
dead time and m, and m, are constants coresponding to the volume flow into and out of tank 14 divided by the area
of tank 14.

[0034] When control output u(t) is at a steady state, Ugg, and the dead time effect disappears,

% =0 = m,Ugg-myolf) Eq. 3
When y(t) is maximally increasing (see Figure 4}, u(t) = Uyax and,
Re = 280, = m Upax-my0(t) = my(Upaxc Uss) Eq.4
Similarly, when y(t} is maximally decreasing (see Figure 4}, u(t) = U,y and,
RF#%'-MAX = (M Upgn-mz0(f)) = mq(Ugs-Upgn) Eq.5
By dividing Equation 4 by Equation 5, the following mathematical relationship can be derived:

Rr _ UmaxUss

- AR 9o Eq. 6
Rp  Ugs-Uuyin

A rising deed time L and a falling dead time L (see Figure 4) of process variable y(t) can be written as:

E - .
Lep = Crax~—Cr- 4 m?:\,} iz
R
_ Y {tax) ~Yiax
_RF

Ly = Lomx~tr

where ¥t ax) is the process variable at time ty,,y, when the time derivative of y(t) reaches the maximum in the positive
direction. Similarly, y(tsax) is the process variable at time t 4 when the time derivative of y() reaches the maximum



10

15

25

35

40

45

ap

a5

EP 1122 625 A1

in the negative direction. The term y, is the minimum value of y{{} between {imes tg and {; and the term y,,y is the
maximum value of y(t) between times t and time t,. Through Equations 4-5 and 7-8, process model estimation circuit
126 calculates Lg, Ly, Rg and Rg.

[0035] From Equations 4-6 and 6-8, the process model parameters Uggy (estimated steady state Ugg), my and L
can be estimated as:

U - ReUyrw+ RpUpax
EST RR + R.F‘

L = max{Lg., Lg

To allow the resulting PID function to compensate for the worst case, the overall system dead time L is estimated in
Equatien 11 as the maximum of Lg and Lg. Process mode| estimation circuit 126 estimates the process model param-
eters UzgT, My and L according to Equations 9-11. Equations 9-11 can easily be modified to estimate a process in
which the system is reverse acting by exchanging Uyax and Uy . The process model parameters are provided to
control parameter rule circuit 128 which tunes the contrel parameters K, T, and T according to selected rules, as
discussed in greater detail below.

[0036] The unfiltered process variable y({t} may be too noisy to produce repeatable tuning parameters. Although there
are several suitable methods to handle a noisy process variable, the present invention preferably includes a low pass
filter 130 (also referred to as a dynamic filter or 2 user damping filter} coupled to the cutput of process 110. With low
pass filter 130, process model estimaticn circuit 126 can provide rebust estimation of model parameters Ugg, mq and
L by using Equations 9-11.

[0037] In an altemative embodiment, Equations 4-5 and 7-8 are replaced with the following equations to improve
noise reduction and obtain even more reliable results. The rising rate of change Ry in the process variable can be
defined cver a sampling period T as:

dy(t)
Ry, =mi (U~ Ugs) , where Ry, = ——Xa—g—— at b=ty ,+7T BEq. 12

Ry = 11 (Upgpy~ Usg) » Where Ry = %-‘EE’— attet o+ (N-1)T

Since all the Rg's in Equation 12 correspond to the same control signal Uyay, the Rg's can be averaged according to
the following mathematical expression for a better approximation of Ry in order to minimize a least square emor in
estimating the constant m,:

N

3 Ran
Ry = £-1—N~—- Eqg. 13

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

N
D Rey
Ry = ..__.__‘1N Eq. 14

The rising and falling dead times Ly and L are estimated according fo Equations 7-8.
[0038] Control parameter rule circuit 128 tunes the control parameters for PID controller 104 according to a selected
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set of rules. Although any suitable set of rules can be used according to the present invention, circuit 128 preferably
includes internal model-based control (IMC) tuning rules. With Equations 9-11, the process model parameters can be
estimated with very low computational complexity. With IMC tuning rules, the corresponding control parameters for
PID controllers can be derived from:

2t+L
m{t+Lf2)2
T, = 2t+L Egs. 15-17
v . IL+L%/4
o 2t+L

Kp-

where Kp, T, and Ty, are the proportional gain, integral time and derivative time, respectively, of PID controller 104,
and 71 is a desired closed loop response time constant. The control parameters for P, Pl and PD controllers are slightly
different from those in Equations 15 and 16 and can be found in Intemal Model Conirol, PID Conircller Design, 25 Ind.
Eng. Chem. Process Des. Dev. 252-65 (1386). According to the present invention, the time constant t is defined as a
function of a performance factor o, where

t=al Eq. 18

[0039] The performance factor o preferably ranges between 1/2 and 3 to cover the degrees of desired performance.
For example, =1 generates a critical damped closed loop response. A smaller ¢ generales a mere aggressive, faster
response and a larger o generates a more conservative, slower response. Inserting Equation 21 into Equations 18-20,
the comresponding PID tuned control parameters-become:

4
K -
F omT,
T; - (2a+1) L Egs. 19-21
a+l/4
Ty = —t I,
u 2a+1

The PID tuned control parameters K, T) and Tp can therefore be calculated by control parameter rule circuit 128 with
low computational complexity. The performance factor « is provided to circuit 128 through an input 132 and control
circuit 122. In the embodiment shown in Figure 2, the performance factor o Is provided to microprocessor 48 by master
controller 10 as a digital value modulated on loop 20.

[0040] Inan altemnative embodiment, process model estimation circuit 126 and control parameter rule circuit 128 are
combined and the control parameters are calculated directly as a function of Lg, Lg, Rg, and Rg. The process model
parameter equations are folded into the control parameter equations such that separate calculations of the process
model parameters are unnecessary.

[0041] In the previous discussion, it has been assumed that the process is linear. For a non-linear process, such as
a process with non-linear valve characteristics and head pressure effects on the valve, the actual stable state valve
position during nermal closed loop control at the end of time sequence t, can be used to replace the estimated value
Uggr in Equations 10 and 15 for a more reliable performance.

2_Self-Regulating Processes

[0042] Process model estimation circuit 126 (shown in Figure 3) can also be configured for estimating the process
model parameters for a self-regulating process such as heat exchanger temperature, flow and pressure control proc-
esses. Most self-regulated processes can be modeled by the following first order plus dead time equation:

TQWT“) + Y() = Kgu(t-L) Eq. 22
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where process model parameters L, Ti; and Kg represent the dead time, time constant and static gain of- the process,
respectively.

[0043] The process model parameters are estimated by applying the open loop contral pattern u(t) that is shown in
Figure 5. As in the non-self-regulating process, the auto-tuning circuit of the present invention separates the process
model parameters in the rising and falling directions to model the worst case performance. Considering the rising
direction when u(t) = Uy, and y(t} is increasing (dy(t)/at > Q) and assuming the dead time L has passed, the following
equations can be written from time tyax to time 1

TeRpa* Yy = KUy
TpRez v Yy = KUy Eq. 23

TeRey+ Yy = Kplyax

where T and Ky, are the time constant and static process gain in the rising direction and N is the number of samples
of y(t) in the rising direction. Ry, is the rate of change of y(t} at an nth sample after 44y, which is defined as:

Ran = L8 at t =ty + (1) T Eq. 24

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

Rpi= Uynx T, Y
- K - - . Eq- 25
R

Rey= Uy ¥

This equation can be solved to estimate T and Ky while minimizing the least square error by using the pseudo inverse
of the matrix on the left-hand side of Equation 25. This can be done by modifying the above equation by Equation 26:

Rpy *** Ry .
["Um 'Umx] Eq. 26
which resulis in:
N

E Rzn ~ mxz Rpn "E Rpq

n=1 [ n=1 N Eq- 27

"Umxz Rpn Umz Ya

n=1 =1

From Equation 27, the following estimations can be derived:

Eg. 28

NUWE YRent Um@ Rm:)(z Yn)
(-3 Ren) O Renva) + 3 RA(Q ¥)

T TR

The same methed can be used to derive the rising system dead time L as was used for the non-self-regulating process:
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£
Lp= fmﬂn'ﬂ”;x—w Eq. 29

where Rp, is the rising rate-cf-change of y{t} at sample n=1.
[0044] Inthe falling direction, u(t) = U,y and y(t) is decreasing (dy(t) < 0). Similar equations can be used to estimate
time constant Tg, static gain K and dead time L for the falling direction, as shown below:

[TF} ~NUynd. ¥ oRen* Uy Rend(3 %)

Ky, NERm O Eel) =X Rend(3 Reny) + (1 RENO 7
Lp= .y~ tp —”t"“;‘) y""”‘

Egs. 30-31

where Rg, is the falling rate-of-change of y(} at sample n=1.

[0045] During operation, from time 15 to time 1z, process model estimation circuit 126 (Figure 3) estimates Ly ac-
cording to Equation 32 and counts the variables ¥Rg, ZRp.Z, Iy, and Ey, R, in Equation 28. From time 1 to time 14,
circuit 126 estimates Lg according to Equation 34 and counts the variables ZRg,, ZRg,2, Zy,, and Zy,Rg, in Equation 33.
[0046] A typical process behaves differently in the rising and falling directions. For example, in temperature control
applications, the process may exhibit this behavior because of endothermic and excthermic reactions in the process.
Arbitrarily choosing the process model parameters in either the rising or falling direction can sometimes lead fo an
undesirable closed loop control performance. The process model estimation circuit of the present invention obtains a
more robust PID control performance. First, a strong low-pass filter (filter 130) is used to prevent noise from corrupting
the derivative signal dy(ty/dt. Second, the process model parameters are estimated by circuit 126 according 1o the
following equations:

Ks = max(Ky, Kp)
T = min(T,, Ty Egs. 32-34

L = max(Lg, Ly

[0047] Once the process model parameters have been estimated for the first order plus dead time process equation,
the P, | and D control parameters can be tuned as a function of several existing tuning rules. For example, the following
Intemal Model Control {IMC} tuning rules have been found to give preferred PID control performance:

27.+L

K = waem

Tr = Tc""% Egs. 35-37

T, o= —C_
P 2T.+L

where Kp, T, and T are the proportional gain, integral time and derivative time, respectively. As with the non-gelf-

regulating process, the closed loop time constant 1 is defined as a function of the performance factor o, where

t=ol Eq. 38

10
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As discussed above, the performance factor o preferably ranges between 1/2 and 3. Equation 34 ensures a maximum
closed loop time constant 1. Equaticns 32 and 33 ensure the smallest pessible propertional gain K for a given per-
formance factor o.

[0048] The auto-tuning circuit of the present invention can also be implemented in a valve control unit, for example.
Figure 6 is similar to Figure 2 and is a block diagram of a valve control unit 160 which includes input filter circuit 162,
voltage regulator 164, adjustable current sink 166, current transducer 168, demodulator 170, A/D converter 172, mod-
ulator 174, microprocessor 176, memory 178, clock circuit 180, D/A converter 182 and actuator 184. Circuit 162, reg-
ulator 164, and current transducer 168 are connected in series with process control loop 186 for receiving the measured
process variable y(t} and modulated digital data, such as a set point Yger, from the loop.

[0049] Demodulator 170 demodulates the data and provides the data to microprocessor 176 for analysis. Regulator
164 receives power from locp 186 and provides a regulated voltage for powering the elements of valve control unit
160. Current transducer 168 measures the analog current level y(t) in loop 186, which is converted by A/D converter
172 into digital data for microprocessor 176. Microprocessor 176 transmits data over loop 186 by modulating the current
through sink 166 with modulator 174, such as by the HART® protocol. The auto-tuning algorithm, control algorithm,
process model and tuning parameters are stored in memory 178 for configuring microprocessor 176 to control actuator
184 through D/A converter 182 as a function of the measured process variable y(t) and the set point Yger.

[0050] The auto-tuning circuit of the present invention has several advantages that are not present in existing tuning
techniques. The auto-tuning circuit generates accurate model parameters with only simple calculations. The simple
calculations allow the auto-tuning circuit to be implemented in low-power and low-memory applications, such as in
field-mounted control units. A 4-20 mA cumrent loop provides 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 memory
space. A typical memory in a transmitter may be limited to 8K to 64K bytes, for example.

[0051] The auto-tuning circuit of the present invention does not require much user interaction. Unlike the Ziegler-
Nichols' open loop test, the auto-tuning circuit of the present invention does not require users to establish a stable
state before the open loop test is run and instead has an ability to assess the stable state conditions. The user sels
up the tuning procedure by providing initial variables such as desired Uyax and Uy levels, selects a desired perform-
ance factor o and then initiates the auto-tuning procedure.

[0052] The auto-tuning circuit of the present invention can be implemented as a manual operation or an automatic
operation, and it can be gperated in the loop commissioning stage at system initialization, or at any cther time the user
wishes to tune the loop. For automatic operation, the auto-tuning circuit is capable of bringing the process variable
close to the set point and starting the tuning exercise automatically without the user's involvement. With manual op-
eration, the user brings the process variable close to the set point and then initiates tuning through master controller 10.
[0053] The auto-tuning circuit of the present invention generates a guided disturbance of the process. Unlike closed
loop relay contral based funing or other frequency domain techniques, the present invention can be restricted to operate
within a defined zone. For example, some users may prefer a u(t} disturbance of only 10% and 75% of the full scale.
The auto-tuning circuit is simple, user friendly, repeatable and robust. It can be used to tune control parameters for P,
Pl, PD, PID and other types of controllers such as fuzzy logic controllers. Suitable fuzzy logic controllers are described
in the article "Auto-Tuned Fuzzy Logic Control,” by J. Quin, ACC Conference 1994, Baltimore Maryland, which is hereby
incorporated by reference.

[0054] 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 spirt and scope of
the invention. The tuning circuit can be implemented as a software routine or algorithm stered in memory for execution
by a programmed computer, such as a microprocessor. In altemative embodiments, the circuit is implemented in digital
or analog hardware. The funing circuit can be located in the transmitter, in the valve or in master controller 10. Master
controller 10 can be located in a central control room, at a remote location near the transmitter or valve or in a hand-
held configurator which is used to configure the transmitter during the commissioning stage. The tuning circuit can
eslimate 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 one calculation stage.
Other configurations can also be used according to the present invention.

Claims

1. A smart field-mounted control unit powered over a process control loop and for controlling a process through a
control output signal based on a measured process variable, comprising:

input-output means adepted to be coupled to
the process control loop and for receiving power from the process control loop;

1
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microprocessor means coupled to 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 parameters; and
tuning means coupled to the control means for tuning the control function parameters to the process based
on the measured process variable; and

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

12
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