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ADAPTIVE BIAS CONTROLLER
BACKGROUND OF THE INVENTION

The present invention relates to an industrial
process controller with adaptive bias, which can be
implemented in low power and memory applications, such
as in field mounted control units.

Field mounted control units include various
devices, such as transmitters, actuators, transducers,
switches and stand-alone controllers. Field mounted
control units are used in process control systems to
control the process, measure process variables and to
generate outputs representative of the process variables
for communication to central controllers or field
control elements {(e.g. values) over process control
loops. The loops have included two-wire, three-wire and
four-wire process control loops. Other loops have also
been used, such as optical and radio frequency control
loops.

Field mounted control units are mounted in a
field area where current and voltage 1levels are
typically limited to provide intrimsic safety. The
units are often powered over the control loop. A
separate transducer senses each process variable and
provides the sensed variable to a transmitter for
transmission to the central controllexr. Controllers can
be located in a central control room or in the field and
monitor the transducer outputs toc generate appropriate
control output signals. Control output signals are
typically sent over a separate control loop to remote
actuators, such as valves, which control the process
according to the control output signals. In certain
applications, controllers select the most appropriate
set of instructions for process contrel egquipment.
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In one application, the transmitter itself
includes a control function which provides the control
output signals to the remote devices directly, thereby
bypassing the central controller. A control function
can also be located in the other field control elements,
such as valves. This type of control unit is referred
to as a field mounted control unit and is disclosed in
more detail in Warrior et al., U.S. Patent No.
5,333,114, which is herxeby incorporated by reference.

The control algorithm or equation performed by
the controller in the transmitter or in the central
control room is specially tailored to the process in
which the controller is used. Several basic control
algorithms exist, including Proportional {P),
Proportional-Integral (PI) Proportional-Derivative (PD)
and Proportional-Integral-Derivative {PID} control
algorithms. The performance of the control algorithm is
determined by control parameters, such as K,, T, and T,
which correspond to the proportional gain, integral time
and derivative time, respectively, for an ideal-type of
PID control algorithm. In some applications, K, is
replaced with a proportional band parameter PB, which is
a function of K,. Other types of PID control algorithms
exist, such as parallel and serial equations. These
algorithms have corresponding parameters which are
similar to the ideal-type parameters. The control
parameters are tuned based on a model of the underlying
process to operate the process optimally.

SUMMARY OF THE INVENTION

A process controller controls an integrating-
type process, such as a level process or flow control
with a pulse duration output, based on a measured
process variable and a set point. The process
controller includes an error generating circuit, a non-
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integrating control circuit and an adaptive bias
circuit. The error generating circuit generates an
error signal based on a difference between the set point
and the measured process variable. The control circuit
generates a first control signal as a function of the
error signal. The adaptive bias circuit adds a bias
value to the control signal, the measured process
variable or the set point. The bias wvalue is
selectively updated as a function of the error signal to
force the error signal toward zero.

in one embodiment, the bias value is added to
the first control signal to generate a second control
signal which is used to control the process. The bias
value is selectively updated to equal a steady state
level of the second control signai when the error signal
exceeds a selected maximum error band. The updated bias
value forces the error signal toward a predefined error
band such that the measured process variable closely
tracks the set point.

In another embodiment, the bias value is added
in the error generation circuit such that the error
signal is the sum of the measured process variable, the
set point and the bias wvalue. The bias wvalue is
selectively updated to equal this error signal at a
steady state when the difference between the set point
and the process variable is outside the predefined error
band.

The adaptive bias circuit provides a tracking
feature in the controller without the use of an
integration term. This eliminates undesirable limit
cycling caused by a double integration which occurs when
an integration term is used with an integrating-type

process.
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BRIEF DESCRIPTION OF DRAW S

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 an adaptive bias
controlier according to the present invention.

Figure 3 is a diagram of the adaptive bias
controller.

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

Figure 5 is a waveform diagram illustrating an
auto-tuning stage and a closed-loop adaptive bias
control stage according to the present invention.

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

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention is an adaptive bias
process control system which is computationally simple
such that the system can be implemented in a low-power
field-mounted control unit in a process control system.
The control system performs a closed 1loop, non-
integrating control function over the process through a
control output signal as a function of predefined
control parameters. An adaptive bias circuit adds a
bias value to the control output signal which is updated
when a difference between the measured process variable
and a user defined set point exceeds a maximum erroxr
tolerance band.

Figure 1 is a diagram of one embodiment in
which the process control system of the present
invention is wuseful. - The process control system
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includeg 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, transmittex
12 and valve 16 to communicate with one another by
varying the current level through the loop. In an
alternative embodiment, master controller 10,
transmitter 12 and valve 16 communicate by varying the
voltage level on loop 20. Concurrently, master
controller 10 and transmitter 12 communicate digitally
over loop 20 in a carrier modulated fashion, such as in
the HART® protocol.

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

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 one another in a variety
of configurations as discussed in more detail in Warrior
et al., U.S. Patent No. 5,333,114.
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In the embodiment shown in Figure 1, the
magnitude of current 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 wvariable amount of
current to adjust control output u(t). The position of
valve 18 controls the flow cut of tank 14. Valve 18 is
adjusted by a wvalve control signal o{t) which is
provided by a transmitter 26 over a two-wire process
control loop 28 which can be coupled to loop 20 in
parallel (as shown in phantom) with loop 20 in a cascade
fashion. The parallel configuration is referred to as
a multidrop configuration. The valve control signal
o{t) can also be provided by a separate loop which is
coupled to transmitter 12 or master controller 10.

A sensor 24 is coupled to tank 14 for
measuring a level y(t) of fluid in the tank. The rate-
of-change in level dy{t)/dt is a function of the
positions of valves 16 and 18. The process in this
example is a "direct action" process since an increase
in u{t}) causes an increase in y(t}. In a "“reverse
action" process, an increase in u(t) would cause a
decrease in y(t). Sensor 24 can include any suitable
sensor, such as an absolute or differential pressure
sensor, an ultrasonic sensor or a microwave sensor.
Other types of sensors capable of generating a signal
representative of the level of fluid in tank 14 can also
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 other non-self-
requlating processes, such as a flow control with a
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pulse duration output. BA 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 state value
Us (i.e., when the inlet and outlet flows are not equal
in a level process). The mass balance equation of the
level process shown in Figure 1 can be written as:

E%%fl - mu{t-1L) -~-mo(t) Eg. 1

The above equation assumes that valves 16 and 18 are
linear and neglects a head pressure effect on the
valves. L is the overall process dead time, t is time
and m, and m, are constants corresponding to the volume
flow into and out of tank 14 divided by the area of tank
14. By assuming o(t)} is constant, the following general
equation for a direct acting integral-type process can
be derived from Equation 1:

dy(t
—Qggl - m(u(t-L) -Ug) Eq. 2

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

Figure 2 is a block diagram of transmitter 12
according to a first preferred embodiment of the present
invention. Transmitter 12 includes a rugged, explosion
proof housing 34 for mounting in the field, input
terminal 36, output terminal 38, input-output circuit
40, demodulator 42, digital-to-analog (D/A) converter
44, modulator 46, microprocessor 48, analog-to-digital
(A/D) converter 50, process variable sensor 52, clock
circuit 54 and memory 56. Clock circuit 54 is connected
to microprocessor 48 to sequence the operation of the

microprocessor.
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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 1is coupled between input
terminal 36 and output terminal 38. Circuit 40 includes
input filter circuit 70, voltage regulator 72, current
sink 74 and current sink 76 which are connected in
series with one another in loop 20. Input ~output
circuit 40 receives process signals from loop 20 at
input terminal 36 and supplies control output signals
u(t) at output terminal 38 as a function of the process
signals. Voltage regulator 72 within input-output
circuit 40 receives power from loop 20 and provides a
regulated voltage for powering all the various elements
of transmittexr 12.

The process signals used in generating control
output u{t) comprise set points representative of a
desired process state, process variables produced by the
process, commands and whole or partial instruction sets
for operating microprocessor 48, coefficients of terms
for controlling microprocessor 48 and status requests
from master controller 10. Input filter circuit 790
receives the process signals and directs the signals to
demodulator 42. Demodulator 42 demodulates modulated
process signals from the current loop and provides
corresponding digital information to microprocessor 48.
The information can be stored in memory 56 if desired.

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

Current sink 74 adjusts control output u(t) by
adjusting the level of current flowing through loop 20.
Microprocessor 48 operates current sink 74 through D/A
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 Y, or other command to
microprocessor 48 which instructs the microprocessor to
adjust control output u(t) such that the process
variable y(t) approaches the set point Y.

Memory 56 may also include an auto-tuning
algorithm or software routine which tunes the stored
control parameters used by the control algorithm to
achieve a desired control performance. The a{zto-tuning
algorithm causes microprocessor 48 to adjust control
output u{t) over time and observe a response in the
process variable yit). From this response,
microprocessor 48 estimates model parameters, such as an
estimated steady state control output value U, the
system dead time L and the constant m,, and use the
model parameters to calculate the desired control
parameters for the control function. Although any
tuning circuit or method can be used with the present

PCTAIS96/14509
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invention, examples of suitable tuning circuits and
methods can be found in a co-pending application of Zou
et al., entitled *Field Based Process Control Unit With
Auto-Tuning,* and filed on August 15, 1995, which is
hereby incorporated by reference.

Several well-known control functions are
available, such as P, PI, PD and PID control functions.
The basic control equation for a PID controller in an
ideal form is,

delt)

e Egq. 3

ult) - Kpe(t) +%Ie(t) dt+ KT,
where K,, T; and T, are control parameters representing
the proportional gain, integral time and derivative
time, respectively.

In some applications, such as integrating
processes, P or PD control functions may be preferred
over PI and PID control functions. With an integrating
process, the closed loop control performance of PI and
PID control functions may experience undesirable limit
cycling in the presence of valve hysteresis and friction
due to double integration since the process acts as a
natural integrator. Limit cycling occurs as the process
variable oscillates about the set point, which causes
the contrcl signal and thus the control valve also to
oscillate in an opposite direction to counteract
oscillations in the process variable. There is no
stable state in the process variable or the control
signal. This compromises process gquality, causes
increased valve wear and affects upstream and downstream
process. Although tuning the control parameters K,, T;
and T, can temporarily compensate for hysteresis and
friction in a valve for a level control application,
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limit cycling may reappear with changes caused by valve
packing friction’. for example.

The present invention reduces limit cycling by
replacing the integration term in Equation 3 with a
reset or bias value Uy, as shown in the following
equation,

de(t) .

u(t) = Kelt) +KTp 22

Ups Eq. 4

Bias value U, is adaptively updated during normal
closed loop control to minimize a tracking error
introduced by a lack of integration

Figure 3 is an illustration of an adaptive
bias process control system according to one embodiment

of the present invention. The control and tuning
algorithms stored in memory 56 configure microprocessor
48 as a process control system. Control system 100

includes summing junction 102, PD controller 104, tuning
circuit 106, adaptive bias circuit 108, and filter 110,
which are coupled to process 112. In one embodiment,
the functions of these elements are performed by
microprocessor 48 (shown in Figure 2). Although a PD
type controller is shown in Figure 1, the present
invention is also useful with a P type controller or a
P(D) type controller where the D term is zero.

For a "direct action" process, a process
variable set point Yo, is provided to a positive input
of summing junction 102 and the measured process
variable y{t) is provided to a negative input of summing
junction 102, through filter 110. For a "reverse
action" process (not shown), Y. is provided to the
negative input of summing junction 102 and y{t} is
provided to the positive input of summing junction 102.

The output of summing junction 102 generates
an error signal e(t) which represents a difference

PCT/US96/14509
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between the set point Yy, and the measured process
variable y(t}. Error signal e(t) is provided to PD
controller 104. PD controller 104 includes proportional
gain control block 114, derivative block 116 and summing
junction 118. The outputs of blocks 114 and 116 are
provided to positive inputs of summing junction 118.
Summing junction 118 generates a first control output
signal on output 120 that is combined with a bias value
Ugs to generate a second control output signal uft)
which controls process 112,

In one embodiment, the control parameters K;
and T, of blocks 114 and 116 may be tuned, or modified
by tuning circuit 106 to match the characteristics of
process 112 and to obtain a desired control performance.
Tuning circuit 106 provides an open loop excitation
signal, which varies over time, to process 112 through
switching junction 122. The excitation signal provided
by tuning circuit 106 is used as the second control
output signal u(t) for disturbing process 112 during an
auto-tuning stage. Switching junction 122 can be an
actual switch or can be a transfer of control from one
algorithm or software routine to the next. Tuning
circuit 106 then observes the response in the measured
process variable y(t) through filter 110 and generates
a model of process 112.

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

U ReUpgn* RpUyax
EST RR + RF
R R R,+R
m, - oS A M 4 Egs. 5-7

YUyax~ Ugsr Upsr=Uvzy  Usax~ Upzw

L = max{Ly, Lz
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where R; and Ry are the rising and falling rates of
change in the measured process variable y({t}, L; and I,
are the rising and falling system dead times, and Uy,
and Uy, are sequential maximum and minimum control
signal disturbances applied to process 112 through
switching junction 122. The process model parameters
are then used to tune the control parameters X, and T,.
Equations 5-7 are easily modified to estimate a process
in which the process is reverse acting by exchanging U,
and Uy;,y. Other process model estimation equations can
also be used with the present invention. Once the model
has been estimated, any suitable set of tuning rules can
be used to tune the parameters, such as internal model-
based control (IMC) and Lambda tuning rules. The
process model and tuned control parameters are then
stored in memory 56 (Figure 2} and can be provided to
master controller 10 over process control loop 36.
Adaptive bias control circuit 108 is coupled
between P or PD controller 104 and process 112. Circuit
108 includes summing junction 124, ramp and hold circuit
126, switching Jjunction 128 and tracking error
comparator circuit 130. Summing junction 124 has one
positive input coupled to the ocutput of summing junction
118 and another positive input coupled to ramp and hold
circuit 126. Summing junction 124 generates the secongd
control output signal u(t) which is the sum of the first
control output signal 120 of PD controller 104 and bias
reset value Uy provided by ramp and hold circuit 126.
Control output signal u(t) is fed back to ramp and hold
¢circuit 126 through switching junction 128. Tracking
error comparator circuit 130 controls the state of
switching junction 128 as a function of a comparison of
a maximum tracking error e,y provided at input 132 and
the tracking error signal e(t} provided at input 134.

PCT/US9%6/14509
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The value of e, may be selected by the user and can be
provided by mast:ér controller 10 (Figure 1} over loop 20
for storage in memory 56 {Figure 2).

Summing Junction 124 represents the addition
of bias reset value U, in Equation 4.  Since the
differential egquation defined by Equations 2 and 4 has
a solution at the stable state, yl{t) = Y, ult) = Ug,
e{t) = e, and de(t}/dt = 0. Therefore,

Bge ™ ESS—K:I——"—S | Eg. 8
The tracking error is inversely proportional to K,, and
directly proportional to the difference Ug,-U,;. If the
bias reset value U, is selected so that Uy = Ug, the
stable state tracking error e(t) = egi will approach
zero.

Given Equation 8, tracking error comparator
circuit 130 operates switching junction 128 according to
the flow chart shown in Figure 4. When process control
system 100 begins closed loop control of process 112,
switching junction 122 opens. The process model has
been estimated and the control function parameters have
been calculated. At step 140, tuning circuit 106
provides the estimated steady state control output value
Ugsy to ramp and hold circuit 126 which ramps Uz to Ugg
for initializing the control output u{t). The estimated
value Ug, may be somewhat different from the real Ug.
Consequently, PD controller 104 receives a tracking
error ef{t) from summing junction 102. At step 142,
tracking error comparator circuit 130 waits a user-
defined time period to allow y{t} and e(t) to approach
a stable state. The time period may be any period such
as several seconds oxr minutes.
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After waiting the selected time period,
tracking error c.omparator 130 begins observing samples
of error e(t}) and compares the samples with the maximum
tracking error value ey, at step 144. If |e(t)]| is
less than e,,;, no action is necessary and tracking error
comparator circuit 130 leaves switching junction 128
open such that bias value Uy is not updated. If {e(t}]
is greater than ey, then tracking error comparator
circuit 130 verifies whether the process is stable.

There are several ways in which tracking error
comparator circuit 130 can verify whether the process is
stable. In one embodiment, N samples of erroxr e(t) are
collected, at step 146, which are fit into a curve an+b
with a least square data fitting method where a is the
slope, n is the sample and b is the intercept.
Specifically, '

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

a'‘N+b = e(N)

Eg. 9

The above equation can be written imn the

following matrix form,

1 1 a e({l}
2 1 e{2) Eq. 10
IUND 1’-‘ b eh(b‘No)

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

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

which results in
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Y a° 211”5] i }:ne(n)} Bq. 12

Yon Yl [ Y e

By inverting the left matrix and reorganizing the

equation, the equation becomes:

a1 Y netm -2 1) Y ela)

- — Eg. 13
bf  NE-1)[-2 (N+1) T ne(n) + 3 (N+1) (2N+1) Y e(n)

The terms a and b are calculated, at step 146, according
to the above equation. These terms can be calculated by
simply calculating the terms Le(n}) and Ine{n}. Once a
and b are determined, tracking error comparator circuit
146 determines whether the process is stable. If the
slope |al of the curve is less than a threshold value
a3y, at step 148, the process is stable and is outside
the allowed error band {determined at step 144). The
threshold value a,,, may represent a specified change in
level over a specified period of time, for example. The
bias reset value Uy is updated, at step 150, to egual
the present value of u{t) so that the stable state error
function ez will approach zero.

In some applications, such as averaging level
process contreol, a sudden change or *bump" in the
conrtrol signal wu{t} will wupset the upstream or
downstream process. Therefore, a "bumpless" update of
bias value Uy is often desired. This can be achieved
with a linear or exponential ramp function to smooth the
bias value and thus the control signal update. In one

example,
newly = 0ldUpg+ Rt 1£0<t<T E s
newlye = Uss ife>T qa- 1

where,

PCTAISI6/14509
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Uge - 01dU,
R= S8 " RS Eq. 15

R is the rate of the ramp and T is the ramp period. 1In
another example,

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

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

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

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

PCTAUSY6/14509
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involves collecting N samples of the error e(t) and
determining whether the statistical variance of the
samples is smaller than a threshold value. If so, then
the process is stable. Since the process is stable, and
the error is outside the error band, as determined at
step 144, the bias wvalue U, is updated with a ramp
transition to equal the present value of u{t}.

Figure S5 is a waveform diagram which
illustrates the adaptive bias operation. Waveform 180
represents the magnitude of the control ocutput uf{t) over
time. Waveform 182 represents the magnitude of the
process variable y(t}) over time. From time t, to time
ta. tuning circuit 106 disturbs control output u(t},
observes the measured process variable y(t), estimates
the steady state control output Ug,; and other process
model parameters and then tunes the control parameters
K, and T,, as discussed above. It should be understood
that the tuning procedure and the tuning circuit 10€ are
optional with the present invention.

Adaptive tuning of bias value Uy, begins at
time t,. At time t,, tuning circuit 106 provides the
estimated steady state control output Uy to ramp and
hold circuit 126. PD controller 104 then begins
controlling the process. As mentioned above, the
estimated steady state control output Ug,, shown at 184,
may be somewhat different than the real steady state
control output Ug,, shown at 186.

At time t,,, the process variable y(t} reaches
a stable state with a tracking error eg greater than
ewx- A tracking error band of 2e.,x is shown at 188
along waveform 182. At time t,;, bias wvalue Uy is
updated to the real steady state control output Ug with
a ramp function, shown at 186. The process variable
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yv(t) then reaches a new stable state 190 which has a
tracking error é; that is less than ey,.

At time t,, a disturbance or process load
change occurs in process 112. PD controller 104 brings
the process variable y(t) to a new stable state, at 192,
by varying control output u({t). Since the stable state
tracking error e, at 192 is greater than eyy, tracking
error comparator circuit 130 closes switch 128 and
updates bias reset value Uy to equal the real control
output steady state value Ug with a ramp function,
shown at 194. Process variable y{(t) reaches a new
stable state, at 196, which has a tracking error eg
that is less than eyy-

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

equation,

e(t) = Ygpr-¥I{L) +eg7,¢ Egq. 17
In this case, the control goal is to force y{t) = Y,
that is e(t} = eu,¢. At the steady state, e{t) = eg4,

yit) = Y. If e4,¢ is updated to equal ey, then Y is
forced toward Y, in the above equation for the same
reasons as were discussed with reference to Equation 8.
The error bias value eg,; is updated in the same manner



WO 97/11414

10

15

20

25

30

-20-

as the bias value U, described above. It should be
understood that the terms "add” and “sum® used herein
includes adding positive or negative terms such that the
addition may in fact be a subtraction.

Adaptive bias control eliminates the primary
disadvantage of a lack of tracking ability in
traditional P and PD control systems. The adaptive bias
control of the present invention is simple, robust and
adaptable for unexpected process disturbances and load
changes. Since the adaptive bias control requires only
simple calculations, it can be implemented in devices
having limited power and memoxry, such as field mounted
process control units. For example, a 4-20 mA current
loop leaves only a few milliamps after the signal range
is subtracted to power all of the electronic components
in the unit. This limits the complexity of the
components and the memory space that can be implemented
in the unit. Typical memory transmitters available
today are limited to BK to 64K bytes, for example.

The adaptive bias control circuit of the
present invention can also be implemented in a valve
control unit, for example. Figure 6 is similar to
Figure 2 and is a block diagram of a valve control unit
200 which includes inpur filter circuit 202, voltage
regulator 2084, adjustable current sink 206, current
transducer 208, demodulator 210, A/D converter 212,
modulator 214, microprocessor 216, memory 218, clock
circuit 220, D/A converter 222 and actuator 224.
Circuit 202, regulator 204, and current transducer 208
are connected in series with process control loop 226
for receiving the measured process variable y(t) and
modulated digital data, such as a set point Yg,, from
the loop.

PCT/US96/14509
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Demodulator 210 demodulates the data and
provides the data to microprocessor 216 for analysis.
Regulator 204 receives power from lcop 226 and provides
a regulated voltage for powering the elements of valve
control unit 200. Current transducer 208 measures the
analog current level yi{t) in 1lcop 226, which is
converted by A/D converter 212 into digital data for
microprocessor 216. Microprocessor 216 cransmits data
over loop 226 by modulating the current through sink 206
with modulator 214, such as by the HART® protocol. The
auto-tuning algorithm, control algorithm, process model,
tuning parameters and other user-defined constants are
stored in memory 218 for configuring microprocessor 216
to control actuator 224 through D/A converter 222 as a
function of the measured process variable y(t} and the
set point Vg,

Although the present invention has been
described with reference to preferred embodiments,
workers skilled in the art will recognize that changes
may be made in form and detail without departing from
the spirit and scope of the invention. For example, the
adaptive bias value can be added to the control output
signal, the measured process variable or the set point
value to move the tracking error e({t) toward zero. The
adaptive bias control circuit can be implemented as a
software routine or algorithm stored in memory for
execution by a programmed computer, such as a
microprocessor. In alternative embodiments, the circuit
is implemented in digital or analog hardware. The
control circuit can be located in the transmitter, in
the valve or in master controller 10. Master controller
10 can be located in a central control room or at a
remote location near the transmitter or wvalve. The
control circuit can be used with any suitable tuning

PCTAUS96/14509
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circuit or met:h_od, such as the well known Ziegler-
Nichols’ open-loop tuning method, the modified Ziegler-
Nichols’ frequency domain {closed loop} method, or the
method disclosed in the copending application referred

5 to above. Alternatively, the present invention can be
used without a tuning circuit.
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WHAT IS CLAIMED 1S:

1. A process control apparatus for controlling an
integrating-type process based on a measured process
variable and a set point, comprising:
error means for generating an error signal as
a function of a comparison between the
set point and the measured process
variable;
non-integrating control means coupled to the
error means for generating a first
control signal as a function of the
error signal; and
adaptive bias control means for adding a bias
value to at least one of the first
control signal, the measured process
variable and the set point as a function
of the error signal.
2. The process control apparatus of claim 1
wherein the adaptive bias control means includes means
for monitoring the error signal and for selectively
updating the bias value when an absolute value of the
error signal exceeds a selected maximum error.
3. The process control apparatus of claim 2
wherein the means for selectively updating includes
means for selectively updating the bias value according
to a ramp function.
4. The process control apparatus of claim 2
wherein the adaptive bias control means is coupled to
the non-integrating control means and includes means for
generating a second control signal based on a sum of the
first control signal and the bias value and wherein the
means for selectively updating updates the bias value to
equal the second control signal.
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5. The process control apparatus of c¢laim 2

wherein the adaﬁtive bias control wmeans is coupled to
the error means and includes means for providing the
bias signal to error means, wherein the error means
generates the error signal based on a sum of the set
point, the measured process variable and the bias value,
and wherein the means for selectively updating updates
the bias value to equal the error signal.
6. The process control apparatus of claim 1
wherein the adaptive bias control means comprises:
means for collecting N samples of the errox
signal and determining whether at least
one of the N samples exceeds a selected
maximum error;
means for fitting the N samples to a
polynomial eguation an + b, where a is
the slope of the curve, b is the
intercept and n is a variable
representing the number of the sample;
means for updating the bias wvalue when at
least one of the N gsamples exceeds the
selected maximum error and the absolute
value of slope a is less than a selected
maximum slope.
7. The process control apparatus of claim 6
wherein the adaptive bias control means further
comprises:
means for updating the bias value to equal a
sum of a past bias value and a selected
integral gain constant K. multiplied by
intercept b when at least one of the N
samples exceeds the selected maximum
error, the absolute value of slope a is
greater than a selected maximum slope
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and a product of slope a and interxcept b
is greater than zero.
8. The process control apparatus of claim 1
wherein the adaptive bias control means comprises:
means for collecting N samples of the error
signal and determining whether at least
one of the N samples exceeds a selected
maximum error;
means determining a variance in the N samples
and for updating the bias value when at
least one of the N samples exceeds the
selected maximum error and the variance
is less than a selected maximum
variance.
9. A field-mounted control unit powered over a
process control loop for controlling a process based on
a measured process variable and a set point, comprising:
input-output means adapted to be coupled to
the process control loop and for
receiving power from the process control
loop;
microprocessor means coupled to the input-
output means and comprising:
error means having an input for
receiving the measured process
variable and the set point, wherein
the error means generates an error
signal as a function of a
comparison between the measured
process variable and the set point;
non-integrating control means coupled to
the error means for generating a
first control -signal as a function
of the error signal; and
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gﬁaptive bias control means for adding a
bias value to at least one of the
first control signal, the measured
process variable and the set point
as a function of the error signal;
and

a memory coupled to the microprocessor means.
10. A process control system for controlling a
process based on a measured process variable and a set
point, comprising:

a process control loop;

a controller comprising:

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

non-integrating control means coupled to
the error wmeans for generating a
control signal on the process
control loop as a function of the
error signal;

adaptive bias control means for adding a
bias wvalue to at least one of the
control signal, the measured
process variable and the set point;
and

means for selectively updating the bias
value as a function of the error
signal; and
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a field device coupled to the process control
loop which controls the process as a
function of the control signal.
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