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AUTO-TUNING PID CONTROL FOR VACUUM SYSTEM

BACKGROUND OF THE INVENTION
1. FIELD OF THE INVENTION
The present invention relates to PID controllers. More
particularly, the present invention relates to a PID controller that can
automatically tune itself to account for system noise, hysteresis, and load

changes in a vacuum system which is used in milking dairy animals.

2. DESCRIPTION OF PRIOR ART

Proportional integral derivative (PID) controllers are used in
many industries to control some aspect of an industrial-process. PID
controllers typically attempt to control a process variable (PV), such as a
vacuum level indicated as a vacuum reading, by modifying a control
output (CO), such as a vacuum pump speed signal, in order to make the
PV track a set-point (SP), such as a desired vacuum level. As such, PID
controllers need to be tuned specifically to the process they are expected
to control.

There are many methods in current use for tUning PID
controllers. However, methods in current use are not efficient at
compensating for system noise which is inherent in the process. For
example, a milking system may experience system noise in the form of
sporadic vacuum leaks, load surges, vacuum pump characteristics, and
other substantially random events. Thus, parameters used by and
generated through these methods may be skewed by such system noise,
resulting in non-optimally tuned PID controllers.

Furthermore, methods in current use are not efficient at
compensating for load changes that may occur while the method is being
conducted. For example, an event outside of the control of a PID

controller may occur which causes the PV to shift away from the SP.
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Since methods in current use cannot account for this, the PID controller
is often tuned outside of its normal operating range. Again, this results in
hon-optimally tuned PID controllers.

Accordingly, there is a need for an improved PID controller
that overcomes the limitations of the prior art.

There is a further need for an improved PID controller that
more effectively controls a variable speed drive for a vacuum system.

There is an additional need for an improved milking system
which uses a PID controller which can tune itself to account for system
noise, hysteresis, and load changes in one or more milking apparatuses

of the milking system.

SUMMARY OF THE INVENTION

The present invention overcomes the above-identified
problems and provides a distinct advance in the art of PID controllers.
More particularly, the present invention provides a PID controller that can
automatically tune itself to account for system noise, hysteresis, and load
changes. The controller may be part of an automated milking system for
a dairy parlor which employs automated machine milking using a vacuum
system to extract milk from a dairy animal’s teats. The milking system
may include a dairy parlor having multiple milking stations for
simultaneous milking of one or a plurality of dairy animals, or may be an
automated milking machine which sequentially milks the dairy animals
with the aid of a milking robot.

The system broadly comprises one or a plurality of milking
stations for milking the animals. A milking apparatus is provided at each
station for receiving and transporting the milk from the animals, the milking
apparatus typically including at least one milking claw having a plurality of
teat cups, but may also include an apparatus wherein the teat cups are

independent of a claw. The system further includes a vacuum pump for



WO 2004/019144 PCT/US2003/006120

10

15

20

25

30

-3-

producing a vacuum level in order to draw the milk into the apparatus, and
further typically provides vacuum to a pulsator for providing a pulsating
action to the cups, a variable speed drive for driving the pump at a
variable speed, and the controller for controlling the drive according to the
vacuum level.

The controller monitors the vacuum level by receiving a
vacuum reading from a pressure sensor connected to a conduit that runs
between the pump and the apparatus at each station. According to the
vacuum reading received from the sensor, the controller adjusts a speed
signal that is sent to the drive, thereby controlling the speed of the pump
using the drive.

The controller preferably determines an appropriate speed
signal using a Proportional Integral Derivative (PID) control routine. PID
control routines are commonly used to generate a control output (CO) in
order to force a process variable (PV) to track a set-point (SP). In this
case, the CO is the signal that is sent to the drive to control the speed of
the pump. Additionally, the PV is the vacuum level in the conduit
indicated as the vacuum reading determined by the sensor. Itis common
practice to use an output from a process sensor as the PV. Therefore,
throughout the remainder of this document, as it relates to vacuum
systems, we will associate the PV with the vacuum reading, which is how
the controller monitors the vacuum level. Finally, the SP is a desired
vacuum level that will allow the system to safely and comfortably extract
milk from the animals.

It can be appreciated that the controller is necessary since
events effecting the system are constantly changing a system load, which
is the required amount of air the pump must handle in order to maintain
the desired vacuum level. Such events, include, for example changes in
the rate of milk flow from the animals during milking, initiation and

cessation of milking on different animals at different milking stations
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connected to the conduit, and disconnection of one or more of the cups
which permits air to enter freely into the conduit.

In some preferred milking systems which include a milking
robot, the milking robot may additionally perform the function of cleaning
of the animal’s teats using liquid such as water. In such systems, vacuum
may be used for transporting cleaning liquid from a dedicated teat
cleaning device.

The manner in which the controller modifies the CO, and thus
the speed of the pump, is controlled by PID settings, which may or may
not include a coefficient for each portion of the PID control routine. The
PID settings preferably include a proportional coefficient (P), an integral
coefficient (1), and a derivative coefficient(D).

The controller is preferably able to tune itself by automatically
performing a tuning method that accounts for system noise and hysteresis
characteristics of the system while compensating for changes in the load
that may occur while the method is being conducted. The method broadly
comprises performing initial determinations, identifying the system noise
and hysteresis characteristics of the system, calculating thresholds
outside of the system noise and hysteresis characteristics, and using the
thresholds to find an ultimate gain (UG) and an ultimate period (UP) of the
system while compensating for changes in the load. The UG and the UP
are then used to calculate the P, the |, and the D.

The initial determinations include calculating a nominal output
and determining an output offset. The nominal output is preferably a
nominal speed signal that is sent to the drive in order to cause the pump
to run at a nominal speed, which is expected to allow the system to
maintain the vacuum reading at or near the desired vacuum level while
the load is held substantially constant under normal operating conditions.

The output offset is preferably an allowable deviation from the nominal
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output which is not expected to cause a significant disturbance in the
system.

Once the nominal output and the output offset have been
determined, a first CO and a second CO are calculated. The first CO is
preferably calculated as the sum of the nominal output and the output
offset. The second CO is preferably calculated as the nominal output
minus the output offset. Therefore, the first CO and the second CO are
preferably bracketed around the nominal output, that is, calculated so as
to be of values respectively greater than and less than the nominal output.

Then, the system noise and hysteresis characteristics of the
system are identified. With the CO held at the nominal output, the PV will
fluctuate around the SP due to the system noise and hysteresis
characteristics. The PV is monitored and a moving average of the PV is
calculated. Using the moving average, a maximum noise level (MNL) can
be calculated as a maximum difference between the PV and the moving
average.

Finally, afirst threshold and a second threshold are preferably
calculated according to the SP and the MNL. The first threshold is
preferably calculated as the sum of the SP and the MNL. The second
threshold is preferably calculated as the SP minus the MNL.

The first CO, the second CO, the first threshold and the
second threshold are used to find the UG and the UP of the system.
When the first CO is sent to the drive, the PV begins moving toward the
first threshold. As soon as the PV crosses the first threshold, the second
COis sent to the drive. As soon as the PV crosses the second threshold,
the first CO is sent to the drive. Alternating between the first CO and the
second CO may be repeated until the UG and the UP can be ascertained.
The P, the |, and the D can be calculated from the UG and the UP using
Zeigler-Nichols conversion factors or other conversion factors, such as

those associated with Tyreus and Luyben or Shen and Yu.
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It should be apparent that the method described above will
result in the PV closely approximating a sinusoidal function, while the CO
closely approximates a square wave function. Under ideal conditions, the
sinusoid of the PV oscillates about the SP, while the square wave of the
CO oscillates about the nominal output; however, uncontrolled events may
cause the PV fo shift.

The method can compensate for uncontrolled events, such
as changes in the load caused by a valve opening. When the system
experiences a change in the load, the PV shifts and thereafter oscillates
about an axis of oscillation. The first CO and the second CO are adjusted
in order to force the axis of oscillation to be approximately equal to the SP,
thereby compensating for the change in the load.

Because itis a goal of the controller to keep the PV at or near
the SP, ensuring that the PV oscillates about the SP provides more useful

values for the UG and the UP. In turn, this provides more accurate values

for the P, the |, and the D, inasmuch as reactions of the system with the

PV close to the SP are of greater significance than reactions of the system
with the PV far from the SP.

For example, the system typically includes non-linear
characteristics such that the system will react differently to similar
changes. For instance, the pump may react more quickly to a speed
change with the vacuum reading at a low vacuum level when compared
to the vacuum reading at a higher vacuum level. Therefore, if the
controller is optimally tuned with the vacuum reading at the low vacuum
level, it is inherently non-optimally tuned with the vacuum reading at the
higher vacuum level. Thus, it can be very important for the controller to
be tuned while the system is holding the vacuum reading near the desired

vacuum level.
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BRIEF DESCRIPTION OF THE DRAWINGS

A preferred embodiment of the present invention is described
in detail below with reference to the attached drawing figures, wherein:

FIG. 1 is a schematic view of an auto-tuning PID controller
shown as part of an automated milking system in accordance with a
preferred embodiment of the present invention; J

FIG. 2 is a diagram showing how the controller adjusts a
pump speed in order to force a vacuum reading to track a desired vacuum
level;

FIG. 3 is a flowchart showing an automatic tuning procedure
preferably used by the controller;

FIG. 4 is a diagram showing how the vacuum reading
fluctuates around the desired vacuum level with the speed held constant;

FIG. 5is a flowchart showing a procedure used to identify and
compensate for system noise,

FIG. 6 is a diagram showing how the controller identifies an
ultimate gain and an ultimate period, while compensating for system
noise;

FIG. 7 is a flowchart showing a procedure used to identify the
ultimate gain and the ultimate period, while compensating for system
noise;

FIG. 8 is a diagram showing how the controller adjusts the
speed of the pump in order to compensate for load changes; and

| FIG. 9 is a flowchart showing a procedure used to

compensate for load changes.

DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT
Referring to FIG. 1, the preferred auto-tuning controller 10 in
accordance with the present invention is shown as part of an automated

machine milking system 12 for milking dairy animals such as that
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illustrated in U.S. Patent No. 6,164,242 incorporated herein by reference.
The system 12 may be arranged in a manner more fully disclosed in a co-
pending U.S. National Phase Application entitled “An Arrangement for
Managing a Herd of Freely Walking Animals” Application Serial No.
10/048,825 filed February 1, 2002 which claims priority of International
Application Serial No. PCT/SE00/01692 published on March 15, 2001,
hereby incorporated into the present application by reference.

The system 12 broadly comprises an area for receiving the
animals, a milking station adjacent to the area, a milking apparatus 14 in
the station for receiving and transporting milk from the animals, a vacuum
pump 16 for producing a vacuum level in the apparatus 14 in order to
draw the milk into the apparatus 14, a variable speed drive 18 for driving
the pump 16 at a variable speed, and the controller 10 for controlling the
drive 18 according to the vacuum level. It should be appreciated that
while only one apparatus 14 is shown in the drawing, the system 12 may
include a plurality of apparatuses 14 for simultaneous milking of a plurality
of dairy animals. The apparatus 14 includes at least one milking claw 20,
which includes a plurality of teat cups 22. The cups 22 of each claw 20
are connected to teats of one of the animals in order to allow the system
12 to draw milk therefrom. Vacuum developed by the pump 16 moves
milk from the teat cups 22 through the claw 20 via milk tube 15 to a
receiving vessel 17. The receiving vessel 17 is connected by a vacuum
conduit 19 to a separator 21 for separating liquid from the vacuum conduit
and intermittently draining separated liquid. Vacuum developed by the
pump 16 may also be provided via a vacuum conduit to a pulsator 23
whereby pulsating subpressure is provided to each teatcup 22 for
stimulation of the teat of the dairy animal as is well known in the art.

The pump 16 includes a suction side 24 and a pressure side
26. The suction side 24 of the pump 16 is preferably Qonnected to each

claw 20 through a conduit 28 which allows the pump 16 to draw the
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vacuum level in the claw 20. The pump 16 is a radial compressor, which
by means of blades, guides incoming air at the suction side 24 radially
outwards, thereby accelerating the air by means of centrifugal force, but
the invention hereof is also applicable to lobe-type and other vacuum
pumps capable of variable speed operation. The air is discharged
through the pressure side 26 which is directly or indirectly connected to
the atmosphere so that the air may be vented.

The controller 10 monitors the vacuum level by receiving a
vacuum reading from a pressure sensor 30 connected to the conduit 28.
According to the vacuum reading received from the sensor 30, the
controller 10 adjusts a speed signal that is sent to the drive 18, thereby
controlling the speed of the pump 16 using the drive 18.

The controller 10 preferably determines an appropriate speed
signal using a Proportional Integral Derivative (PID) control routine. PID
control routines are commonly used to generate a control output (CO) in
order to force a process variable (PV) to track a set-point (SP). In other
words, the CO is used by the controller 10 to control the PV. The SP is
typically a desired PV value. In this case, the CO is the signal that is sent
to the drive 18 to control the speed of the pump 16. Additionally, the PV
is the vacuum level in the conduit 28 indicated as the vacuum reading
determined by the sensor 30. Itis common practice to use an output from
a process sensor as the PV. Therefore, throughout the remainder of this
document, as it relates to vacuum systems, we will associate the PV with
the vacuum reading, which is how the controller 10 monitors the vacuum
level. Finally, the SP is a desired vacuum level that will allow the system
12 to safely and comfortably extract milk from the animals.

The controller 10 preferably interacts with the CO, the PV,
and the SP in 0% - 100% values, which can be easily scaled to specific
systems 12. For example, if the pump 16 and the drive 18 are designed

to run at a maximum speed of 1800 revolutions per minute (RPM), then
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a CO of 0% preferably corresponds to approximately 0 RPM and causes .
the pump 16 to stop. Continuing the example, a CO of 100% preferably

corresponds to approximately 1800 RPM and causes the pump 16 to run

at approximately the maximum speed. Finally, a CO of 50% preferably

corresponds to approximately 900 RPM and causes the pump 16 to run

at approximately half of the maximum speed.

The pump 16 and the drive 18 preferably operate on
alternating current (AC). The drive 18 preferably controls the speed of the
pump 16 by controlling a frequency of the AC sent to the pump 16. For
example, in order to force the pump 16 to generate a maximum vacuum
level, by running at approximately the maximum speed, the controller 10
sends the drive 18 a 100% CO. In response to the 100% CO, the drive
18 sends the pump 16 a maximum frequency, which is typically 60 hertz
(Hz).

As another example, in order to force the pump 16 to
generate a low vacuum level, by running at approximately half of the-
maximum speed, the controller 10 sends the drive 18 a 50% CO. In
response to the 50% CO, the drive 18 sends the pump 16 a low
frequency, which is typically 30 Hz.

Since the system 12 may have any number of claws 20, a
specific system 12 may require differently sized equipment than another
specific system 12, in order to maintain the desired vacuum level.
Therefore, the pump 16 and drive 18 are preferably sized for each specific
system 12. For example, a one hundred claw system 12 may require a
larger pump 16 and a larger drive 18 which may consume more power
than a ten claw system 12. Alternatively, the pump 16 of a specific system
12 may run at different speeds than those of another specific system 12,

For example, it should be understood that the pump 16 acts
to pull air through the system 12. In pulling a volume of air through the

system 12, the pump 16 induces the vacuum level in the conduit 28.
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Therefore, in the one hundred claw system 12, the pump 16 may be
required to pull roughly ten times the volume of air than may be required
in the ten claw system 12, in order to maintain the desired vacuum level
in each system 12. Generally speaking, there are two factors that govern
how much air a specific pump 16 can pull through the system 12. A first
factor is a physical size of the pump 16. For instance, the larger pump 16
can typically pull a larger volume of air than a smaller pump 16 can, while
operating at identical speeds. A second factor is the maximum speed of
the pump 16. For instance, similarly sized pump 16 can pull different
volumes of air through the system 12, depending upon the speed at which
each is operating.

It has been found that the desired vacuum level is typically
approximately 45 kilo Pascal (kPa). Therefore, the sensor 30 is preferably
able to measure the vacuum level in thé conduit 28 around the desired
vacuum level of 45 kPa. Itis also preferable for the sensor 30 to be able
to measure the vacuum level, when the vacuum level deviates significantly
from the desired vacuum level. Additionally, the sensor 30 is preferably
electronic and may be configured such that, during normal operations, the
vacuum reading will be displayed in a specific section of a time plot or
graphical display. This may be done in order to allow users to view a
single plot showing the PV, the CO, and/or other values simultaneously,
without those values overlapping and thereby interfering with each other.

For example, the sensor 30 may be configured to measure
the vacuum level from approximately 0 kPa to approximately 60 kPa
allowing for up to a 33% higher vacuum level than the desired vacuum
level of approximately 45 kPa. Thus, a PV of 0% is preferably indicative
of an approximately 0 kPa vacuum level in the conduit 28. APV of 100%
is preferably indicative of an approximately 60 kPa vacuum level in the

conduit 28. This results in an approximately 75% PV, when the vacuum
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reading is near the desired vacuum level of 45 kPa. Therefore, the PV will
be displayed near the middle of a top half of the plot, as described above.

While the sensor 30 may be able to measure a vacuum
reading up to, or even in excess of, 60 kPa, the sensor 30 is not expected
to experience such a excessive vacuum level. A mechanical vacuum
regulator 32 is preferably connected to the conduit 28 in order to prevent
the excessive vacuum level in the conduit 28. The mechanical vacuum
regulator 32 preferably operates independently of the controller 10 and
bleeds air into the system 12 in order to prevent the vacuum level from
exceeding a maximum vacuum reading, such as 52 kPa. Therefore, care
should be taken to avoid encountering the maximum vacuum reading
during tuning of the controller 10 in order to avoid erroneous results.

It is common practice to match the PV and the SP.
Therefore, a SP of 0% preferably corresponds to an approximately 0 kPa
desired vacuum level and a SP of 100% preferably corresponds to an
approximately 60 kPa desired vacuum level. As aresult, the SP is typically
set to approximately 75% which corresponds to the approximately 45 kPa
desired vacuum level.

As discussed above, the controller 10 forces the PV to track
the SP by manipulating the CO. It can be appreciated that the controller
10 is necessary since events effecting the system 12 are constantly
changing a system load, which may be characterized in terms of the
required amount of air the pump 16 must handle in order to maintain the
desired vacuum level. For example, the cups 22 are frequently being
attached to and removed from teats, which changes the load.
Alternatively, one of the cups 22 may accidentally become disconnected
which may increase the load. Additionally, the quantity of milk flowing into
the apparatus 14 may change the load. These and other events act upon
the system 12 substantially constantly changing the load and requiring the
controller 10 to substantially constantly modify the speed of the pump 16
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in order to maintain the vacuum reading at the desired vacuum level.
Additionally, an operator may alter the SP to a different desired vacuum
level.

Under normal operations, the controller 10 controls the pump
16 in a manner similar to that presented in FIG. 2. Curve 50 represents
the SP which is initially set to a specific desired vacuum level. It can be
seen that curve 52, which represents the CO, is constantly modified by the
controller 10 in order to keep curve 54, which represents the PV, at or
near the SP. As the SP is altered to another desired vacuum level, the
controller 10 recognizes this and modifies the CO in order to force the PV
to move toward the SP.

The manner in which the controller 10 modifies the CO is
controlled by PID settings, which may or may not include a coefficient for
each portion of the PID control routine. Sjnce the system 12 is unique,
one speCific system 12 may react differently than another specific system.
Therefore, the controller 10 must be tuned to interact properly with the
system 12 by determining and implementing unique PID settings for the
system 12. The PID settings preferably include a proportional coefficient
(P), an integral coefficient (I), and a derivative coefficient (D). However,
one or more of the coefficients may be equal to zero, thereby disabling the
corresponding portion of the PID control routine.

The flow charts of FIGs. 3, 5, 7, and 9 show the functionality
and operation of a preferred implementation of the present invention in
more detail. In this regard, some of the blocks of the flow charts may
represent a module segment or portion of code of a program of the
present invention which comprises one or more executable instructions for
implementing the specified logical function or functions. In some
alternative implementations, the functions noted in the various blocks may

occur out of the order depicted. For example, two blocks shown in

" succession may in fact be executed substantially concurrently, or the
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blocks may sometimes be executed in the reverse order depending upon
the functionality involved.

A tuning method of the present invention customizes the
controller 10 for the system 12 to account for system noise and hysteresis
characteristics of the system 12. The method may also compensate for
changes in the load that may occur while the controller 10 is being tuned.
The method is preferably not performed during normal operations.
Furthermore, the PID control routine of the controller 10 is preferably
temporarily disabled during at least portions of the method. As shown in
FIG. 3, the method broadly comprises performing initial determinations
and identifying the system noise and hysteresis characteristics of the
system 12, as shown in steps 3a and 3b. The method also comprises
calculating thresholds outside of the system noise and hysteresis
characteristics, as shown in step 3c. The method further comprises using
the thresholds to find an ultimate gain (UG) and an ultimate period (UP)
of the system 12, or other tuning parameters, while compensating for
changes in the load, as shown in steps 3d and 3e. Finally, the method
comprises calculating the P, the |, and the D, as shown in step 3f.

The initial determinations include calculating a nominal output
and determining an output offset. The nominal output is preferably a
nominal speed signal that is sent to the drive 18 in order to cause the
pump 16 to run at a nominal speed which is expected to allow the system
12 to maintain the vacuum reading at or near the desired vacuum level
while the load is held substantially constant under normal operating
conditions. For example, the system 12 may be expected to normally
operate with 10% of the cups 22 disconnected. In this case, the nominal
output is calculated with 10% of the cups 22 disconnected and any other
conditions and/or assumptions that may be required. For instance, the
nominal output may be found to be 75%. For the above example, the

system 12 can maintain the vacuum reading at approximately 45 kPa with
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10% of the cups 22 disconnected and the pump 16 running at
approximately 75% of the maximum speed, or approximately 1350 RPM.

The nominal output is preferably calculated by running the
system 12 with the controller 10 controlling the speed of the pump16. An
average pump speed can be calculated over an approximately 5 second
time span, but other time span may be used. The average pump speed
may be used as the nominal output. Alternatively, the pump 16 may be
run in manual, with someone varying the speed of the pump 16 until the
vacuum reading closely approximates the desired vacuum level, thereby
determining the nominal output through trial and error. Furthermore, the
nominal output can be calculated through engineering calculations
accounting for characteristics of the system 12, such as an air handling
capacity of the pump 16.

The output offset is preferably an allowable deviation from the
nominal output which is not expected to cause a significant disturbance
in the system 12. The output offset is preferably approximately 5% of the
nominal output, but may be between 2% and 15% of the nominal output.
Given the above example, the output offset corresponds to approximately
3.75% of the maximum speed, or approximately 68 RPM.

Once the nominal output and the output offset have been
determined, a first CO and a second CO are calculated. The first CO is
preferably calculated as the sum of the nominal output and the output
offset. The second CO is preferably calculated as the nominal output
minus the output offset. Therefore, the first CO and the second CO are
preferably bracketed around the nominal output. Continuing the above
example, the first CO is approximately 78.75% of the maximum speed
which corresponds to a pump speed of approximately 1418 RPM. The
second CO is approximately 71.25% of the maximum speed which

corresponds to a pump speed of approximately 1282 RPM.
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As shown in FIGs. 4 and 5, the system noise and hysteresis
characteristics of the system 12 can be identified. With the CO held atthe
nominal output, as shown in step 5a, the PV will fluctuate around the SP
due to the system noise and hysteresis characteristics. Horizontal line 56
represents the SP, or the desired vacuum level, and curve 58 represents
the PV, or the vacuum reading of the vacuum:-level. The PV is monitored
and a moving average of the PV is calculated, as shown in step 3b. An
example of the moving average is shown as curve 60. The moving
average is preferably calculated over an approximately 20 second time
span, but may encompass other time spans. Using the moving average,
a maximum noise level (MNL) can be calculated as a maximum difference
between the PV and the moving average, as shown in step 5c. An
example of the MNL is shown as bracket 62.

Alternatively, the MNL may be calculated as an integral of the
difference between the PV and the moving average over time. The
integral could then be divided by the time. However, care should be taken
to avoid a zero result. For instance, values for the PV above the moving
average would have to be separated from values for the PV below the
moving average. Additionally, absolute values for the difference between
the PV and the moving average could be used.

Finally, afirst threshold and a second threshold are preferably
calculated according to the SP and the MNL, as shown in step 5d. The
first threshold is preferably calculated as the sum of the SP and the MNL.,
The second threshold is preferably calculated as the SP minus the MNL.
For example, if the MNL is found to be .2 kPa, then the first threshold may
be approximately 45.2 kPa and the second threshold may be
approximately 44.8 kPa. Alternatively, the first threshold and the second
threshold may be calculated well outside of the MNL, and therefore may
deviate from the desired vacuum level to a greater degree. It should be

apparent that the thresholds are determined by analyzing the system
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noise and hysteresis characteristics of the system 12, as described above.
Therefore, the thresholds allow the controller 10 to account for the system
noise and hysteresis characteristics of the system 12, while being tuned.

As shown in FIGs. 6 and 7, the first CO, the second CO, the
first threshold and the second threshold are used to find the UG and the
UP of the system 12. As in FIG. 4, horizontal line 56 represents the SP
and curve 58 represents the PV. Additionally, horizontal line 64
represents the nominal output and curve 66 represents the CO, or signal
sent to the drive 18. The first CO is sent to the drive 18, as shown in step
7a. It can be seen that the first CO is approximately the nominal output
plus the output offset, shown as bracket 68. The PV begins moving
toward the first threshold, shown as horizontal line 70, in response to the
first CO. It can be seen that the first threshold is approximately the SP
plué the MNL, shown as bracket 62.

As soon as the PV crosses the first threshold, the second CO
is sent to the drive 18, as shown in step 7b. It can be seen that the
second CO is approximately the nominal output minus the output offset.
As soon as the PV crosses the second threshold, shown as horizontal line
72, the first CO is sent to the drive 18, as shown in step 7c. It can be seen
that the second threshold is approximately the SP minus the MNL. In this
respect, the method functions similarly to an ideal relay. However, the
thresholds are used to determine when to switch the relay, thereby
compensating for the system noise and hysteresis characteristics of the
system 12.

Steps 7b and 7c may be repeated until the UG, calculated
using bracket 74 and the output offset, and the UP, shown as bracket 76,
can be ascertained, as shown in step 7d. For example, a quick tuning
procedure may comprise steps 7b and 7c¢ being repeated for between 1
and 5 repetitions. Al’iernatively, a slow tuning procedure may comprise

steps 7b and 7c being repeated for between 5 and 10 repetitions.
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Using the UG and the UP, the P, the |, and the D are
preferably calculated according to Table 1, as shown in step 7e. It should
be apparent that Table 1 represents Zeigler-Nichols conversion factors.
Other conversion factors, such as those associated with Tyreus and

5 Luyben or Shen and Yu may also be used.

Controller Type P | D

10

15

20

25

P

UG/2

0

0

Pl

uG/2.2

UP/1.2

0

PID

UG/M.7

UP/2

UP/8

Table 1

In order to avoid abrupt changes, the controller 10 gradually
shifts toward the P, the I, and the D. The controller preferably shifts
toward the P, the |, and the D after many iterations of the method. For
example, after a first iteration, the resultant new values for the P, the |,
and the D can be averaged with previous values to produce an average
P, an average |, and an average D. The average P, the average |, and the
average D can then be used immediately. Subsequent iterations can be
performed, averaging the new values for the P, the |, and the D with
Therefore, the P, the I, and the D are

gradually implemented while simultaneously minimizing the effects of any

previous values each time.

abnormal and/or unstable results. Alternatively, the controller 10 may shift
toward the P, the |, and the D in a linear fashion and/or may actually reach
the P, the |, and the D after only one iteration of the method.

[t should be apparent that the method described above will
result in the PV closely approximating a sinusoidal function, while the CO
closely approximates a square wave function. Underideal conditions, the
sinusoid of the PV oscillates about the SP, while the square wave of the

CO oscillates about the nominal output. However, uncontrolled events,
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such as a valve opening or one of the teat cups 22 becoming
disconnected from a respective teat of the dairy animal, may cause the PV
to shift.

Since the mechanical vacuum regulator preferably operates
independently of the controller 10, the PV preferably does not oscillate
enough to cause the mechanical vacuum regulator to actuate. If the
mechanical vacuum regulator were to actuate, the vacuum reading would
be capped at the maximum vacuum reading and therefore not properly
reflect the characteristics of the system 12.

As shown in FIGs. 8 and 9, the method can compensate for
uncontrolled events, such as changes in the load caused by the valve
opening or closing. As in FIG. 6, horizontal line 56 represents the SP,
curve 58 represents the PV, and curve 66 represents the CO. At point
78, the system 12 experiences a change in the load. As a result, the PV
suddenly shifts and thereafter oscillates about an axis of oscillation,
shown as horizontal line 80. The axis of oscillation is identified, as shown
in step 9a. Bracket 82 represents an axis offset that is calculated as the
difference between the SP and the axis of oscillation, as shown in step 9b.
At point 84, the first CO and the second CO are adjusted in order to force
the axis of oscillation to be approximately equal to the SP, as shown in
step 9c.

For example, in a specific system 12, the desired vacuum
level may be 45 kPa. If the sensor 30 is designed to measure up to
60kPa, then the SP would be approximately 75% corresponding to the
PV tracking the SP at approximately 45 kPa. If the maximum frequency
of the pump 16 and the drive 18 are 60 Hz, it may be determined that the
nominal output is approximately 50.8%, which corresponds to
approximately 30.5 Hz. In this case, the output offset may be 10% of the
nominal output, or approximately 3.05 Hz. Therefore, the first CO would

be approximately 55.9%, which corresponds to approximately 33.55 Hz,
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and the second CO would be approximately 45.8%, which corresponds to
approximately 27.45 Hz.

Continuing the example, the MNL may be found to be
approximately 0.2 kPa. In order to ensure that the first threshold and the
second threshold are able to adequately compensate for the system noise
and hysteresis characteristics of the system 12, the first threshold may be
chosen as 75.8% and the second threshold may be chosen as 74.8%.
Therefore, the first threshold would correspond to approximately 45.5 kPa
and the second threshold would correspond to approximately 44.5 kPa,
which are both well outside the system noise and. hysteresis
characteristics of the system 12.

Alternatively, the first threshold may be chosen as 75.3% and
the second threshold may be chosen as 74.7%. In this case, the first
threshold would correspond to approximately 45.2 kPa and the second
threshold would correspond to approximately 44.8 kPa, which are at the

system noise and hysteresis characteristics of the system 12, according

to the MNL. This would still allow the method to account for the system

noise and hysteresis characteristics of the system 12, although with less
of a margin.

Using thefirst CO, the second CO, the first threshold, and the
second threshold, as described above, the UG may be found to be
approximately 30.3 Hz/kPa and the UP may be found to be 2.7 seconds.
After implementing Table 1, we find that the P is approximately 17.82
Hz/kPa, the | is approximately 1.35 /kPa, and the D is approximately .3375
/kPa*s?. These values would preferably be implemented gradually, but
could be implemented immediateiy.

Since itis a goal of the controller 10 to keep the PV at or near
the SP, ensuring thatthe PV oscillates about the SP provides more useful
values for the UG and the UP. in turn, this provides more accurate values

for the P, the I, and the D, inasmuch as reactions of the system 12 with
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the PV close to the SP are of greater significance than reactions of the
system 12 with the PV far from the SP.

It can be appreciated that one or more steps of the method
may be performed manually by a human operator. However, the method
is preferably performed automatically by the controller 10. The operator
may initiate the method by pressing a button and/or performing one or
more of the calculations described above and entering such results into
the controller 10.

While the present invention has been described above, it is
understood that other speeds and/or values can be substituted. For
example, the desired vacuum level may be different and/or Table 1 may
be replaced with other values. Additionally, while the controller 10 has
been described as using scaled values for the CO, the PV, and the SP,
it is acceptable to use real values. Furthermore, the pump 16 and the
drive 18 may operate on direct current (DC), instead of AC. Finally, one
portion of the method may be used independently of other portions of the
method. These and other minor modifications are within the scope of the
present invention.

As can be seen in Table 1, the method may also be
implemented in the controller 10 utilizing only the proportional coefficient.
Alternatively, the method may also be implemented in the controlier 10
utilizing only the proportional coefficient and the integral coefficient.

Furthermore, the method may be used with other PID
controlled processes associated with the system 12. For example, the
method may be used with a refrigeration compressor to tune a controlier
that regulates the speed of the compressor according to a refrigerant
temperature. In this case, the CO would be a speed signal sent to the
compressor, the PV would be the temperature indicated as a temperature
reading determined by a temperature sensor, and the SP would be a

desired refrigerant temperature.
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As another example, the method may be used with a milk
pump to tune a controller that regulates the speed of the pump according
to an exit temperature of the milk. In this case, the CO would be a speed
signal sent to the pump, the PV would be the temperature indicated as a
temperature reading determined by a temperature sensor, and the SP
would be a desired exit temperature. _

As another example, the method may be used with a vacuum
regulator to tune a controller that regulates airflow through the regulator
according to a vacuum level. In this case, the CO would be a position
signal sent to the regulator, the PV would be the vacuum level indicated
as.a vacuum reading determined by a vacuum sensor, and the SP would
be a desired vacuum level.

. As another example, the method may be used with a back
pressure control valve to tune a controller that regulates the valve
according to a back pressure. In this case, the CO would be a position
signal sent to the valve, the PV would be the back pressure indicated as
a pressure reading determined by a pressure sensor, and the SP would
be a desired back pressure.

As another example, the method may be used with a vacuum
pump cooling valve to tune a controller that regulates the valve according
to a coolant temperature. In this case, the CO would be a position signal
sent to the valve, the PV would be the coolant temperature indicated as
a temperature reading determined by a temperature sensor, and the SP
would be a desired coolant temperature. .

As another example, the method may be used with a vacuum
pump exhaust discharge system to tune a controller that regulates where
exhaust is discharged according to an ambient air temperature. In this
case, the CO would be a location signal sent to the system, the PV would

be the ambient air temperature indicated as a temperature reading
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determined by a temperature sensor, and the SP would be a desired
ambient air temperature.

As another example, the method may be used with a holding
gate motor to tune a controller that regulates a power signal to the motor
according to the motor’s torque. In this case, the CO would be a signal
sent to the motor, the PV would be the torque indicated as a torque
reading determined by a torque sensor, and the SP would be a desired
torque.

Furthermore, the method may be used with controllers that
control the vacuum level at each individual teat cup 22. In this case, each
controller may control a valve or a pulsation rate in order to control the
vacuum level at each individual teat cup 22. In this case, the CO may be
a position signal sent to the valve, the PV would be the vacuum level
indicated as a vacuum reading determined by a vacuum sensor, and the
SP would be a desired vacuum level.

Having thus described a preferred embodiment of the
invention, what is claimed as new and desired to be protected by Letters

Patent includes the following:
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CLAIMS:

1. A method of tuning a controller for use in a milking
system, the method comprising the steps of:

(i)  generating a first control output;

(i)  generating a second control output when a process
variable reaches a first threshold;

(iii)  generating the first control output when the process
variable reaches a second threshold,;

(iv) repeating steps (ii) and (iii), thereby causing the
process variable to oscillate about an axis; and

(v) calculating an offset defined by a difference between
the axis and a set-point so that the axis can be
made equal to the set-point.

2. The method as set fc;rth in claim 1, wherein the first

threshold is substantially the same as the second threshold.

3. The method as set forth in claim 1, wherein the first
threshold and the second threshold are different according to a maximum

noise level.

4. The method as set forth in claim 1, furtherincluding the
step of adjusting the control outputs according to the offset in order to

ensure that the axis is substantially equal to the set-point.

5. The method as set forth in claim 1, wherein the

controller is operatively coupled to a vacuum pump of the milking system.

6. The method as set forth in claim 1, wherein the

controller is a PID controller.
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7. The method as set forth in claim 1, wherein the control

outputs and the process variable relate to controlling a vacuum level in the

milking system.

5 8. The method as set forth in claim 1, wherein the control
outputs relate to a pump speed and the process variable relates to a

vacuum reading.

9. A method of tuning a controller for use in a milking
10 system, the method comprising the steps of:
(i)  holding a nominal output;
(i)  determining an average of a process variable;
(i)  identifying a maximum difference between the average
and the process variable; and
15 (iv) calculating a first threshold and a second threshold
according to the maximum difference so thatthe
first threshold and the second threshold may be

used to tune the controller.

20 10. The method as setforthin claim 9, wherein the nominal
output is operable to cause the process variable to substantially track a

set-point under substantially constant load conditions.
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11.  The method as set forth in claim 9, further comprising
the step of determining parameters used to calculate new settings for the
controller by -
(v)  generating a first control output,
(vi) generating a second control output when the process
variable reaches the first threshold,
(vii) generating the first control output when the process
variable reaches the second threshold, and
(viii) repeating steps (vi) and (vii), thereby causing the
process variable to exhibit a substantially

sinusoidal function about an axis.

12. The method as set forth in claim 11, further comprising
the step of calculating the new séttings according to the parameters which

are derived from the sinusoidal function.

13. The method as set forth in claim 11, further comprising
the step of calculating the new settings according to the parameters which
are derived from the sinusoidal function when the axis is substantially

equal to a set-point.

14. The method as set forth in claim 9, wherein the

controller is operatively coupled to a vacuum pump of the milking system.

15. The method as set forth in claim 11, wherein the

controller is operatively coupled to a vacuum pump of the milking system.

16. The method as set forth in claim 9, wherein the

controller is a PID controller.
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17. The method as set forth in claim 11, wherein the new

settings are selected from the group consisting of: a proportional

coefficient, an integral coefficient, and a derivative coefficient.

18. The method as set forth in claim 11, wherein the

controller gradually shifts to the new settings in a linear fashion.

19. The method as set forth in claim 11, wherein the
controller gradually shifts to the new settings in an iterative non-linear
fashion by calculating and implementing average settings based upon the

new settings\and a group of old settings.

20. Themethod as setforth in claim 11, wherein the control
outputs and the process variable relate to controlling a vacuum level in the

milking system.

21. The method as setforthin claim 11, wherein the control
outputs relate to a pump speed and the process variable relates to a

vacuum reading.
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22. A method of tuning a controller for use in operating a
vacuum pump of a milking system, the method comprising the steps of:
| (@) performing initial determinations by -
(i) determining a nominal output for operating a vacuum
5 pump,
(i)  determining an output offset, and
(i) calculating a first control output for operating the
vacuum pump and a second control output for
operating the vacuum pump according to the
10 nominal output and the output offset;
(b) determining parameters used to calculate new settings for
the controller by -
(i) generating the first control output,
(i)  generating the second control output when a process
15 variable of the milking system reaches a first
threshold,
(i)  generating the first control output when the process
variable reaches a second threshold, and
(iv) repeating steps (b)(ii) and (b)(iii), thereby causing the
20 process variable to oscillate about an axis; and
(c) compensating for a load change in the milking system by -
(i) calculating an axis offset according to the axis and a
set-point, and
(i)  adjusting the control outputs according to the axis
25 offset.

23.  The method as set forth in claim 22, wherein the
nominal output is operable to cause the process variable to substantially
track the set-point under substantially constant load conditions.

30
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24. The method as set forth in claim 22, further including
the step of calculating the new settings according to the parameters which
are derived from the oscillation of the process variable when the axis is

substantially equal to the set-point.

25. The method as set forth in claim 22, wherein the first

threshold is substantially the same as the second threshold.

26. The method as set forth in claim 22, wherein the first
threshold and the second threshold are different according to a maximum

noise level.

27. The method as set forth in claim 22, wherein the

controller is operatively coupled to a drive for the vacuum pump.

28. The method as set forth in claim 22, wherein the

controller is a PID controller.

29. The method as set forth in claim 22, wherein the new
settings are selected from the group consisting of: a proportional

coefficient, an integral coefficient, and a derivative coefficient.

30. The method as set forth in claim 22, wherein the

controller gradually shifts to the new settings in a linear fashion.

31. The method as set forth in claim 22, further including
the step of identifying a plurality of old settings used prior to the calculation
of the new settings, and wherein the controller gradually shifts to the new
settings in an iterative non-linear fashion by calculating and implementing

average settings based upon the new settings and the old settings.
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32. Themethod as setforthin claim 22, wherein the control
outputs relate to a pump speed and the process variable relates to a

vacuum reading.
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33. A method of tuning a controller for controlling the
operation of a vacuum pump of a milking system, the method comprising
the steps of:

(a) performing initial determinations by -
5 (i) determining a nominal output,
(i)  determining an output offset, and
(i)  calculating a first control output and a second control
output according to the nominal output and the
output offset;
10 (b) compensating for system noise by -

() holding the nominal output,

(i)  determining an average of a process variable of the

milking system,

(i)  identifying a maximum difference between the average

15 and the process variable, and
(iv) calculating a first threshold and a second threshold
according to the maximum difference;
(c) determining parameters used to calculate new settings for
the controller by -
20 (i) generating the first control output,

(i)  generating the second control output when the

process variable reaches the first threshold,

(iii) generating the first control output when the process

variable reaches the second threshold, and
25 (iv) repeating steps (c)(ii) and (c)(iii), thereby causing the
process variable to exhibit a substantially
sinusoidal function about an axis; and
(d) calculating the new settings according to the parameters
which are derived from the sinusoidal function so that

30 the controller may use the new settings.
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34. The method as set forth in claim 33, wherein the
nominal output is operable to cause the process variable to substantially
track a set-point under substantially constant load conditions within the

milking system.

35. The method as setforth in claim 33, further comprising

the step of calculating an axis offset according to the axis and a set-point.

36. The method as setforth in claim 35, wherein the control
outputs are adjusted in order to force the axis to be substantially equal to
the set-point and the new settings are calculated according to the

sinusoidal function when the axis is substantially equal to the set-point.

37. The method as set forth in claim 33, wherein the

controller is operatively coupled to a drive of the vacuum pump.

38. The method as set forth in claim 33, wherein the

controller is a PID controller.

39. The method as set forth in claim 33, wherein the new
settings are selected from the group consisting of: a proportional

coefficient, an integral coefficient, and a derivative coefficient.

40. The method as set forth in claim 33, wherein the

controller gradually shifts to the new settings in a linear fashion.
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41. The method as set forth in claim 33, further including
the step of identifying a plurality of old settings used prior to the calculation
of the new settings, and wherein the controller gradually shifts to the new
settings in an iterative non-linear fashion by calculating and implementing

5 average settings based upon the new settings and the old settings.

42. The method as set forth in claim 33, wherein the control
outputs relate to an operating speed of the vacuum pump and the process
variable relates to a vacuum reading.
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43. A method of tuning a controller used to control a
variable speed vacuum pump for a milking system, the method comprising
the steps of:

(a) performing initial determinations by -

5 (i) determining a nominal speed at which the pump is
expected to maintain a desired vacuum level
with a substantially constant load,

(iiy  determining a speed offset which is unlikely to cause

a significant disturbance in the system,

10 (iii)  calculating a first speed by summing the nominal
speed and the speed offset, and

(iv) calculating a second speed by subtracting the speed

offset from the nominal speed and;
(b) identifying and compensating for system noise by -

15 (i) sending a nominal speed signal which is
representative of the nominal speed to the pump
thereby causing the pump to run at the nominal
speed,

(i)  monitoring a vacuum reading,

20 (i)  determining an average of the vacuum reading,

(iv) identifying a maximum difference between the average

and the vacuum reading,

(v) calculating a first threshold by summing the desired

vacuum level and the maximum difference, and

25 (vi) calculating a second threshold by subtracting the
maximum difference from the desired vacuum

level;
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determining parameters used to calculate new controller

(i) sending a first speed signal which is representative of
the first speed to the pump thereby causing the
pump to run at the first speed,

(ii) sending asecond speed signal which is representative
of the second speed to the pump thereby
causing the pump to run at the second speed
when the vacuum reading reaches the first
threshold,

(iii)  sending the first speed signal which is representative
of the first speed to the pump thereby causing
the pump to run at the first speed when the
vacuum reading reaches the second threshold,
and

(iv) repeating steps (c)(ii) and (c)(iii), thereby causing the
vacuum reading to exhibit a substantially
sinusoidal function about an axis;

compensating for a load change by -

(i)  calculating an axis offset according to the axis and the
desired vacuum level, and

(i)  adjusting the control outputs according to the axis
offset in order to make the axis substantially
equal to the desired vacuum level; and

calculating and implementing the new settings by -

(i)  calculating the new settings from the parameters
which are derived from the sinusoidal function,
and

(ii)  gradually shifting to the new settings.
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44.  Anautomated milking system for milking dairy animals,
the system comprising:

a milking apparatus for receiving and transporting milk from

an animal during milking;
5 a pump for drawing the milk into the apparatus;

a variable speed drive for allowing the pump to run at more
than one speed; and

a controller for controlling the drive, wherein the controller is
operable to automatically tune itself by performing the

10 method as set forth in claim 43.
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45. A method of tuning a controller (10) for use with a

milking system (12) which comprises at least one milking apparatus (14)

for receiving and transporting milk from dairy animals, a vacuum pump

(16) for producing a vacuum level in the apparatus (14) in order to draw

5 the milk into the apparatus (14), a drive (18) for driving the vacuum pump

(16), and a sensor (30) for providing a reading of a process variable

corresponding to a level of the process variable sensed by the sensor (30)

in at least a portion of the milking system (12), the controller (10) being

used to control a process associated with the milking system (12), wherein

10 the method generates at least one new setting for the controller (10) and

comprises the steps of:

15

20

25

30

determining a nominal output which is expected to cause the
process variable to substantially track a set-point
under substantially constant load conditions for the
system (12),

determining an output offset,

calculating a first control output and a second control output
using the nominal output and the output offset,

generating the first control output,

generating the second control output when the process
variable reaches a first threshold,

generating the first control output when the process variable
reaches a second threshold, thereby causing the
process variable to oscillate about an axis,

calculating the new setting for the controller (10) using at
least one parameter which is derived from the
oscillation of the process variable, and

implementing the new setting for the controller (10) in the

controller (10) when controlling the process.
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46. The method as set forth in claim 45, characterized in
that the process variable is selected from a group consisting of:

a vacuum reading, a temperature reading, a pressure
reading, a torque reading, and a position
reading,

the set-point is selected from a group consisting of:

a desired vacuum level, a desired temperature, a
desired pressure, a desired torque and a
desired position, and

the control outputs are selected from a group consisting of:
a speed signal, a position signal, a location signal, and

a power signal.

47. The method as set forth in any one of claims 45 and 46
characterized by driving the vacuum pump (16) at a variable speed using
a variable speed drive (18), the controller (10) being used to control the
variable speed drive (18) for controlling a vacuum level in the milking
system, and the process variable being constituted by a vacuum reading,
calculating the new setting for the controller (10) using the parameter

which is derived from the oscillation of the vacuum reading.

48. The method as set forth in any one of claims 45-47
characterized by adjusting the first control output and the second control

output to make the axis substantially equal to the set-point.

49. The method as set forth in any one of claims 45-48,
characterized by calculating the first threshold and the second threshold

using a maximum noise level.
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50. The method as set forth in claim 49, characterized by
calculating the maximum noise level by generating the nominal output for

a time span and observing fluctuations in the process variable.

51. The method as set forth in any one of claims 49 and
50, characterized by deriving the maximum noise level from a maximum
difference between the process variable and an average of the process

variable.

52. The method as set forth in any one of claims 45-51,

characterized in that the controller (10) is a PID controller.

53. The method as set forth in any one of claims 45-52,
characterized in that the new setting for the controller (10) is selected as
one or more from a group of settings consisting of: a proportional

coefficient, an integral coefficient, and a derivative coefficient.

54. The method as set forth in any one of claims 45-53,
characterized by implementing the new setting for the controller (10) in the

controller (10) by gradually shifting to the new settings in a linear fashion.

55. The method as set forth in any one of claims 45-53,
characterized by implementing the new setting for the controller (10) by
a plurality of old settings being averaged with the new setting to create an

average setting.

56. The method as set forth in any one of claims 45-55,
characterized by calculating the first output as the nominal output plus the
output offset and the second output as the nominal output minus the

output offset.
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57. The method as set forth in any one of claims 45-56,
characterized by calculating the new setting for the controller (10) using
two parameters, which are derived from the oscillation of the process

variable.

58. An automated milking system (12) for milking dairy

animals, the system comprising:

a milking apparatus (14) for receiving and transporting milk
from an animal during milking:

10 a vacuum pump (16) for drawing milk into the apparatus;

a variable speed drive (18) operatively connected to the
pump (16) for operating the pump (16) at more than
one speed; and

a controller (10) for controlling the drive (18), wherein the

15 controller is operable to automatically tune itself by
performing the method as set forth in any one of
claims 45-57.



WO 2004/019144 PCT/US2003/006120
1/9

g

S

/12

/‘10
g

18\P
Zﬁ/é\xwl
16




PCT/US2003/006120

WO 2004/019144

2/9

¢ 9Old

12%]

MO A LA SN ANMA A

Wy~ VW v «Q<<<<<<c /
ANMA AN AAD

I PRI gy VIR

¢S

0g
6/¢C



WO 2004/019144

3Ja——_

3b—

3C

\

3/9

Perform Initial
Calculations

|

|dentify System
Noise

|

Determine
Thresholds to
Compensate for
System Noise

PCT/US2003/006120

Bd\ l

l /Se

Find Ultimate Gain
and Ultimate
Period

Compensate for
Load Changes

'

Calculate P, I, & D

s —

FIG. 3




WO 2004/019144 PCT/US2003/006120
4/9

56

4/9
FIG. 4

60

58




WO 2004/019144

S5a —

Sb\

oC —

od —_

PCT/US2003/006120
5/9

Hold Nominal Output

|

Calculate a Moving Average
of the Process Variable

|

Find Maximum Noise Level

|

Calculate First and Second
Thresholds

Fig. 5



PCT/US2003/006120

WO 2004/019144

6/9

9 Ol

89 99

{
>
—
—
-
—

#

(@

—]
L]
—

\.__.,Y_/
o)
O
/
|
| ©

A\
=
<l
L</f

6/9



WO 2004/019144

fa

7b

70\

/e

PCT/US2003/006120

7/9

Send the First CO {o the
Drive

|

When the PV Reaches the
First Threshold, Send the
Second CO to the Drive

|

When the PV Reaches the
Second Threshold, Send the
First CO to the Drive

|

Determine the Ultimate Gain
and the Ultimate Period

|

Calculate P, |, and D

FIG. 7




WO 2004/019144

8/9

/8

[

8/9

PCT/US2003/006120

66

FIG. 8

AP

A

7h




WO 2004/019144

9a

9b

QC\

PCT/US2003/006120
9/9

Monitor the Process Variable
and ldentify Axis of
Oscillation

|

Compare Axis to Setpoint

|

Correct Outputs until Axis
Equals Setpoint

FIG. 9



	Abstract
	Bibliographic
	Description
	Claims
	Drawings

