Loop Optimization:

Written by Michel Ruel, P.E

Before You Tune

To Reap the Greatest Benefits, Define Your Objectives and Understand the Limitations of Your Equipment.

Plant efficiency and consistent product quality depend on proper loop performance, but
tuning the controller is only the last step.

There is much to be gained by optimizing control loops. It has been estimated that 80%
of process control loops are causing more variability running in automatic mode than in
manual. Some 30% of all loops oscillate due to non-linearities such as hysteresis,
stiction, deadband, and non-linear process gain. Another 30% oscillate because of poor
controller tuning.

With a poorly optimized loop, an upset in the direction towards inefficiency results in
giving away product. Alternatively, a load may cause off-spec product. When a control
loop is running optimally, variability is minimized. Better tuning keeps the process on
spec and reduces give-away of often-expensive ingredients.

But tuning objectives vary for different types of processes. For example, in a steam
header, the pressure has to be maintained at the maximum allowable without large
errors so the safety valves will not open. The PID controller must be tuned tightly to
ensure the valve that controls the flow from the main header will move quickly to
eliminate effects of disturbances.

On the other hand, the PID controller of a robot arm that manipulates nitro-glycerine
vessels has a different objective. The control loop must be optimized to change the
setpoint without overshoot or cycling.

Performance Objectives

Most engineers and technicians tune process control loops using trial and error,
observing the response to setpoint changes. To achieve good setpoint response takes a
skilled intuitive understanding of the shape and speed of response. Only experienced
people are able to achieve good setpoint response this way.

Unfortunately, once a loop is tuned for good setpoint response, the response to upset is
usually very sluggish. Good setpoint tuning does not automatically result in good
recovery from upsets. Unfortunately, it is upsets that usually are the source of off-spec
product and poor variability.



Using modern tools to analyze a loop will give the engineer or senior technician helpful
hints about the process: numbers and graphics will inform the user about design,
equipment performance, and interactions with other loops. Modern tools also let the
engineer or the technician select appropriate tuning parameters for the control objective.
And since the algorithms used in PID controllers are different from one manufacturer to
another, in many cases the algorithm is user selectable.

WHAT DO YOU WANT?

The same loop can be tuned for robustness
(green), neutral response (blue) or speed,
depending on the objectives

The characteristics of good control (Table |) are difficult to obtain. When tuning a loop,
one must make compromises between robustness and speed of response. Robustness
is the ability of the control loop to remain stable when the process (mainly dead time or
process gain) changes. Usually, to obtain robustness:

Speed of response is longer

Errors are greater when a disturbance occurs, and
Disturbances are not easily rejected

If the loop is less robust

Errors are small when a disturbance occurs, and
Disturbances are quickly rejected
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The trends in Figure 1 show the same flow loop tuned for different obiectives.
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A control loop consists of the process, measurement, controller, usually a current to
pneumatic (I/P) transducer,

WHAT IS GOOD CONTROL?

Good setpoint response without overshoot.

Response time matched with another loop so loops will be
synchronized.
Response time long enough to ensure the loop will not react
with another loop.

Load disturbance quickly rejected.

Robust tuning so the loop will remain stable when the process

changes.
Aggressive tuning so the error will remain small enough to

keep the product in specs.

and valve. Optimal process control depends on all of these components working
properly. Hence, before tuning a loop, one must verify if each component is operating
properly and if the design is appropriate.

Choosing the optimal PID tuning should be done after making sure all of the other
components are working properly. The optimal tuning parameters ensure your
equipment is used at maximum efficiency.

Questions to Be Answered

The following steps outline a procedure for approaching and optimizing a process
control loop. Optimization requires observation in manual and automatic modes, and at
various operating conditions. We need to answer the following questions:

1. Process gain: Is the control valve sized properly? Often, valves are oversized. If so,
the controller output will be at one end of the range when the loop is in automatic. Also,
oversizing the valve will amplify non-linearities such as hysteresis, stiction, different
response to small and large changes, and operating near the seat.

The process gain should be between 0.3 and 3. The ideal process gain is 1. A process
gain too high will not permit the controller to work at its full potential: the controller will
have to be tuned with a small proportional gain.

2. Hysteresis/stiction: Does the control valve have harmful hysteresis and/or stiction?
Hysteresis is a difficulty but stiction is really the main problem. Stiction occurs when
friction is present.

Hysteresis should be less than 3%, significantly less if the loop is to be tuned tightly.
Stiction should be less than 1% and often 1% is too much.
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3. Sensor/transmitter: Is the measurement sensor working properly? From your
experience, do the numbers make sense? For example, is the dead time small enough?
If a transmitter is not properly installed, the dead time can be too long; if a filter is added
in the transmitter, the equivalent dead time could be longer.

4. Noise band: Is there an excessive amount of noise in the loop? When disturbances
occur too fast to be removed by the PID controller, they are called noise. Filtering may
help. The filter should be small enough to not increase the equivalent dead time and
large enough to reduce the noise.

Selecting the filter time constant is a trade-off between increasing the equivalent dead
time and reducing the amount of noise. When the noise is reduced, the controller output
is smoother.

5. Non-linearities: How non-linear is the loop? A loop is non-linear when the process
gain varies. All loops are somewhat non-linear. It is the degree of non-linearity that we
are interested in. If the loop gain varies by more than a factor of two or three, then
linearization will help optimize the loop.

6. Asymmetry: Does the loop respond differently in one direction than in the other?
Often, a valve responds more quickly in one direction than the other. Also, in
temperature processes using one fluid to add heat and another to remove heat, the two
fluids are different and the characteristics of the process are different.

If the equivalent dead time or the equivalent time constant are different depending on
the direction, use the worst case to tune the loop or use a special algorithm.

7. Tuning: Is the loop optimally tuned? If the loop is tuned aggressively to minimize
error, the robustness is small; if the loop is tuned sluggishly to reduce variability, the
recovery time after a disturbance is long.

Tuning parameters are selected to make a compromise between robustness and
performance. The loops upstream could interact--selecting the appropriate tuning
parameters will allow decoupling. At the opposite, if loops need to be synchronized,
selecting the appropriate tuning parameters will ensure they work in accordance.

Next: Diagnosis

Each of these problems has a characteristic signature, which can be found by
performing a series of tests and analyzing the results. The tests, which will be covered
in detail in the next instalment of this series, start with collecting process variable and
controller output data with the controller in automatic at normal operating conditions,
then introducing a setpoint change. Data is also collected with the loop in manual mode.
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You will be able to see how the operating range for the valve and its performance can
tell you if the valve is sized correctly; whether loop cycling is being caused by
hysteresis, non-linearities, or poor tuning; and the other critical aspects of loop
performance that must be understood before tuning the controller
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Troubleshooting

Diagnose Loop Behaviour to Find and Correct Problems With Final Control Elements, the Environment, and
Upstream Systems Before You Tune the Controller.

Plant efficiency and consistent product quality depend on proper loop performance, but
PID tuning is only the last step. This is the second in a three-part series on loop
optimization. In March, Part | discussed defining your objectives and understanding the
limitations of equipment. Next month, Part Il will cover PID tuning.

Before tuning a PID controller, it's wise to perform a series of tests on the loop to find
any conditions that would compromise its performance, and correct those conditions if
possible to make the tuning more effective.

Last month we mentioned the questions that should be answered before PID tuning:

Process gain: Is the control valve sized properly?

Is the dead time short enough?

Is there an excessive amount of noise in the loop?
How non-linear is the loop?

Asymmetry: Does the loop respond differently in one
direction than in the other?

Is the loop optimally tuned?

NoOO RN~

These questions can be answered through a series of tests.
The Tests

Testing is performed by collecting data with the controller in automatic mode under
normal operating conditions, then introducing a step change. For further diagnosis, data
can be collected with the loop in manual mode for comparison.

When collecting data, the scan time must be smaller than or equal to the update time in
the controller, and the update time should be smaller than the equivalent dead time of
the loop. In many controllers, the update time is user-selectable.

Collected data will show the operating range and performance of the final control
element. Is the controller output operating at one end of the range? Is the valve
operating near its seat? Does the controller output change by a very small amount? If
so, the valve or final control element may need to be resized to give better controller
output resolution.

Does the loop cycle? If the loop cycles in automatic but not in manual mode, the cause
of the cycle is the closed loop. The cycling may be due to hysteresis, non-linearities, or
poor tuning.
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A cycle in a linear loop caused by poor tuning will look sinusoidal. A sawtooth-shaped
cycle can be caused by stiction or by non-linearity.

Cycling due to hysteresis usually has a longer period when the process variable is near
the setpoint. As the error is reduced, the controller output change is gradually reduced
and the effect of hysteresis becomes more important.

Loop tuning software can ease the collection, presentation, and interpretation of data.
The following example of loop analysis was done using Multi-Loop Tuner from
ExperTune, Hubertus, WI.

Sleuth Out Cycling

Tests were performed on a steam pressure control loop in a paper mill where operators
complained about poor performance, cycling, and instability. The loop was taking more
than 30 seconds to reach the new value after a setpoint change (Figure 1). This loop
could not be shut down.

First, the loop was observed for two minutes in automatic (Figure 2). The variability was
0.59% and oscillations are present at 30 seconds and five seconds. If properly tuned,
the loop will handle the 30-second cycling, but the five-second cycling is too fast and
must be eliminated at its origin.

Next, process variable data was collected for some time with the controller in manual.
Along with determination of the noise band and variability in manual mode, this allowed
a power spectral density analysis (Figure 3), which can reveal hidden cycling from an
upstream process control loop or from mechanical problems.

The power spectral density graph gives the content of the process variable at each
frequency. These hidden oscillations could be from other loops or generated by the
tuning parameters. Cycling can also be due to periodic load disturbances.

It is important to identify and minimize or eliminate cyclic upsets. Do not expect the
controller to remove a cyclic upset caused upstream unless this cycling is slow in
comparison with the loop dynamics.

You may need to run power spectral densities on upstream loops, one at a time, moving
farther and farther back, until the source of the oscillation is found. Look for a spike in
the power spectral density at the same frequency as the oscillation in the loop. A cross-
correlation analysis may help to pinpoint the upstream loop you are looking for.

On this steam loop, the five-second cycling was from a relief valve, which was to be
checked at the next shutdown. The 30-second cycling might also be from a mechanical
problem--the loops in that part of the process were analyzed and tuned, and none of
them were implied in that cycling.
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START WITH SETPOINT
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Tests were performed on a steam pressure control loop in a paper mill
where operators complained about poor performance, cycling and instability. The
loop was taking more than 30 seconds to reach the new value after a setpoint
change. This loop could not be shut down
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The power spectral density graph gives the content of the process variable
at each frequency. It can reveal hidden cycling from an upstream

process control loop or mechanical problems. Oscillations also can be
generated by the tuning parameters or periodic load disturbances.

Smooth Out Response

When any cycling in manual mode has been minimized, take a new set of readings in
automatic. This step is optional, but can be very useful. Does the controller increase or
decrease the performance? Is the variability greater in automatic mode? Does cycling
appear in automatic mode (controller tuned too aggressively)?

How noisy is the measurement signal? If the noise is larger than 2-3%, a measurement
filter may improve control. Since the derivative action of a PID controller works on the
derivative of the signal, any noise in the process is greatly amplified when derivative
action is used. A filter may allow you to add derivative to loops, which can significantly
improve performance.

Check the process gain (Figure 4). In this case, the process responds well and noise is
small, but the process gain is very high. While the controller output change is 3%, the
process variable change is 23%. The process gain is around eight, and this is definitely
too high.

In manual mode, check the hysteresis and stiction of the loop. For the hysteresis check,
make several controller output changes: two steps in one direction and one step in the
other (Figure 5). Finally, to detect stiction, make a very small fourth step (or a series of
steps).

Using the data, run a hysteresis check on the loop. If the hysteresis is more than 1% for
valves with positioners and 3% for valves without positioners, you should repair or
change equipment. Hysteresis of 1-4% degrades loop performance, while with tight
tuning, hysteresis greater than 3% causes oscillations.

The stiction test, a series of small steps (0.5%) in the controller output, shows the
amount of change needed before the valve really moves (as indicated by a change in
the process variable).
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Here, the process responds well and noise is small, but the process
gain is very high. A controller output change of 3% changes the
process variable 23%. The process gain is about eight, and this is
definitely too high.

HYSTERESIS CHECK
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To check hysteresis, make two controller output changes in one
direction and one step in the other. This valve has little hysteresis,
but the process gain is high, so it is easy to observe the hysteresis effect.

Is It Linear?

To determine linearity, run the loop in manual or automatic and let it settle at several
different locations in the controller output range (Figure 6). If in manual mode, 15%
steps starting at 5% work well, for example, at 5%, 20%, 35%, 50%, 65%, 80%, and
95%.

You can run these tests in automatic if both the measurement and output reach a full
settled condition after each step. If in automatic mode, the setpoint should be varied
from the minimum to the maximum allowable.

Of course, this step is not always possible. If it must be skipped for process
considerations, be careful when tuning the controller. A safety factor is usually applied
when selecting the tuning parameters if the behavior of the process is unknown outside
the range of previous steps.

LINEARIZATION CHECK
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To determine linearity, let the loop settle at several different locations in
the controller output range. If the ratio of the highest to lowest gain is
more than three, add (or modify any existing) output characterization.

Graph the process characteristic from the data collected at various settled areas. How
linear is the process? Look for the lowest and highest-slope areas. The lowest slope is
the lowest gain; the highest is largest gain. The ratio of the highest gain to lowest gain
should be no more than three and preferably less than two.

If the ratio is higher than three, you should add (or modify any existing) output
characterization to the loop, which computes X-Y pair values or uses an equation to
compensate for gain.

An output characterizer can greatly benefit a split-range control loop. Split-range loops
switch between two or more valves depending on the controller output--for example,
below 50% output the loop is cooling with chilled water or heat-exchanged oil; above
50% it's heated with steam, hot water, or furnace-
heated oil. These loops are usually highly non-linear.

Do not use an output characterizer to linearize pH loops--these require input
characterization. With such loops, use gain scheduling based on the process variable or
the error.

Check Symmetry

Next, check for asymmetry in manual or automatic mode. Perform step tests in the
opposite direction from the last step or, preferably, repeat the steps in the opposite
direction. Does the process respond differently in the up direction versus the down?

If so, can you reduce or eliminate the discrepancy? Asymmetry occurs, for example,
with a spring and diaphragm valve where the pressure is applied to move the valve in
one direction and the spring is used in the other direction.

If you cannot eliminate the asymmetry, you must use the more conservative tuning or
special algorithms that tune the controller differently depending on the direction.

Based on the above tests, you may need to do maintenance on the valve, add filtering,
linearize the loop, repair or maintain a sensor, or identify and remove upstream cyclic
upsets.

The last step is to identify the highest-gain, largest-dead time location in the loop and
tune the loop based on that worst case. Loop tuning will be covered next month in the
third and final instalment in this series.
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How to tune a loop

The Right Approach Can Reduce Variability, Cut Response Time, and Increase Robustness

Plant efficiency and consistent product quality depend on proper loop performance, but
PID tuning is only the last step. This is the third in a three-part series on loop
optimization. In March, Part | discussed defining your objectives and understanding the
limitations of equipment. In April, Part Il described how to optimize loop characteristics.

Tuning control loops for optimal performance is a noble endeavour, and modern loop-
tuning software tools make it look easy. But before tuning a loop, it's critical to
understand the importance of defining the objectives, understanding the limitations of
your equipment, and dealing with loop characteristics.

Plant efficiency and consistent product quality depend on proper loop performance, but
PID tuning is only the last step. This is the third in a three-part series on loop
optimization. In March, Part | discussed defining your objectives and understanding the
limitations of equipment. In April, Part Il described how to optimize loop characteristics.

As we discussed in Part | of this series, the EnTech study estimated that some 30% of
all loops oscillate due to non-linearities such as hysteresis, stiction, deadband, and non-
linear process gain. Only 30% oscillate because of poor controller tuning.

In Part Il, we described a series of tests to find any conditions that would compromise
loop the results of loop tuning. The tests answer the questions:

1. Process gain: Is the control valve sized properly?

2. Are hysteresis or stiction excessive?

3. Is the deadtime short enough?

4. |Is there an excessive amount of noise in the loop?

5. How non-linear is the loop?

6. Asymmetry: Does the loop respond differently in one direction than in
the other?

7. Is the loop optimally tuned?

Loop tuning should be performed only after answering these questions and, if possible,
correcting pre-existing conditions to make the tuning more effective. Corrections might
include valve maintenance, filtering, linearization, repairing or maintaining a sensor, or
identifying and removing upstream cyclic upsets.

The last step is to identify the highest-gain, largest-dead time location in the loop and
plan to tune for that worst case.

Tune for the Worst
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Figure 1 shows the worst case for the paper mill steam pressure control loop example
from Part Il. Here, the PID controller is part of a Measurex system. This DCS uses a
parallel algorithm. The software contains a database with more than 200 PID
controllers. This database informs the software of the algorithm, units, and special

functions.
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This robustness plot shows the trade-off between tight
Tuning and stability. It can be used to quickly analyze the
stability (sensitivity or robustness) of a loop.

When the controller uses a series or an ideal algorithm, it is easy to link the equivalent
process deadtime to the integral time and derivative time. However, with a parallel
algorithm, the numbers are sometimes quite different from what people expect.

The tuning parameters are chosen, in this case, to ensure robustness. This loop must
eliminate disturbances quickly, but the valve has not been tested throughout its range,
so a safety factor of 2.6 is used. Also, the valve operates only over a small part of its
range and the behaviour of this loop is greatly dependent on the valve.

If the loop interacts with others, the parameters must be chosen accordingly: in this
case, the other loops are a lot slower and the loop can be tuned fast. If another loop is
at the same speed, one of the two loops should be detuned to be sure the speeds are
different.

The selected tuning parameters are “Load Fastest,” which gives fast recovery after a
disturbance and enough robustness. At the opposite, “Setpoint” tuning (also named
Lambda tuning) would be too slow (three times slower) and not aggressive enough.
Other applications could use settings between these extremes.

The robustness plot (Figure 2) is an analysis tool. It shows how sensitive (or robust) the
loop is to process gain or process deadtime changes. Robustness plots graphically
show the trade-off between tight tuning and stability. Use the robustness plot to quickly
analyze the stability (sensitivity or robustness) of a loop.
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The plot has a region of stability and a region of instability. The solid (red and blue) lines
on the robustness plot are the limits of stability. To the right and above the solid lines
(higher gain and delay ratios), the closed loop process is unstable. To the left and below
the solid lines, the closed loop system is stable. The cross, where both ratios are 1,
shows the process gain and deadtime at the selected process values.

Check It Out

To see how the new tuning parameters affect the loop, compare variability before and
after tuning. Collect process variable and controller output data with the controller in
automatic at normal operating conditions (Figure 3).

CHECK RESULTS AT A CONSTANT SETPOINT
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Process variable and controller output data before (left) and after
tuning (right) shows significant improvements.

If possible, do a setpoint change to verify how the loop reacts and compare old and new
tuning parameters (Figure 4). In this case, the response time is a lot smaller. Also, the
cycling is now eliminated, and the valve moves by an appropriate amount.
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CHECK STEP CHANGE RESULTS

Comparison of before (left) and after tuning (right) shows
the response time is a lot smaller, cycling has been eliminated,
and the valve moves by an appropriate amount.

You could also do a before and after comparison using power spectral density (Figure
5). This one shows that cycling at longer periods has been greatly reduced, but cycling
from the relief valve remains.
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Cycling before (top) and after tuning (bottom) shows great reduction,
but cycling from the relief valve remains.
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Statistical analysis before and after (Figure 6) shows variability is cut by half. The short
oscillations remain but the long oscillations are removed. This was easily visible on the
DCS trends.
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Statistical analysis before (left) and after tuning (right)
shows variability cut by half.

Write the Report

I's a good idea to write a report and insert pictures to help troubleshoot the loop in the
future. The Multi-Loop Tuner package from ExperTune, Hubertus, WI., used for this
example, has built-in tools to generate an automated report including graphics, values
computed, and analysis.

The report on this loop also noted that the loop would perform better with a properly
sized valve. A hidden cycling of five seconds from a leaking relief valve will disappear
after the relief valve is replaced or repaired.

The new tuning parameters increased the loop performance:

¢ Three times more robust.
+ Response time reduced 80%.
+ Variability reduced by half.

After three weeks of operation, the paper mill steam pressure control loop was
performing very well and the operators no longer complained about poor performance,
cycling, and instability.
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