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ABSTRACT

Real-time performance monitoring to identify poorly or under -performing loops has become
an integral part of preventative maintenance. Among others, rising energy c osts and
increasing demand for improved product quality are driving forces. Automatic process

control solutions that incorporate real -time monitoring and performance analysis are
fulfilling this market need. While many software solutions display performa nce metrics,
however, it is important to understand the purpose and limitations of the various
performance assessment techniques since each metric signifies very specific information

about the nature of the process.

This paper reviews performance measures from simple statistics to complicated model -
based performance criteria. By understanding the underlying concepts of the various
technigues, readers will gain an understanding of the proper use of performance criteria.

Basic algorithms for computing perf ormance measures are presented using example data

sets. An evaluation of techniques with tips and suggestions provides readers with guidance

for interpreting the results.

INTRODUCTION

Over the past two decades, process control performance monitoring so ftware has become
an important tool in the control engineer6s tool box.
and statistics that can be calculated for any given control loop can be overwhelming. The
problem with controller performance monitoring is not t he lack of techniques and methods.
Rather, the problem is the lack of guidance as to how to turn statistics into meaningful and
actionable information that can be applied to improve performance.

The performance analysis techniques discussed in this pap er are separated into three
sections. The first section details methods for identifying process characteristics using

batches of existing data. The second section outlines methods used for real -time or
dynamic analysis of streaming process data. These a re vital techniques for the timely
identification and interpretation of changing process behavior and deteriorating loop
performance. The third section outlines techniques that aid in the identification of
interacting control loops.

The techniques pres ented in this paper use Microsoft Excel® to calculate corresponding
performance measures. Readers may obtain a complimentary copy of the Excel worksheet
by contacting Bob Rice via email at bob.rice@contro Istation.com
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IDENTIFYING PROCESS CHARACTERISTICS
Set Point Analysis

There are a number of techniques for analyzing closed loop process data that is collected

during a Set Point response experiment. These techniques permit an orderly comparison of

pro cess response shapes and characteristics. When analyzing a Set Point response, the

criteria used to describe how well the process responds to the change can include Peak
Overshoot Ratio, Decay Rate, Set Point Crossing Time, Rise Time and Settling Time. T hese
criteria can be used both as specifications for commissioning of control loops as well as for
documenting changes in performance due to the adjustment of the controller or process
parameters.

Figure 1 below shows a closed loop response to a Set Poin t change. To calculate the Set
Point criteria mentioned above, we assign the following definitions:

A = Size of the Set Point step
B = Size of the first peak above the new Set Point or steady state
C = Size of the second peak above the new steady state
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Figure 1 - Process response to a Set Point change with labels indicating response features
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As shown in Figure 1, the time when the measured process variable first crosses the new

Set Point and the time at which it reaches its first peak are use d to describe controller
performance. This performance metric is called Set Point Crossing Time and it provides

insight into the relative speed with which the process responds to change. Another popular
measurement is Settling Time. Settling Time describ es the time required for the measured
process variable to first enter and then remain within a band whose width is computed at a

specified range of the total change in y(t). In our example, a range of + 5% is shown.

Additional criteria are summarized in Table 1 below. Popular values include a 10% Peak
Overshoot Ratio and a 25% decay ratio. It is important to note that these criteria are not
independent. A process with a large decay ratio will likely have a long Settling Time whereas

a process with alon g Rise Time will likely have a long peak time. The acceptability of these
metrics is subjective and will be closely tied to your process and overall control objective.

Criteria Interpretation Calculation
Peak Overshoot Ratio The POR is the amount by which the (POR)=B /A
(POR) process variable surpasses Set Point. An

aggressive controller can increase the
amount of overshoot associated with a
Set Point change.

Decay Rate A large Decay Rate is associated with an Decay Ratio = C/B
aggressive controller, and visible

oscil lations are present in the Set Point
response. The smaller the Decay Rate,
the faster the oscillations will be

dampened.
Peak Time & Rise Time These measurements gauge the time Rise Time = tg
response to a change in the Set Point. A Peak Time =  tyeax

large peak and Ris e Time could be the
result of a sluggish controller.

Settling Time The Settling Time is the time for the Settling Time =
process variable to enter and then tsettle

remain within a band. Time spent
outside the desired level generally
relates to undesirable product.
Therefore, a short Settling Time is
sought.

Table 1 - Interpretation of Set Point Response Criteria

Other closed loo p performance metrics include the integral of error indexes which focus on

deviation from Set Point. The Integral Squared Error (ISE) is very aggressive because

squaring the error term provides a greater punishment for large error. The Integral Time

Absolute Error (ITAE) is the most conservative of the error indexes; the multiplication by

time gives greater weighting to error that occurs after a longer passage of time. The

Integral Absolute Error (IAE) is moderate in comparison to these two. Additional indexes
can be derived depending on the system requirements. Integral Time Squared Error (ITSE)

combines the time weighting with the exaggerated punishment for larger error.
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The formula for calculating the Integrated Error indexes are listed below.

T
IAE = fj|e(9) dt €
~
ISE={) é() di @)
]
ITAE={) t/e( 9] dt ©)
)
ITSE= ) té() d )
Often the above indexes are used as criteria in controller tuning. Typically, users will
choose o ne of the above metrics and define optimal control as the tunings that achieve the
mi ni mum value of the index. Figure 2 shows the proces
change under various controller tunings ranging from poor/unstable to conservative The
results are summarized in Table 2.
Poor Tuning Aggressive Tuning Conservative Tuning
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Figure 2 - Set Point Response of a a) poorly, b) aggressively, c) conservatively tuned PI
controller
Poorly Aggressively | Conservatively
Tuned Tuned Tuned
g_ POR 33% 21% 0
2 Decay Rate 44% 24% 0
£ 5 | Rise Time 2.0 min 2.9 min 13.7 min
£ 5 | Peak Time 2.4 min 4.1 min 13.7 min
A S_ettlmg 10.8 min 6.5 min 14.7 min
Time
— |AE 3.10 2.28 5.49
o
B 5| ISE 1.24 1.23 3.17
g | ITAE 17.69 8.64 25.40
- ITSE 2.97 1.21 7.85
Table 2 - Results of Set Point Response Criteria, and Integral of Error calculations for Figure 2
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Disturbance Analysis

A disturbance is defined as anything other than the controller output signal that affects the
measured process variable. In an interacting plant environment, each control loop can have

many different disturbances that impact perf ormance. By understanding the type of
disturbance and its impact on the control loop, engineers, operators and technicians can

more easily identify the cause and work towards an appropriate solution.

Auto -correlation is a method that is used to determin e how data in a time series are related
[1]. By comparing current process measurement patterns with those exhibited in the past,
the nature of disturbances and how they affect a system can be analyzed.

The equation for calculating the auto -correlation re lationship is:

aly- i -yl
rk)=-

a - yy

5)
Where: y = measured process data

Yy =the Set Point or the series average if there is an offset

k =time delay in samples
i = sample number (or sample time)

Auto - correlation values will always range between negative one and one. If data is random,

the values wildl be approxi mately zero for al-ternaddne.

will indicate that the data is non -random. A strong auto  -correlation will have an initial value
near one or negative one and the trend will be linear, and this demonstrates a patter where

each measurement dictates the next. A moderate auto -correlation is one in which the plot
begins below one (or above negative one) and de creases magnitude towards zero but
displays noise. An auto -correlation of closed loop data can also give an estimate of the
response time for an isolated disturbance.

Another performance statistic that can prove useful with the identification of trends in data
is the Power Spectrum. Power Spectrum is calculated by computing the discrete Fourier

transform of the process data. A Fourier transform is a mathematical expression of the data

represented by a series of two -dimensional sine waves, and the Power S pectrum is
computed by squaring the complex coefficients determined by those sine waves. The Power

Spectrum shows the frequency at which change is occurring and the magnitude of the

change [9].

The shapes and heights of each peak on Power Spectrum plots p rovide relevant information
about the system and its performance. Specifically, the shape of the Power Spectrum curve

yields information about the nature of the disturbances by displaying its frequency.
Similarly, an increase in peak heights compared to historical data indicates that the process
has greater deviation from Set Point or from its historical mean. Low powers and low
frequencies are most desirable, as they are associated with small deviations from Set Point

and lower average values.
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Figure s 3-6 provided on the following pages show four different scenarios in which the auto -
correlation and Power Spectrum can be useful in understanding the nature of the
disturbance impacting the system. Only the single pulsed disturbance shown in Figure 3 is

noticeable from a casual evaluation of the process data. By using the auto -correlation and
Power Spectrum tools, however, one can identify characteristics for all four disturbances.

In Figure 3, the process is upset with a single pulsed disturbance. The auto -correlation
shown in Figure 3c shows an initial peak where the process is responding to the step up

then the negative peak occurs approximately 10 minutes later when the disturbance steps

back down. This is characteristic of an isolated disturb ance. If a second pulse had
occurred, another similar pattern would be expected to appear on the auto -correlation plot.
The Power Spectrum of the process data is shown in Figure 3d. Since the frequency of

change corresponds to the frequency of the distu rbance, an isolated disturbance is located

at approximately zero frequency on the Power Spectrum plot. There is no other disturbance

occurring at any other frequency, so the power quickly drops off and the remaining values

are close to zero.

Figure 4 sh ows the process with no disturbance impacting the system. Neither the auto -
correlation nor the Power Spectrum contains any obvious peaks. In fact, both trends show

random values close to zero. This indicates the control loop is undisturbed and performin g

well.

The oscillating disturbance depicted in Figure 5 yields an oscillating auto -correlation. The

Power Spectrum analysis shows that the oscillating disturbance is a single cycle sine wave

since there is one strong domi nant Ifpseaokddsturbabhck e waveobds

was acting on the system a second peak would appear.

The continuously pulsed random disturbance depicted in Figure 6 is difficult to identify since

the magnitude of the disturbance is within the range of noise. The disturbance is not
impacting the system at a regular frequency because the length of time associated with the

disturbance pulses is not constant. Therefore the Power Spectrum does not show any
significant peaks outside the range of the noise. The auto -correlation gi  ves an indication of
a disturbance that is not associated with the process noise because there is a strong peak at

25 minutes. Also, there are slight clusters above and below the x -axis, especially close to
zero. These clusters are not as regular as the oscillating disturbance. In this situation a
comparison to historical data and familiarity with the process is vital.
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Single Pulsed Disturbanc Disturbance Profile
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Figure 3 - For a process subjected to a pulsed disturbance here are the a) process variable
response b) disturbance profile c) aut o-correlation and d) Power Spectrum plots
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Figure 4 - For an unchanging process here are the a) process variable response b)
disturbance profile c) auto -correlation and d) Power Spectrum plots
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O scillating D isturbance
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