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Abstract: Industrial studies stated that, nearly 30% of badly
performing process control loops are produced by nonlinearities
in the pneumatic control valves, one among the main cause is
stiction. The influence of this stiction nonlinearity is commonly
detected as the process variable oscillations. As industrial plants
contain several loops that are interacting, these oscillations will be
spread to the whole system. Overhauling the defective valves will
be the one among the top solution to this problem, which is
probable only during the period of shut down process. But, this
solution of process shut down to separate the defective valve is not
cost-effective solution and hence it is taken into account as the
prime one. So, there is a necessity for a technique to identify the
effect of the control valve stiction. Detection algorithms available
in literature are numerous and these techniques create either a
quantitative or a qualitative statement about the occurrence of
stiction in the control valve. While using available data, a
detection method is considered to be effective only when its
concluding result is relatively reliable. The main drawback while
detecting stiction is that the stem position (MV) of the valve is not
available in most of the situations. Quantifying the actual position
of the control valve stem is always not probable. Commonly,
process output and controller output are taken as the available
data from most of the processes. The methods which use these
data sets (PV and OP) are more appreciable by the control
engineers. In this work, modified bispectral analysis technique is
used as control valve stiction detection method and to prove its
efficiency four different existing detection techniques available in
literature are considered in this study and the performance of each
method is reported. Here, eleven different data sets, seven from
different laboratory processes and four from process industries
are used to make the comparative analysis of performance.

Keywords: Detection, stiction, stem position, process output,
controller output, Modified Bispectral analysis.

I. INTRODUCTION

Hundreds to thousands of process control loops is
comprised in a typical chemical plant. The deviances from
desired values has diverse root causes in which external
disturbance, improper controller tuning and nonlinearities in
the system are some of the known causes of bad performance
[1].

Pneumatic control valves are common instruments in
industrial settings and the resistance offered from the stem
packing is often considered as the main cause of stiction.
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Generally, a valve in good state of maintenance presents
low stiction; though, over time, this nonlinearity has a
tendency to increase. The existence of stiction declines the
control loop efficiency and even causes oscillations in the
controlled variable. Despite being the best solution, at times
removing the valve for maintenance purpose is not possible.
So, particularly when maintenance is not accessible, there is a
requirement for a technique to detect and diagnose the
consequence of the stiction in the control valve [2].

A. Detection Methods Considered For Analysis

In order to prove the efficiency of the modified bispectral
analysis technique, four different existing detection
techniques available in literature are considered in this study
and the performance of each method is reported. The
detection techniques considered for analysis are,

1) Cross Correlation Method (CCM) - This method by
Horch et al., uses PV and OP data to predict the occurrence of
stiction in a process control system [3].

(2) Curve Fitting Method (CFM) - The idea of this
method proposed by He et al. is based on fitting of PV data to
a triangular wave or a sinusoidal wave [4].

3 Relay Based Method (RBM) - Rossi and Scali,
proposed this method which is based on the likeness of
shapes of the process variable amongst the loops affected by
control valve stiction and loops under the relay control [5].

4) Area Calculation Method (ACM) - The key idea of
this method proposed by Salsbury et al. is to extract features
of the process variable between zero-crossing events [6].

Il. LABORATORY CONTROL LOOPS FOR
STUDY

The following three laboratory process control loops are
deliberated for the study.
A. Airflow Process

The Airflow process under consideration shown in Figure
1, consists of accessories like blower, cold air circulation
line with manual control valves, bypass valve,
pneumatically operated control valve, orifice fitted in the
pipe line to produce differential pressure for the rate of flow
of air.
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Fig. 1 Laboratory Airflow Process

Three closed loop data sets are taken from the laboratory
airflow process.
(i) The first set of data is obtained by introducing stiction (by
tightening the stem pack screws) in the control valve.
(i) The second set is due to external disturbance
(introduced by continuous opening and closing of by-pass
valve).
(iii) The third set of data is the result of Aggressive
controller tuning.

The PV and OP data sets from airflow process used for
various detection techniques are presented in Figures 2 to 4.
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Fig. 2 Data set of Airflow process with Valve Stiction
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Fig. 3 Data set of Airflow Process due to External
Disturbance
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Fig. 4 Data set of Airflow Process due to Aggressive
Controller Tuning

B. Level Control of Spherical Tank Process

A real time experimental setup for a nonlinear spherical
tank is presented in Figure 5. This consists of a spherical
tank, pump, a water reservoir, Rotameter, an electro
pneumatic converter (I/P converter), a Differential Pressure
Transmitter (DPT) and a pneumatic control valve. From the
water reservoir, the air failure to close type pneumatic control
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valve regulates the flow of the water pumped to the spherical
tank. The water level in the tank measured by the DPT and is
transmitted (4-20 mA) to the interfacing module and then to
the PC. Control signal is transmitted from I/P converter (4-20
mA), after computing the control algorithm in the PC, so that
the pressure actuates the pneumatic control valve. By this the
required flow of water is produced in and out of the tank.
Thus a continuous flow of water in and out of the tank is
maintained.

Fig. 5 Experimental Setup of Laboratory Spherical Tank
Level Process

Two closed loop data sets are taken from the spherical tank
level process.
(i) The first set is due to external disturbance (introduced by
continuous opening and closing of solenoid valve).
(if) The second set of data is the result of aggressive
controller tuning (by increasing the integral time).

The PV and OP data sets from spherical tank level process
used for various detection techniques are presented in Figures
6and 7.
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Fig. 6 Data set of Spherical Tank Level Process due to
External Disturbance
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Fig. 7 Data set of Spherical Tank Process due to
Aggressive Controller Tuning
C. Pressure Process

The experimental setup for the laboratory pressure process

is presented in Figure 8. The process variable (pressure) is
sensed by a piezo electric pressure transmitter, which
produces current output in the 4 to 20 mA range.
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The PI controller is tuned using ZN method. The air failure
to open (AFO) pneumatic control valve restricts the path of
the airflow in the process pipeline, thus controlling the
pressure.

© 3

Fig. 8 Laboratory Pressure Process
Two test cases are considered for the pressure control
process.

(i) The loop is excited by simultaneously applying a set point
change at time zero and introducing a Gaussian noise
disturbance of 0.001% variance. The External disturbance
is applied by opening and closing of the by-pass valve.

()The integral time is increased by 10%, hence the
occurrence of comparatively produces large oscillations in
the process variables due to large integral action.

The PV and OP data sets from pressure process used for

various detection techniques are presented in Figure 9 and 10.
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Fig. 9 Data set of Pressure Process due to External
Disturbance
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Fig. 10 Data set of Pressure Process due to Aggressive
Controller Tuning
D. Data Sets from various Industrial Processes

To substantiate the claim that the proposed detection
method is very effective, data recorded from four industrial
control loops which includes flow control (FC), level control
(LC), temperature control (TC), and pressure control (PC)
systems are also used and the results are analyzed. Here, all
loops are known to be affected by stiction nonlinearity.
Recorded response of controller output (OP) and process
variable (PV) are demonstrated in Figures 11 and 12.
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Fig.11 Recorded Values of Process Variable for Four
Industrial Loops in the Presence of Stiction
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Fig. 12 Recorded Values of Controller output for the
Four Industrial Loops in the Occurrence of Stiction

I11. DETECTION OF VALVE STICTION USING
MODIFIED BISPECTRUM (MBM)

Based on higher order statistics, the modified bispectrum
provides a means to identify nonlinearity when oscillations
exist in process systems. The detection approach that is based
on modified bispectrum can discriminate between the
oscillations induced by bad tuning and external disturbances
from valve non-linearity induced oscillations, which are the
most common reasons for limit cycles in process systems.
The purpose of this analysis is to validate the application of
HOS-based modified bispectrum techniques in analyzing the
causes of poor performance. An easier solution is to
normalize the bispectrum to get a new measure whose
variance is independent of the signal energy [7]. Similar to
the conventional bicoherence, a normalized form of modified
bispectrum is,
‘Bms(fv fz)‘
E{|X (EDX(E)X (1) (L) JE(X (1 + £)X (= 1))

A beneficial feature of the bicoherence function is that it
removes the dependency on amplitude and takes on an
amplitude value between 0 and 1. Therefore, this function can
be used to detect the presence of nonlinearities. If for a given
system, the modified bicoherence is closer to zero, it
represents the linearity of the
system.

b2ws (f,, f,) =
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If it is closer to one, then it represents the presence of
nonlinearity. In order to enhance the detection procedure, in
addition to modified bispectrum, modified bicoherence is
also used to detect the valve stiction.

A. Aggressive Controller Tuning
The responses shown in Figures 4, 7 and 9 are typical
examples of aggressive controller tuning. Figures 13 to 15
show the results of modified bispectrum. The occurrence of
comparatively higher integral action vyields bigger

oscillations in the process variables.
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g. 13 Modified bispectrum map of Airflow Process for
Aggressive Controller Tuning (Max.
Bicoherence=0.01487)
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Fig. 14 Modified Bispectrum Map of Spherical Tank
Level Process for Aggressive controller tuning
(Max. Bicoherence =0.0173)
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Fig. 15 Modified Bispectrum Map of Pressure Process for
Aggressive Controller Tuning
(Max. Bicoherence = 0.0951)
B. Presence of External Oscillatory Disturbance.

Figure 3, 6 and 10 shows time trends of PV and OP in
the presence of external disturbance. In order to differentiate
the oscillations induced by the external disturbances from the
stiction induced oscillations, modified bispectrum plot and
the corresponding bicoherence plot are obtained and are
shown in the Figures 16 to 18.
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Fig.16 Modified Bispectrum Map of Airflow Process for
External Disturbance (Max: Bicoherence = 0.1925)
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Fig. 17 Modified Bispectrum Map of Spherical Tank
Level Process for External Disturbance (Max.
Bicoherence = 0.0786)

The tests give the bicoherence of 0.1925, 0.0786 and
0.0927 respectively. These results clearly show that the
reason for the oscillation is not due to any nonlinearity in the
system. The bicoherence plot is also flat.

Modified bispectrurm

higpectrum
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Fig.18 Modified Bispectrum Map of Pressure Process
for External Disturbance

(Max. Bicoherence =0.0927)

C. Occurrence of Control Valve Stiction
The modified bispectrum method is then applied to the
industrial control loops and the laboratory airflow process
data for stiction detection. Figures 2, 11 and 12 depict time

trends of the PV and OP.

bicoherence

bispectrum

hispectrum
hicoherence

Fig. 19 Modified Bispectrum Map of Airflow Process
with Stiction Data (Max. Bicoherence = 0.7049)
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Figures 19 to 23 show the corresponding modified
bispectrum maps exhibiting significant peaks.

IV. RESULTS AND DISCUSSIONS

The detection methods considered for analysis in the above
section have been applied to the data sets obtained from the
laboratory and industrial control loops. The results with the
indication of stiction are given in Table I. (Here the notations
used are: Y - Stiction; N - No stiction; U — uncertain).

bispectrurn bicoherence

Table I. Results of Valve Stiction Detection

hicoherence

Method
Data set
cCcM CFM RBM APM MBM
Fig. 20 Modified Bispectrum Map of Industrial Flow EXAFL Y Y Y - -
Process Data (Max. Bicoherence = 0.9284) A2 N N N - =
bicoherence EXAF3 N N N N N
1 EXSTL1 N N N N N
' EXSTL2 N N N Y N
> EXP1 N N N N N
gee EXP2 N N N N N
= g IFP [§] 1 vz Y v
u g 1TP Y vz vz v v
ILP Y Y Y Y Y
IPP % U vz Y v
= oo 1

The following abbreviations are used in the table I.
1. Experimental Airflow process data (Valve stiction) — EXAF1
2. Experimental Airflow process data (Aggressive tuning) -

Fig. 21 Modified Bispectrum Map of Industrial
Temperature Process Data (Max. Bicoherence = 0.97152)

EXAF2
Mediied BispEeim 3. Experimental Airflow process data (External disturbance)
—-EXAF3
4. Experimental Spherical tank level process data (Aggressive tuning)
< osl- —EXSTL1
Eﬁ‘ 5. Experimental Spherical tank level process data(External

disturbance) — EXSTL2
6. Experimental Pressure process data (Aggressive tuning) — EXP1
7. Experimental Pressure process data(External disturbance)—
EXP2
8. Industrial Flow process — IFP
9. Industrial Temperature process — ITP
10. Industrial Level process — ILP
11. Industrial Pressure process — IPP

From Table | it is inferred that application of cross
correlation technique to industrial flow process data, curve
fitting method to industrial pressure process data and area
peak method to laboratory spherical tank level process data
with external disturbance data are not able to predict the
occurrence of stiction in control valves of these processes.

Fig. 22 Modified Bispectrum Map of Industrial Level
Process Data (Max. Bicoherence = 0.97581)

kodified bispectrurn bicoherence

bispectrum

V. CONCLUSION

Five different non-linearity testing techniques that help
to identify the root causes are considered and their
performances are compared. Even though the modified
bispectral technique based on higher-order statistics is
sensitive to abrupt changes and non-stationary trends, it is
found to be more reliable. The detection algorithm based on
modified bispectrum has been effectively assessed by

Fig. 23 Modified Bispectrum Map of Industrial Pressure
Process Data (Max. Bicoherence = 0.9981)

From the above results, the maximum bicoherence

calculated by modified bispectrum analysis is found to be

0.7049, 0.9284, 0.97152, 0.97581 and 0.9981. The modified

bispectrum is also greater than the threshold value (0.01).
Hence this ascertains the occurrence of stiction in the control
valves involved in all these processes.
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applying it to three laboratory and four industrial case
studies.
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In all cases, the algorithm could successfully detect control
valves that are suffering from stiction. It has been shown that
the stiction-detection algorithm can detect blindly without
knowing the type of control valves or type of control loops.
The algorithm requires only the set point and process variable
data. If the process is oscillating and the cause is due to
poorly tuned controllers or due to an external oscillatory
disturbance, the proposed method does not detect any
nonlinearity. The graphical plots have been found to be
beneficial in detecting the causes for bad performance of
control loops. The detection of nonlinearity revealed by the
significant peak in the bispectrum map confirms the
occurrence of stiction in control valve, since the process is
considered to be linear around the operating range.
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