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Abstract - Reducing process variability is crucial to reach a more profitable operating point. Periodical
disturbances, however, impose barriers to achieve this goal. Their effect can be strong since one disturbance
that appears in a specific loop of a highly coupled plant can be seen in several loops. Thus, isolating their
source and diagnosing their cause are essential. In this work, we describe the application of spectral
independent component analysis to isolate a periodical disturbance that has a strong impact on the final
variability in a polyethylene plant located in Southern Brazil. After the first analysis, the source was detected
and the cause identified: valve stiction. To identify the cause (valve, bad tuning, or periodic disturbance), we
used the methodology based on higher-order statistics. Once the valve problem had been overcome, the
product variance was reduced by 93%.
Keywords: Fault diagnosis; Plant-wide disturbance; Oscillation; Independent Component Analysis.

INTRODUCTION
One frequent cause of poor process performance
is the presence of plant-wide periodical disturbances
(Thornhill and Horch, 2007) whose effect can spread
through the entire plant, inhibiting the process from
achieving a more profitable operating point. Nowadays, plants are more coupled and have a large number of recycles because of mass and heat integration.
One oscillation that starts in a specific loop can be
propagated to the entire process, increasing the product
variability. Thus, it is clear that detecting and eliminating plant-wide oscillations are essential to ensure
*To whom correspondence should be addressed

process profitability and reduce product variability.
However, the diagnostics of the loop that is the source
of the disturbance and the cause of the oscillation is
not straightforward.
This is the scenario seen in a petrochemical plant
located in Southern Brazil. One periodical oscillation
affects the product variability and, because of plant
recycles, the engineers could not detect either the
source or the cause. Our goal is to detect and find the
source of the oscillation, eliminating it (if possible)
after diagnosing the cause.
The procedure to eliminate plant wide oscillations
requires three steps:
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1. Detectinng the oscillaation;
2. Detectinng the root-ccause of osciillation (i.e., the
lo
oop where thhe oscillationn started); andd
3. Diagnossing the causse of oscillattion: valve stictiion or poor tuuning.
Initially, thhe disturbannce should bee diagnosed.. In
many
m
cases, the oscillatiion is detectted visually by
en
ngineers. In the literaturre, there are three groupss of
methods
m
to aautomaticallyy detect looop oscillatio
ons.
The
T first is time-domain
n methods (e.g.,
(
based on
in
ntegral of abbsolute erroor (IAE) (Häägglund, 1995)
an
nd zero crosssings (Thorn
nhill and Häägglund, 19997).
The
T second iss based on thhe Autocovarriance Functtion
(A
ACF) (Thornnhill et al., 2003).
2
The thhird is basedd on
sp
pectral peak detection. A good revieew about plaantwide
w
periodiccal disturbannce detectionn can be fouund
in
n Thornhill aand Horch (2007).
The seconnd step is too identify thee root causee of
th
he oscillationn, i.e. the soource of the disturbance.. In
th
he literature, there are several metthods with this
t
fo
ocus which are segmentted into dataa-based and topology-based (Duan et al.,
a 2014). The
T data-based
methods
m
are bbased on a no
on-linearity test
t (Choudhhury
ett al., 2004; Thornhill, 2005) or sppectral analy
ysis
(JJiang et al., 22007; Xia annd Howell, 2005;
2
Xia et al.,
2007). Good reviews cann be found inn Thornhill and
a
Hagglund
H
(20007), Choudhhury et al. (22008) and Duuan
ett al. (2014). In this worrk, the spectrral independdent
co
omponent method
m
(Xia et
e al., 2005a)) will be used
d.
Once the ssource of thee oscillation is isolated, the

b diagnosedd: valve, or poor
p
loop tuncauuse should be
ingg or externall disturbancees. First the hypothesis of
stiction is evaaluated; if thhe result is negative,
n
theen
thee cause is tuning or distuurbances. In the literaturre,
theere are manyy methods to
t assess stiction (Chouudhuury et al., 200
04; Horch, 19999; Rossi annd Scali, 200
05;
Sinnghal and Saalsbury, 20055; Yamashitaa, 2006). Mo
ost
of these techniiques are suummarized inn Brásio et al.
a
(20014).
s
these th
hree sets of methods
m
to did
The paper sums
agnnose and elim
minate perioddic disturbannces in a petrrocheemical plant, whose desccription is prrovided subssequuently. The next
n
section summarizess the methodoloogies used inn this work, and
a the mainn results of thhe
appplication aree then discu
ussed. Finallyy, the concllusioons are drawnn.
P
PLANT
DES
SCRIPTION
N
The unit stuudied in this paper consissts of four prrocessses:





prepolymerrization;
polymerizattion;
monomer reecovery;
monomer reecycle to the reaction stagge.

Its process schematic iss shown in Figure
F
1 and
da
listt with the maain loops is given
g
in Tablle 1.

Figure 1:: Petrochemiical plant schhematic repreesentation.
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Table
T
1: Listt of loops in the petroch
hemical plan
nt.
Loop
DC01
D
DC02
D
FC01
FC02
FC03
FC04
FC05
FC06
FC07
FC08
LC01
L
LC02
L
LC03
L
LC04
L
PC01
PC02
PC03
PC04

Functtion
Mud Concentration
C
inn First Polymerrization Reactorr
Mud Concentration
C
inn Second Polym
merization Reacctor
Monom
mer Inlet Flow to First Polym
merization Reacttor
Monom
mer Inlet Flow to Prepolymeriization Reactor
Monom
mer Inlet Flow to Second Polyymerization
Reactoor
Top Sttream of Flash Drum
D
Steam
m to Recycle Mo
onomer Scrubbeer Reboiler
Refluxx to Recycle Mo
onomer Scrubbber
Recircculation Flow (M
Minimum Flow
w to Pump)
Make--up of Fresh Moonomer
Reactoors Surge Drum
m Level
Flash D
Drum Level
Recyccle Monomer Sccrubber Level
Feed T
Tank Level
Recyccle Monomer Sccrubber Pressurre
Feed T
Tank Pressure
De-gaassing Stream Prressure
Reactoors Surge Drum
m Level

Monomer and the cataalytic compllex, formed by
c
are fed intoo the prepollycaatalyst and co-catalysts,
merization
m
reactor. The mixture
m
formed by polym
mer
an
nd unreactedd monomer in
i the prepollymerizationn is
co
ontinuously sent to pollymerization reactors. The
T
polymerizatioon process coonsists of tw
wo tubular loop
reeactors, filledd with liquidd monomer, that are opeeratted in series.
Each reacttor has an in
ndependent monomer
m
feeed
liine with indeependent flo
ow controllerrs, FC01 (first
reeactor) and FC03
F
(secondd reactor). Thhese flow looops
reeceive remotte setpoints from
fr
concentrration of slurrry
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monomer + polymer)
p
insside the reacctor loop con(m
troollers, DC01 (first reactor) and DC02
D
(secon
nd
reeactor). It is important too note that low
l
variabiliity
inn slurry conccentration ressults in a possible produ
uctioon increase, as it permitts one to increase the conceentration setppoint.
Slurry from
m the first polymerizattion reactor is
coontinuously fed to the second
s
reactor. In this ses
coond stage off the polymeerization, thee process diischharge is conttrolled by LC
C01. This looop controls thhe
leevel of the suurge drum, which
w
must guarantee thhat
thhe polymerizzation reactoors are filleed with liqu
uid
m
monomer.
Th
he resulting product from
m the secon
nd
reeactor is discharged to a flash
f
drum where
w
the unrreaccted monom
mer is evaporated and seeparated fro
om
thhe polymer. Polymer diischarged frrom the flash
drrum flows too the next staages of the prroduction prroceess, such as de-gassing.
d
Unreacted monomer, from the flaash drum an
nd
frrom the de-gaassing processs, flows to a recycle monnom scrubber, where entraained polymeer particles are
mer
a
seeparated from
m recovered monomer. The
T top streaam
off the scrubb
ber is condeensed and pumped into a
m
monomer
feeed tank, whiich suppliess the reactorrs.
Thhe tank levell is controlledd by manipulating the floow
off fresh monoomer, while the pressuree is controlleed
byy PC02 that vaporizes
v
paart of the fressh liquid.
The analyssis in the perriodogram off several variiablles, as shownn in Figure 2,
2 indicates that
t
periodiccal
diisturbances can
c be found in the plaant. Thus, it is
addvisable to remove som
me of them to achieve a
sm
moother opeeration and achieve
a
a more
m
profitabble
opperating poinnt. In this work,
w
we dessire to removve
thhe oscillation
ns with perio
ods 320 secconds and 42
27
seeconds, called respectivelly dist1 and ddist2.

Fiigure 2: Proccess variablee periodogram
ms.
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METHODOLOGY
This section describes the methodologies used to
automatically detect the oscillation, its root cause
(source), and the cause of oscillation.
Oscillation Detection
Initially, the oscillation was automatically detected using the integral of the square error, a method
proposed by Hägglund (1995).
The idea behind the method is simple: based on
time trend zero-crossing, the integral of the absolute
error between each zero crossing is computed (IAEC).
It is then compared with a threshold value (IAELIM).
If IAEC > IAELIM, then the process has an oscillatory
behavior.
The oscillation detection procedure can be summarized as follows:
1. Choose an acceptable oscillation amplitude (a);
2. Compute IAELIM as 2a/.  is 2/Ti and Ti is
the integral time of the controller.
3. Monitor IAEC. Restart it when the control error
changes its signal.
4. If IAEC exceeds IAELIM then the oscillation has
occurred.

The ICA problem involves the estimation of both
A and S. The Fast ICA algorithm (Hyvärinen et al.,
2001) was used in this work.
In the spectral ICA model, the rows of X are singlesided power spectra P(f) over a range of frequencies
(f) of the same sensor. P(f) can be estimated using
Discrete Fourier Transform (DFT) (Oppenheim et al.,
1999). The main advantage of using power spectra
instead of time series is that the first is blind to the
time delays. Besides, SICA can isolate a single peak
in each independent component, when multiple oscillations are present in the plant.
The procedure to apply the methodology based on
SICA is described below:
1. Compute the power spectra for all measured
variables (X).
2. Decompose X into independent components,
obtaining A and S (using FastICA).
3. Find the sign of the dominant peak for each IC,
denoted by SNj, (j=1…n);
4. Adjust the A and S matrixes using the following relation:
B  A. diag  SN1

SN 2



SN n 

Detecting the Root Cause (Source) of Oscillation

Y  diag  SN1

SN 2



SN n  S

To detect the root cause of the oscillation, the
methodology based on Spectral Independent Component Analysis (SICA) was used (Xia et al., 2005).
Initially, the time-domain ICA will be described and
then the methodology to detect the root cause of
oscillations will be explained.
Consider that the plant has m sensors, whose observations are xm.

Then

X   x1

x2



xm 

T

(1)

They are linear combinations of n independent,
non-Gaussian source outputs. Each column is called an
Independent Component (IC).
S   s1

s2



sn 

T

(2)

The matrix of observations (X) can be written as a
linear function of the matrix of ICs (S).

X  AS

(3)

where A is called the mixing matrix (m by n). Each
sensor can be decomposed into linear combinations
of ICs.

(4)

(5)

X  BY .
Here, the new term, based on matrix B, called the
significance index is introduced. It provides the importance of the combined matrix elements. Values
close to 1 represent a strong impact from an IC in a
power spectrum signature. Smaller values of the
significance index show a smaller impact of a given
IC.
Then, each IC was adjusted to achieve a maximum significance index equal to 1.
1. Find the maximum absolute value for each column of B (j, j=1…n);
2. Scale the mixing matrix B and IC matrix Y;



A  B.diag 11



C  diag 1
Then

X  AC.
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Based on the new matrix A, the source of each independent component, or plant-wide disturbance,
can be identified. The loop for a given IC whose
significance index is close to 1 is probably the root
cause of that oscillation.
In the work of Xia et al. (2005), the dominance of
each independent component over the plant is analyzed, helping to discover which are the main plant
disturbances. However, in our case, a visual analysis
showed that the mentioned oscillation (see Fig. 2)
appeared in several loops, causing a strong impact in
the product variability.
Detecting the Cause of Oscillation

The last step is to diagnose the cause of the oscillation. In this work, we will apply the methodology
based on higher-order statistics, proposed by Choudhury et al. (2004). To corroborate the results, the methodology to quantify stiction based on ellipsis interpolation will also be used (Choudhury et al., 2008).
The method proposed by Choudhury et al. (2004)
claims that, if the process is locally linear and a nonlinear behavior is present, then the valve is responsible for this behavior. If the loop has an oscillatory
behavior and the valve is working properly, the problem can be poor loop performance or other external
disturbance (e.g., a disturbance transferred from another loop with oscillatory behavior).
Initially the non-Gaussianity index (NGI) is computed, using the bicoherence (bic2) concept.
2

bic 

B  f1 , f 2 

2

2
2
E  X  f1  X  f 2   E  X  f1  f 2  

 


(7)

where X(f) is the discrete Fourier transform of any
time series x(k) and B(f1,f2) is called the bispectrum
in the frequencies f1 and f2. The bispectrum is the
third order cumulant in the frequency domain. It is
defined as:
B  f1 , f 2   E  X  f1  X  f 2  X *  f1  f 2  



(8)

where * denotes the complex conjugate. One positive
feature of bic2 is that it is bounded between 0 and 1.
Assuming that bic2 at each frequency is a chisquared (2) distributed variable with 2 degrees of
freedom, a modified test formulated by averaging the
squared bicoherence over the triangle of the principal
domain with better statistical properties will be used
to verify signal Gaussianity. The test can be summarized as follows:
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Null hypothesis: the signal is Gaussian,
Alternate hypothesis: the signal is non-Gaussian.




Under the null hypothesis, the test can be based
on the following equation:



2

P 2 KLbîc  cαχ

2

α

(9)

2

where cαχ the critical calculated from the central ²
distribution table for a significance of  and 2L degrees of freedom, K is the number of data segmentation during the bicoherence computation, L is the
number of bifrequencies inside the principal domain
2

of the bispectrum, and bîc  iL1 bîc 2 .
If the signal is Gaussian, the process is assumed
to be linear. If the signal is non-Gaussian, the process
nonlinearity should be tested. To evaluate the nonlinearity, the constancy of the squared bicoherence
should be evaluated. In this work, the maximum
squared bicoherence can be compared with the average squared bicoherence plus two standard deviations. At 95% confidence level, if the maximum bi2
2
coherence (bîcmax
) is less than (bîc  2 2 ), the
bîc

bicoherence curve is assumed to be constant. The
index to evaluate the nonlinearity is defined as:



2

2
NLI  bîcmax
 bîc  2

Where 

bîc 2

bîc 2



(10)

is the standard deviation of the
2

squared bicoherence and bîc is the average of the
squared bicoherence. If NLI = 0, the process is linear; otherwise the process is nonlinear. If the loop is
nonlinear, then the valve “suffers from” stiction.
To corroborate the diagnostics provided by the
method based on higher-order statistics, the method
based on ellipsis interpolation (Choudhury et al.,
2006) will also be used to diagnose and quantify
valve stiction. If the process variable (pv) and control
output (op) plot has an ellipsis pattern, as shown in
Figure 3, then the stiction is confirmed. The apparent
stiction can be quantified as the length of the horizontal ellipsis axis (sb).

RESULTS
This section describes the application of the
methodologies in the petrochemical plant previously
described.
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Figure 3: pv versus opp plot for a sticky
s
valve.

i the Fourieer Transform
m used in thhis
window size in
woork was 256.
miThe periodiical disturbannces that we want to elim
natte have perio
ods equal to
o 320 secondds and 427 ses
connds. Using the FastICA
A algorithm (Hyvärinen et
al., 2001), the matrices
m
A an
nd S were obbtained. Figuure
s
the inndependent power
p
spectrra. We limiteed
4 shows
thee number of ICs in 5.
F
4, thee independennt disturbance
Based on Figure
thaat should be eliminated is IC1. Baseed on ICA ded
com
mposition, thhe significannce matrix w
was then com
mpuuted (see Tab
ble 3). The so
ources of IC
C1 were identtifieed as PC01 and
a PC02, as
a assessed by
b the signifficannce index. Thhe impact off each IC oveer each contrrol
looop is shown in
i Figure 5.

Oscillation
O
D
Detection
The oscilllation is deteected by thee application
n of
th
he IAE metthod previou
usly describeed, considerring
th
he following IAELIM:



191 for D
DC01 and DC02 (a = 1, Ti = 600
6
seconds);
C01 and PC
C02 (a = 0.5,
0
Ti = 120
1
20 for PC
seconds);

ve been com
mputed for the
The IAEC values hav
whole
w
datasett and the tw
wo largest vaalues (1st IA
AEC
an
nd 2nd IAEC) are shownn in Table 2 for these four
f
co
ontrollers, ass well as theiir limits (IAE
ELIM).
Table
T
2: Larrgest IAEC values (1st IAEC and 2nd
IA
AEC) for DC
C01, DC02, PC01,
P
and PC02.
P
Loop
DC01
DC02
PC01
PC02

1st IAEC
1900
1730
117
215

2nd IAEC
1400
1700
103
147

IAELIM
M
191
191
20
20

Based on Table 2, we can see thaat all values exceeed the limitting IAELIM value
v
and coonclude that the
process is strrongly affectted by perioodical load disd
urbances.
tu
Diagnosing
D
th
he Oscillatio
on Source
Initially, thhe data weree collected annd all measuured
variables had the same saampling period (5 second
ds).
Moreover,
M
we ensured th
hat the dataa was colleccted
without
w
comppression. Th
hen, each power spectrrum
was
w computedd using the pwelch
p
functtion in Matlaab®
(v
version R11,, signal proceessing toolboox version 4.2).
We
W collected 1024 pointt for each vaariable and the

Figgure 4: Specctral indepenndent componnent analysiss –
eacch plot show
ws one indepeendent compponent.
Taable 3: Signifficance matrrix for the ICA analysiss –
thee sources off IC1 are higghlighted.
FC01
F
F
FC02
F
FC03
F
FC06
F
FC08
D
DC01
D
DC02
L
LC01
L
LC02
L
LC03
L
LC04
P
PC01
P
PC02
P
PC04

IC11
0.07
7
0.11
1
0.02
2
0.08
8
0.00
0
0.02
2
0.01
1
0.73
3
0.67
7
0.02
2
0.02
2
0
1.00
5
0.95
0.54
4
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IC2
0.01
0.05
0.01
0.01
0.03
0.03
0.02
0.21
1.00
0.02
0.00
0.29
0.47
0.07

IC3
0.07
0.55
0.00
0.01
0.21
1.00
0.98
0.00
0.00
0.89
0.77
0.01
0.10
0.10

I
IC4
11.00
0
0.05
0
0.02
0
0.09
0
0.32
0
0.12
0
0.12
0
0.57
0
0.21
0
0.17
0
0.19
0
0.25
0
0.07
0
0.01

IC5
0.19
0.82
0.01
0.00
0.22
0.51
0.52
0.13
0.04
0.72
0.91
0.18
0.15
1.00

Plantw
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Based on Fiigure 7, the hypothesis
h
off valve stictioon
a
confirm
med. The sb for
f PC01 is eequal to 0.90..
is again

2.50
2.00
I
IC5

1.50

I
IC4
1.00

I
IC3
I
IC2

0.50

I
IC1

0.00

Figure
F
5: Hiistogram witth the impacct of each inndependent com
mponent (IC)) (significannce) over eaach
variable.
Figure 5 sshows that th
he impact off IC1 is not reC01 and PC02. It spreadss its effect inn all
sttricted to PC
ob
bserved loopps.

Figu
ure 7: pv verssus op for PC
C01.
Ap
pplying the Solution
S
in a Real Plantt

Determining
D
the Oscillattion Cause
Subsequennt to determiining the souurce of oscillatiion, its causee should be diagnosed. We
W suspect that
t
both valves suuffer from stiction.
First, the P
PC02 loop wiill be analyzeed. The methhodology based oon higher-ordder statistics shows that this
t
oop is non-G
Gaussian and
d nonlinear, confirming the
lo
hy
ypothesis off a sticky vaalve. To corrooborate this resu
ult and quanntify the sticction (sb), thhe pv versus op
plot was draw
wn, as shown
n in Figure 6.

Finally, afteer we diagnoosed that the source of IC
C1
waas PC01 and PC02, and th
he cause in both
b
cases was
w
vallve stiction, we should then corrobborate (or noot)
thiis hypothesiss through a teest in a real plant.
p
The mainteenance group
p does not alllow replacin
ng
anyy valve, beccause there is
i no bypasss available for
f
theem. Howeveer, we open each loop for
fo a period to
verrify if the oscillation disaappears.
C01 was opeen.
In the first test (Test1), the loop PC
Thhen the dataa was collected and deccomposed in
nto
speectral independent com
mponents. Figgure 8 show
ws
thee histogram with the siggnificance inndices for thhe
plaant when PC01 was openn.
p
waas made for PC02 (Test2).
The same procedure
Wee open this loop for a period to verify
v
if disst2
dissappears. Fig
gure 9 show
ws the histoggram with thhe
siggnificance inndices for th
he plant whhen PC02 was
opened.
2.50
2.00
1.50

IC5
5
IC4
4

Figgure 6: pv veersus op for PC02.
P
Figure 6 cclearly indicaates that the valve has visiv
ble stiction. T
The sb is 1.18% of the valve span. In
th
his case, the valve should
d be replacedd.
In the case of PC01, the same annalysis is maade.
Again,
A
the loop is also non-Gaussiann and nonlineear,
which
w
indicattes another stticky valve. Figure 7 shoows
th
he ellipsis intterpolation for
f the pv verrsus op curvee.

1.00

IC3
3
IC2
2

0.50

IC1
1

0.00

Figgure 8: Histtogram withh the impact of each ind
depenndent compoonent (IC) (ssignificance)) on each varriablle with PC011 open (Test1).

Brazilian Journal of Chem
mical Engineeringg Vol. 32, No. 04,, pp. 919 - 927, October - Decem
mber, 2015

926

M. Farenzena, C. A. Kayser and J. O. Trierweiler

3.00
2.50
2.00

IC5
IC4

1.50

IC3
1.00

IC2
IC1

0.50
0.00

Figure 9: Histogram with the impact of each independent component (IC) (significance) on each variable with PC02 open (Test2).
Based on Figure 8 and Figure 9, we can verify that,
in each case, the disturbance vanished. The positive
impact on loop variability is corroborated by the
comparison between the ratio of the original (when
all loops were closed) and the new variance when
PC01 and PC02 were opened, as shown in Table 4.
Table 4 summarizes the strong impact caused by
IC1. Its elimination can reduce the product and the
whole plant variability, achieving a more profitable
operating point.

Table 4: Ratio between the original and the new
variance, when PC01 and PC02 were opened (see
that the variance of same loop was normalized
using the same parameter, for the three cases).
Loop
DC01
DC02
FC01
FC02
FC03
FC06
FC08
LC01
LC02
LC03
PC01
PC02
PC04

Normalized
Relative variance Relative variance
original
- PC01 open
- PC02 open
variance
1
-78%
-48%
1
-88%
-93%
1
-98%
-94%
1
-83%
-84%
1
-30%
-91%
1
1724%
2%
1
86%
-78%
1
-26%
-15%
1
-1%
3%
1
1400%
2035%
1
171%
-67%
1
-51%
6867%
1
98%
-29%

CONCLUSIONS
In plants with a high number of recycles, periodical disturbances can strongly affect loop variability,
because one oscillating loop can have a widespread
effect in the whole plant. Thus, isolating its source
and diagnosing its cause are essential to ensure a

highly efficient operation. In this work, we illustrate
this scenario in a petrochemical plant located in
Southern Brazil, where periodical disturbances have
a strong influence on product variability.
The procedure followed three steps. Initially, we
detected loop oscillation using the methodology
based on IAE (Hägglund, 1995). Then, each disturbance was isolated using Spectral Independent Component Analysis (Xia et al., 2005). We identified the
disturbance whose period we want to isolate and its
sources, which were PC01 and PC02. Finally, we
diagnosed the cause of the fault in both loops as
valve stiction using the methodology based on
higher-order statistics (Choudhury et al., 2004).
To verify the theoretical predictions in the industrial plant, each loop was opened for a period, because the valves could not be replaced. The impact
was visible: the reduction in the variability of almost
all loops was verified and the reduction in product
variability was up to 93%.
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