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Abstract: Modern process industry is nowadays confronting many challenges. Increasing fuel and
material costs, for example, have made it necessary to improve process performance and efficiency. On
the other hand, new environmental legislation has created a pressure to reduce process emissions. As it
seems that the interest on model-based control and optimization will be increasing in the future, process
history can potentially provide a source of information to be utilized in the optimization, improvement of
productivity and cost-efficiency and in the reduction of emissions, for example. In this paper we
demonstrate a piece of modeling software for advanced industrial diagnostics. The software includes
tools for importing and exporting data, pre-processing and visualization tools, a computational tool for
lag calculations and tools for performing variable selection and modeling. The software is programmed
into standalone software built up in the Matlab platform. We demonstrate the use of the software by two
industrial data sets: one from a circulating fluidized bed boiler fired by demolition wood and another
from a chemical pulping process. The results show that the software provides an efficient tool for

advanced industrial diagnostics.
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1. INTRODUCTION

The energy efficiency of industry is recognized nowadays as
a highly important matter because of tightening
environmental legislation (Directive 2009/29/EC) and
increasing fuel costs. Growing demands for process
efficiency and the efforts to reduce harmful emissions have
generated a number of challenges for industrial plants, and
new kind of tools are needed to meet those challenges. At the
same time it seems that the interest on model-based control
and optimization is increasing (Blanco et al., 2009). Process
data archives provide a potential source of information which
could be utilized more in such applications, e.g. in the
optimization, improvement of productivity and cost-
efficiency and reduction of emissions in processes.

There is an increasing availability of measurement and other
data in the modern industry (Giudici & Figini, 2009). These
data may be related to materials, process performance,
process equipment, maintenance, control, produced quality
and so forth. It seems, however, that the use of process data
in process improvement has not achieved a standard role. In
the pulp and paper industries, for example, the scope of
modeling and simulation applications has been only partial,
which is largely because of the complexity of the processes
(Blanco et al., 2009). Another possible reason for this is the
difficulty of data analysis caused by the characteristics of the
industrial process data, e.g. the large volume of data and

variables affecting the process. Combustion processes, for
instance, are multivariable and the interactions of variables
have to be considered carefully, which makes it a challenging
process to manage (Joronen & Kerschbaum, 2008). On the
other hand, it seems that engineers and managers are having
difficulties in handling the overflow of process data (Wang,
2007). For these reasons, new valid tools are needed for
advanced industrial diagnostics.

Data mining and applied statistical methods are currently
considered as useful tools for extracting knowledge from
industrial data (Giudici & Figini, 2009) and data-driven
modeling is currently considered an advantageous way of
diagnosing industrial processes in a diverse field (Fortuna et
al., 2007; Heikkinen et al., 2009; Kadlec et al., 2009;
Kalogirou, 2003; Liukkonen et al., 2011 a-b). We have
presented earlier a modeling and optimization system
(Heikkinen et al., 2009), which can be used in monitoring and
optimization of power plants and which is implemented on
the Matlab-software platform (Mathworks, Natick, MA,
USA). The software has been under constant development,
and it currently includes new tools which are considered
useful in diagnosing, not only combustion processes, but also
other industrial processes. In the paper we will concentrate on
those parts which are the latest advancements in the software.
These include correlation analysis, calculation of process
lags, variable selection and multivariate regression modeling.



The software developed for advanced diagnostics can support
efforts to improve process performance, as it can be utilized
as a part of a performance analysis to discover complex
dependences between process variables. We demonstrate the
use of the software by analyzing two data sets from real
industrial processes, one from a 63 MW, circulating
fluidized bed (CFB) boiler fired by demolition wood and
another from a chemical pulping process.

2. COMPUTATIONAL METHODS

The software developed for advanced industrial diagnostics
consists of the following main parts:
e Import: import and export data, rename and preselect
variables etc.
* Pre-processing: remove constants, filter, interpolate,
create derivatives, change resolution of data etc.
« Visualization: simple plotting, scatter plots, histograms,
statistics
 Correlations and lags: calculate correlations, determine
changing correlations, determine time lags
 Variable selection: select the most important variables
using regression
e Modeling: multivariate
networks

regression, artificial neural

2.1 Pre-processing tools

Erroneous or missing data can complicate modeling, and
therefore pre-processing is an important step of data analysis.
Pre-processing of large datasets is often laborious manual
work, however, which may multiply the time spent for
analyses. For this reason, diagnostics software includes
several sophisticated tools for different steps of preparing
data.

Filtering of unreliable data is an essential pre-processing
operation, which is often performed manually. Therefore,
when datasets are large and the variables are filtered by
thresholds, a practical filtering tool can save plenty of time.
The advanced diagnostics software includes fixed boundary,
low-pass and moving average techniques for filtering, and
has a separate graphical interface for filtering. The software
also includes tools for removing unreliable rows and
constants conveniently.

Many data centric modeling methods require a complete data
matrix, which means that the possible missing data must be
compensated. Several methods have been proposed for that
purpose (Little & Rubin, 1987; Schafer, 1997). A method
used commonly and programmed also in this software is the
simple linear interpolation algorithm, which fills the gaps in a
table by drawing a straight line between two neighboring
values and returning the appropriate values along that line.
Despite this, all the modeling and statistical methods
embedded to the software are programmed to accept missing
data.

Derivative variables or soft sensor type of variables are used
commonly for analyzing process data. Therefore a calculator
tool for creating new derivative variables is included to the
software.

2.2 Determination of process lags

Process lags can be considerable in the process industry and
should therefore be considered carefully in the analysis.
When dealing with relatively slow fluid flows, for instance,
data associated with each time stamp may not be comparable
as such. Process lags can be determined using a cross-
correlation method, in which the correlations between
variables are calculated in a time window.

The correlation coefficients between two variables are
calculated in each time step and the maximum absolute value
of these coefficients represents the process lag between these
two variables. The lags between individual variables
constitute a matrix, which can be used in determining the
final lags with respect to each variable. Some of these
maximum correlations may be insignificant (i.e. these lags
are unreliable), however, so the final process lags are
calculated by using the lags indicated by the most
considerable correlations.

2.3 Variable selection

The aim of selecting variables is at selecting a subset p from
the set of P variables without appreciably degrading the
performance of the model and possibly improving it.
Although exhaustive subset selection methods involve the
evaluation of a very large number of subsets, the number to
be evaluated can be reduced significantly by using
suboptimal search procedures (Whitney, 1971). Therefore
they are ideal for large data sets.

Sequential forward selection is a simple suboptimal method
for selecting variables in which the variables are included in
progressively larger subsets so that the prediction
performance of the model is maximized. To select p variables
from the set P:

1) Determine the variable that yields the best value for
selected criterion.

2) Search for the variable that yields the best value with the
variable(s) selected in stage 1.

3) Repeat stage 2 until p variables have been selected or a
stopping criterion has been met.

2.4 Modeling tools

Multivariate regression can be used to model the relationship
between two or more explanatory variables and a response
variable by fitting an equation to observed data samples. A
model with N observations and P variables is defined by (1):

y; =b, +bX; +b,X, +..bpXxp +& ,for i=12..N 1)

where y denotes the value of the response variable, x is the
value of the predictor (explanatory) variable, by is a constant,
b;...bp equal the unknown coefficients to be estimated, and ¢
comprises the uncontrolled factors and experimental errors of
the model. The fitting is performed by minimizing the sum of
the squares of the vertical deviations from each data point to



the line that fits best for the observed data, which is known as
least squares fitting.

The software also includes a modeling tool based on self-
organizing maps (SOM) (Kohonen, 2001), which can be used
for discovering and analyzing process states and optimizing
processes. The use of the SOM tool in the monitoring of
process states and process optimization has been
demonstrated by Heikkinen et al. (2009).

3. RESULTS
3.1 Modeling of NO, in a CFB boiler

Process and data

Fluidized bed combustion is a technology designed
principally for converting solid fuels such as coal, peat,
biomass or waste derived fuels into energy. Fuel flexibility
and the ability to burn low-grade fuels are major advantages
generally associated with fluidized bed combustion (Basu,
2006; Koornneef et al., 2007): circulating fluidized bed
boilers (CFBs) can burn a wide spectrum of fuels without a
major reduction in performance. For instance, the fuel
flexibility allows CFBs to co-combust a wide variety of solid
fuels, including fossil fuels such as coal, biomass-derived
fuels such as wood and agricultural residue, peat, and even
waste fuels like demolition wood (Coda Zabetta, 2009).

Nevertheless, fuel flexibility may also pose new challenges.
The use of demanding heterogeneous fuels such as biomass
not only increases the need for monitoring the process but
also complicates the development of new methods for
diagnosing and monitoring it. The quality of demolition
wood, for example, tends to vary considerably depending on
its origin and preparation before combustion, which makes
the control of the CFB process demanding. In addition,
varying quality of fuel can have undesired consequences such
as an increased level of emissions, which are produced in
complex chemical reactions. The effects of individual
operating parameters on the released emissions cannot be
easily separated from each other, which means that
combustion management has to take all these effects into
account (Joronen & Kerschbaum, 2008).

Process data for the present purpose were extracted from a
database attached to a 63 MWy, CFB boiler fired by
demolition wood. The size of the data matrix used as an
example is 3 000 x 49 (3 000 rows, 49 variables in columns),
covering thus a month (31 days) of operation.

Selection of variables

The data set is first averaged to have a resolution of 15
minutes. Then, constant variables are removed, because they
do not bring any additional value to the model. The missing
values of data (less than 0.5 % of input data) are replaced
using linear interpolation.

Next, ten variables are selected using the NO, concentration
of flue gas as the model output. The results can be seen in
Fig. 1. The NOy model consisting of the ten selected

variables yields a correlation of 0.88 with the observed NOy
content.
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Fig. 1. A window showing the results of variable selection in
the CFB case.

The model

The regression tool window of the advanced diagnostics
software is presented in Fig. 2. The model for NOj is
constructed using the variables obtained by the variable
selection tool. As can be seen, the regression tool outputs the
model coefficients, the goodness of fit and two plots
representing the performance of the model.

3.2 Modeling of pulp brightness in a chemical pulping
process

Process and data

Chemical pulp production is performed by cooking the raw
wood material together with chemicals to dissolve the
binding agent (lignin), which ties the fibers together, from the
wood. The remaining wood fibers form the chemical pulp,
which is the principal material for producing paper and
board. (www.prowledge.com)

The first phases of producing chemical pulp are the debarking
of the logs in a debarking drum, chipping of the debarked
logs, and screening of the wood chips. Cooking of the chips
occurs in a large digester. In the sulfate method the chips are
cooked in an alkaline chemical solution, or liquor, after
which the pulp is washed. The pulp is brown in color at this
stage, so it can be bleached to improve its brightness and
cleanliness. This occurs either by removing or brightening the
colored substances, e.g. residual lignin, in the pulp. Various
bleaching chemicals can be used such as oxygen, chlorine
dioxide or hydrogen peroxide. After bleaching the pulp is
screened, dried and baled. (www.prowledge.com)
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Fig. 2. The regression tool window of the software and a model for the NOy content of flue gas in a CFB boiler using the

selected variables.

The process data used in this study was extracted from
databases of a sulfate pulp mill. All the variables potentially
affecting the brightness of the pulp in the bleaching stage of
the process are included to the dataset. The time period is one
year and the resolution of the data is 15 minutes. The size of
the complete dataset is 35 040 rows.

Determination of process lags

Outliers and unreliable data are marked as missing data using
the software. It would be possible to estimate the process lags
on a theoretical basis if flows and volumes are given. In this
case, however, the process lags between the main stages of
bleaching are estimated using the software tool. Brightness of
the pulp in the sequential stages of the bleaching process was
chosen for analysis, because brightness is measured in every
stage and it is considered an important quality parameter.

The software calculates the correlations between variables
within a given time window. In this case, the time dimension
is 40 (10 hours). In other words, the correlation is calculated

40 times for each variable, with 40 different time dimensions
within a 10-hour period of time. Thus the software is given
the assumption that the length of the lag can be anything
between 0 and 10 hours. The dimension which yields the
largest absolute value of the correlation coefficient represents
the lag. Then, the first brightness parameter (D stage
brightness), which is measured at the beginning of the
bleaching process, is defined as the reference variable to be
able to compare the resulting lags between variables. The
information of the resulting matrix, which can be seen in Fig.
3, comprises the lags between all variables and can be used in
estimating the lags with respect to the reference variable.
Finally, the determined process lags are those indicated by
the most considerable correlations. The process lags
determined for the variables which indicate the brightness of
the pulp in different stages of the bleaching process are
shown in Table 1.
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Table 1. The calculated process lags.

Variable Lag Lag
(data rows) (hours)

D stage brightness 0 0
D/Q stage brightness 4 1
D1 stage brightness 11 2.75
Bleached pulp tower, 23 5.75
brightness

Pulp to drying, brightness 28 7

Table 2. Results for modeling the brightness of pulp.

Original Embedded

dataset dataset
Root mean square error 0.461 0.379
Index of agreement 0.642 0.812
Correlation coefficient 0.521 0.708
Mean average error 0.354 0.230

The model

The multivariate regression tool of the software is used for
the modeling of brightness in bleached pulp. Bleaching
chemicals, kappa variables and brightness variables are used
as inputs (10 variables). Two models are calculated; (a) using
the original dataset and (b) using a dataset in which the
variables are embedded using the information from the lag

calculations. The results (see Table 2) indicate that the model
based on the embedded dataset yields better results. The
correlation coefficient, for example, is raised from 0.52 to
0.71.

4. DISCUSSION

While new solutions are being sought to create cleaner
alternatives at all fronts, it is evident that also industrial
processes have to become more energy efficient and
environmentally friendly. Energy plants, for example, will
have to be able to produce their energy with less emissions of
harmful gas in the future. This can be difficult because of
numerous affecting variables and the complex dynamics
present in the combustion process. Minimization of process
emissions is a major issue also in chemical pulping, but
optimizing the process may also decrease the consumption of
energy and chemicals. As in most continuous processes, the
derivation of dependences can be difficult in the chemical
pulping process, because the lags are not known thoroughly
and the control loops are complex.

For these reasons novel systems for advanced process
diagnostics are needed. The software presented here provides
a fast way of analyzing a large amount of process data and
the results show that it provides a useful modeling tool for
industrial applications. The software can be utilized in
advanced process diagnostics which can become a part of the
service business for manufacturers of process equipment and
devices, for example.

The performance analyses of processes often include data
analyses to discover the best possible control strategy based
on variable interdependences, which can be complex and



multivariable. Naturally performing these analyses cannot be
fully automated, since they require empirical knowledge of
the process, which only an experienced process expert can
possess. The software has been designed for analyzing large
data sets, which are typical for process industry, since
measurement data are usually collected all the time from
different process stages. Nonetheless, constructing data-based
and especially non-linear models requires specialized
expertise from the software users, not only on the modeling
methods but also on the process itself. The generic modeling
tool may thus be used by process experts, who are able to
analyze and validate the results before taking them into
operational use. On the other hand, a skilled process expert
can automate laborious data processing stages using the
software, which facilitates the routine and regular analysis
work and so enables more efficient performance analyses.

5. CONCLUSIONS

The software proposed for advanced industrial process
diagnostics can support efforts to improve process
performance and to determine the optimal control strategy,
for example. The software exploits process history, which
offers a useful source of information and which can help in
the improvement of process efficiency or in the reduction of
process emissions, for example. The software can be utilized
as a part of a performance analysis to discover complex
dependences between process variables.

ACKNOWLEDGMENTS

The authors would like to thank the Finnish Funding Agency
for Technology and Innovation (Tekes) for funding two
research projects, Enefir and Dynergia, which have provided
the framework for the research.

REFERENCES

Basu, P. (2006). Combustion and Gasification in Fluidized
Beds. CRC Press, United States of America.

Blanco, A., Dahlquist, E., Kappen, J., Manninen, J., Negro,
C., Ritala, R. (2009). Use of Modelling and Simulation
in the Pulp and Paper Industry. Mathematical and
Computer Modelling of Dynamical Systems, 15(5), 409-
423.

Coda Zabetta, E., Hiltunen, M., Moulton, B., Hotta, A.
(2009). Biomass and Waste Co-combustion — European
Experience. In Proc. Electric Power Conference,
Rosemont, Illinois, USA. Available via:
http://www.fwc.com/publications/tech_papers/files/TP_F
IRSYS 09 _01.pdf

Fortuna, L., Graziani, S., Rizzo, A., Xibilia, M.G. (2007).
Soft Sensors for Monitoring and Control of Industrial
Processes. Springer-Verlag, London.

Giudici, P., Figini, S. (2009). Applied Data Mining for
Business and Industry, 2nd edition. John Wiley & Sons,
Ltd.

Heikkinen, M., Hiltunen, T., Liukkonen, M., Kettunen, A.,
Kuivalainen, R., Hiltunen, Y. (2009). A Modelling and
Optimization System for Fluidized Bed Power Plants.
Expert Systems with Applications, 36, 10274-10279.

Joronen, T., Kerschbaum, R. (2008). Advanced Controls —
Fuzzy Logic for Fluidized Bed Boiler. AT&P journal,
PLUS2, 24-28.

Kadlec, P., Gabrys, B., Strandt, S. (2009). Data-driven Soft
Sensors in the Process Industry. Computers and
Chemical Engineering, 33, 795-814.

Kalogirou, S.A. (2003). Artificial Intelligence for the
Modeling and Control of Combustion Processes: A
Review. Progress in Energy and Combustion Science,
29, 515-566.

KnowPulp® - Learning Environment for Chemical Pulping
and Automation. Prowledge Oy, www.prowledge.com

Kohonen, T. (2001). Self-Organizing Maps. 3rd ed. Springer-
Verlag Berlin Heidelberg, New York.

Koornneef, J., Junginger, M., Faaij, A. (2007). Development
of Fluidized Bed Combustion - An Overview of Trends,
Performance and Cost. Progress in Energy and
Combustion Science, 33, 19-55.

Little, R.J.A., Rubin, D.B. (1987). Statistical Analysis with
Missing Data. John Wiley & Sons, New York.

Liukkonen, M., Heikkinen, M., Hiltunen, T., Hélikka, E.,
Kuivalainen, R., Hiltunen, Y. (2011a). Artificial Neural
Networks for Analysis of Process States in Fluidized Bed
Combustion. Energy, 36(1), 339-347.

Liukkonen, M., Hiltunen, T., Halikkd, E., Hiltunen, Y.
(2011b). Modeling of the Fluidized Bed Combustion
Process and NO, Emissions Using Self-Organizing
Maps: An Application to the Diagnosis of Process States.
Environmental Modelling & Software, 26(5), 605-614.

Schafer, J.L. (1997). Analysis of Incomplete Multivariate
Data. Monographs on Statistics and Applied Probability,
no 72. Chapman & Hall, London.

Wang, K. (2007). Applying Data Mining to Manufacturing:
the Nature and Implications. Journal of Intelligent
Manufacturing, 18, 487-495.

Whitney, A.W. (1971). A Direct Method of Nonparametric
Measurement ~ Selection. IEEE  Transactions on
Computers, C-20, 1100-1103.



Paper 6

Title: WATER CONTENTS OF WOOD AND PEAT BASED FUELS BY ANALYSING
TIME DOMAIN NMR DATA

Ekaterina Nikolskaya, Mika Liukkonen, Jukka-Pekka Mé&nnikko, Risto Kauppinen, Leonid
Grunin, Yrjo Hiltunen
University of Eastern Finland, Finland

Keywords: NMR, Water content, Biofuels, Wood, Peat

The water content (WC) of fuel in particular is one of the most important quality parameters
for biofuels, such as wood and peat. However, a good online method to quantify the water
content is currently unavailable because of complex nature of biological water. For example
in wood, water can be mainly in three different forms; liquid in pores (free water), physical
and chemical bonded in cell walls (bonded water) and vapour in pores. Water can also be on
the surface of wood, when water content is above 60%, or in the ice form, when temperature
is below 0 oC. Earlier water content measurements from biofuels using NMR have shown that
it could be potentially the method-of-choice for quantifying water. Important questions to be
addressed include whether NMR method are cost effective and practical in industrial settings.

A portable low-resolution nuclear magnetic resonance (NMR) analyzer has been purchased at
the University of Eastern Finland for testing the NMR method for applicability for industrial
measurements of water content. The permanent magnet of 0.5 T has dimension of
140x190x150 mm weighting 19 kg. Water content measurements were made over a broad
range of moisture contents for several genuine fuels from an energy company. The wood and
peat samples were ground into powder for NMR samples. The sample volume was
approximately 1.5 cm3. NMR measurements were compared with the standard method for
water content determination, in which the mass of the sample is measured before and after
oven drying at reduced pressure.

Free Induction Decay (FID) signals were acquired for all samples and three values for each
magnitude FID were calculated as follows: (1) the long time constant component Al of FID.
(2) The short time constant component As of FID. (3) The ratio of Al / As. The As and Al
values and (Al/As) ratio were calculated for all samples. The reference water content was
determined as a function of the (Al/As) ratio for each sample. There was a clear 2th order
relationship between these values (R2 = 0.987). Water content values of fuels using NMR
data and the model were in good agreement with water content measurements with the
standard test employing oven drying. The correlation coefficient between these two methods
was 0.997 and the RMS error 1.14 %. The errors can be partly due to procedures used in
NMR measurement and partly due to the oven drying method. The same measurements have
been made for peat samples.

The current results show that one can use the same model for a variety of samples, which
indicates that the NMR method can be used without additional calibration both for different
kinds of samples. The calibration needs to be performed only once for given NMR probe and
NMR device setup, which makes the method user-friendly and fast to implement.

The results of the study demonstrate that the NMR method is as accurate as the gold-standard
test. Importantly, NMR water content measurement can be performed in 15 seconds, in
contrast to the oven drying which takes up to 20 hours. Our results show that the NMR



Water Contents of Wood and Peat Based Fuels
by Analyzing Time Domain NMR data

Ekaterina Nikolskaya***, Mika Liukkonen*, Risto A. Kauppinen***, Leonid Grunin** and Yrjé Hiltunen*

*Department of Environmental Science, University of Eastern Finland, P.O. Box 1627,FIN- 70211 KUOPIO
(e-mail: firstname.lastname@uef.fi).

** Mari State Technical University, Yoshkar-Ola, Russia
(e-mail: mobilenmr@hotmail.com)

*** University of Bristol, Bristol, UK
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1. INTRODUCTION

In recent years, the increasing use of biomass as a fuel in the
production of energy and the tightening environmental
legislation have created a need for faster and more exact
determination of biomass properties. Generally speaking, the
most important fuel characteristics are the calorific value,
chemical composition, moisture content, ash content,
composition of ash, melting behavior of ash and fuel
handling properties such as density and particle size [1]. In
terms of international emissions trading, the moisture
content, the carbon content in dry matter and the calorific
value are the variables included in the calculation of emission
factors for solid biofuels.

The water content of fuel in particular is one of the key
parameters for biofuel quality, because it affects directly the
accessible amount of energy. Nystrom and Dahlquist [2] have
gleaned potential methods, such as X-ray, near infrared
spectroscopy (NIR), radio frequency measurements (RF),
microwave measurements (MW) and nuclear magnetic
resonance (NMR), bear potential to become useful for
process control. However, moisture content is usually
determined by a standard method, where the mass of the
sample is measured before and after oven drying [3].

Nuclear magnetic resonance (NMR) is a new respectable
method for measuring the water content [4-9]. NMR
equipment have been used in moisture content measurements
mostly in laboratory conditions, in which it has been applied
to wood, food supplies, soil samples, oil and coal [10-14].

Nystrom and Dahlquist [2] propose that all methods,
including the NMR method, should be calibrated for every
biofuel mixture used. The recent results of Merela et. al. [4]
confirmed that the NMR method is comparable in terms of its
accuracy and reliability to the gravimetric method, regardless
of the species of wood. The results [4] demonstrate that the
water or moisture content in wood samples can be determined
instantly based on its mass and the amplitude of its NMR FID
signal.

The results of our earlier paper [15] also demonstrate that
time-domain nuclear magnetic resonance (TD-NMR) method
is fast and accurate and, importantly, it can be used without
additional calibration for wood-based fuels. On the other
hand, it would be interesting to know whether this concerns
also different fuel types and their mixtures. Peat, for example,
is widely used in Finland for producing energy, and it is often
burned in combination with wood-based fuels. Thus, a
generic measurement not sensitive to fuel type would be a
great advancement. In addition, actual online measurements
for moisture and other important biomass properties have not
been implemented using the NMR method.

The objective of this study was to examine the potential of a
TD-NMR method to measure water content in wood and peat
based fuels and their mixtures. In this paper we present more
results concerning the measurement of wood fuels, which
support the earlier findings [15]. Furthermore, we present
results for measuring the water content of peat and fuel
mixtures of wood and peat.



2. MATERIAL AND METHODS

2.1 Fuel samples

Water content measurements were performed over a broad
range of moisture contents for three genuine fuels from an
energy company. The wood samples were ground into
powder (the particle size about 3 mm). The sample volume in
NMR tubes was approximately 0.6 cm®. The summary of the
samples is shown in Table 1.

Water content in wood is defined in terms of the initial
weight of wood sample and the final weight of the sample
after oven drying to constant weight at 105+2°C and it can be
calculated using the following equation:

Original weight of wood — oven dry weight of wood
Original weight of wood

WC% =

x100%. (1)

Table 1. The summary of the samples for modelling

Sample Description wC
range, %
Wood rr_ulled to 2-3 mm of particle 12-69
size
Peat sifted by 4 mm sieve 38-64
Mixture - 50% of sifted peat and 50% 93.57
of wood | of milled wood
andpeat | . 90% of sifted peat and 10% 29.65
of sifted wood
- Original mixtures (sifted by 4
mm sieve) with content of | 9-56
approximately 10% of wood

2.2 NMR measurements

The TD-NMR measurements were done using a mobile NMR
analyzer Spin Track [16] with a *H resonance frequency of
25 MHz. The permanent magnet of 0.6 T has dimension of
140x190x150 mm weighting 19 kg. The diameter of sensor
hole was 10 mm. Free Induction Decays (FID) were recorded
with an acquisition rate of 3 Mega samples per second;
excitation pulse duration was 3.7 microseconds. Digital
receiver console provided quadrature acquisition with the
ringing time of around 12-16 microseconds.

The measurements were performed at room temperature.
After the NMR analysis was completed, water contents were
determined by oven drying of each NMR sample at 105°C
over night.

Complex FID signals were acquired for all samples and
magnitudes of FIDs were calculated using the following
equation:

Magn =+ Re?+Im?, )

where Re is the real part and Im the imaginary part of a FID.
The shape of the FID signal from wet wood sample with the
water content value of 61 % is shown in Figure 1.

A long time constant component A,y for each FID signal
was calculated as the average value of FID magnitudes in the
range from 40 ps to 160 ps (area of magnitude values is
marked by red color in Figure 1).

3. RESULTS AND DISCUSSION

TD-NMR device was used to determine water contents of
wood and peat based fuels and their mixtures. Measurements
were made over a broad range of water contents for various
fuels. FID of wood sample can be presented as a two-
component signal (See Figure 1), where the short time
constant component Agot IS the NMR signal from bulk
matter and water rigidly bonded to the material structure. The
long time constant component Ayq,g arises from free water. It
seems that the size of long time constant component increases
with the water content. Typical FIDs of wood and peat
samples are shown in Figures 2 and 3, respectively. The
results of repeated measurements are summarized in Table 2.
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Figure 1. Magnitude of a Free induction decay (FID) signal
from a wood sample with WC = 61 %. Magnitude values,
which have been used for calculation of long time constant
component Aygng, are marked by red color
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Figure 2. Magnitudes of FID signals from five wood samples
with different water contents.



Table 2. Results of repeated measurements.

Sample  Water content Std of Ajpny Std of water
(%) (%) content (%)

Wood 20 2.92 0.27

Wood 56 1.24 0.38

Peat 42 2.09 0.38

Peat 44 1.56 0.56

a) Standard deviation of 10 separate NMR measurements
using the same sample.

b) Calculated using equation (3).
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Figure 3. Magnitudes of FID signals from five peat samples
with different water contents.

However, if the same model can be used for both wood and
peat samples, the FIDs have to be similar with the same water
contents. The FIDs of a wood and a peat samples with almost
the same water contents are presented in Figure 4. As can be
seen, the FIDs are almost identical, which indicate the
usability of the NMR method in cases of different solid fuels.
NMR measurements were compared with the standard
method for water content determination, in which the mass of
the sample is measured before and after oven drying at
reduced pressure. The mean values of the long components
Aiong Were calculated for all samples. In Figure 5, the
reference water content is plotted as a function of the mean
value for each sample. There is a clear 2nd order relationship
between these values. In our final model, the water content
of the sample can be determined as follows:

WC =a*A, “+b*A . +cC (3)

where a = -2.458*10° , b = 0.0778 and ¢ = 7.3396. Water
content measurements using NMR and equation (3) are in a
good agreement with water content measurements with the
standard method employing oven drying, as can be seen in
Figure 6. The correlation coefficient between these two
methods for all samples is 0.99 and the standard error 2.5 %.
The errors can be partly due to procedures used in NMR
measurement and partly to the oven drying method. Repeated
measurements by the same sample (See Table 2) show that
the error in the Ajong is not more than 3 % and so the absolute
error in water content value using equation (3) is less than 0.5
%, which is consistent with data reported for the alternative
methods [3].
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—— WOOD (WC=36 %)
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Figure 4. Magnitudes of FID signals from a wood (red line)
and peat (black line) samples with similar water contents.

4. CONCLUSIONS

In the present paper, water content measurements based on
NMR were performed over a broad range of moisture for
wood and peat fuels. The results of the study demonstrate that
the NMR method is as accurate as the gold-standard test.
Importantly, NMR water content measurement can be
performed very fast, in contrast to the oven drying which
takes up to 20 hours.

The current results also show that one can use the same
model for wood and peat fuels without additional calibration.
The calibration needs to be performed only once for given
NMR probe and NMR device setup, which makes the method
user-friendly and fast to implement. The results indicate that
the NMR method can be successfully applied to water
content measurements of wood and peat based fuels with a
great potential for industrial scale application.
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Figure 5. Water content measured by oven drying method as a function of the sum of FID. The solid line is a 2nd order fit to
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method can be successfully applied to water content measurements of wood fuels with a great
potential for industrial scale application.
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Distribution and control of lift gas available for a cluster of gas lifted wells in an oil field is
necessary for maximizing total oil production. This paper describes a simple dynamic model
of the oil field developed from mass balances at different sections of the oil wells. Dynamic
behavior of the oil wells is studied by open loop simulations. For proper distribution of the
available gas, the pressure of the common gas distribution manifold and the lift gas flow rates
through each gas lift choke valves should be controlled when there is variation in the supply
of the lift gas. Four control strategies namely cascade control, droop control, droop control
with integral action and pressure control with one swing producer are presented. The total
available lift gas will be completely utilized by the five oil wells without demanding any extra
gas requirement.
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1. Introduction

Production of oil from a naturally flowing
oil well causes a gradual reduction of the
reservoir pressure as time passes. As long as the
reservoir pressure is sufficient to counter balance
the sum of the different pressure losses occurring
along the flow path of the fluid (eg: hydrostatic
and frictional pressure drop), the oil stream from
the reservoir reaches the surface without the need
of any external assistance (Takacs, 2005).
However, as more fluid is extracted from the
reservoir, the reservoir pressure reduces to a
value less than the total pressure losses in the
well and the fluid flow from the reservoir stops.
The well is said to be ‘dead’ when the well’s
reservoir pressure cannot lift the liquid column
produced from the reservoir and the production
of oil stops (American Petroleum Institute, 1994).

Among several artificial lifting methods,
this paper focuses on the use of continuous flow
gas lifting mechanism. In continuous flow gas
lifting, a high pressure natural gas supplied by a
compressor is continuously injected into the
tubing from the annulus at a proper depth (see
Figure 2). The injected gas reduces the density of
the multiphase fluid (mixture of oil, gas and
water) in the tubing thereby reducing the flow
resistance (flowing pressure losses) in the tubing
and enabling flow again (Brown and Beggs,
1977).

An oil well responds differently to low and high
gas lift injection rate as shown in Figure 1. As the
lift gas flow rate is increased from low injection
flow rate, the oil production increases, becomes
maximum at some optimal lift gas flow rate and
then start to decrease again. This is due to the fact

that at very high gas injection rate, the effect of
the frictional losses (which is a function of the
square of the lift gas velocity) in the tubing will
be dominant and the bottom hole pressure will
start to increase. It is also due to increase in the
back-pressure caused by the accumulation of
more and more gas in the tubing due to increased
lift gas injection rate. This behavior of gas lifted
oil well demands for design and development of
a control system that will control the gas flow
rate injected into the tubing for controlling the oil
produced from the well.
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Figure 1: Gas lift performance curve of a typical oil well

Moreover, for a field with multiple oil wells
where lift gas is supplied from a common source
(see Figure 3), it is important to distribute the lift
gas among the oil wells properly. Lift gas flow
rates for each oil well and the pressure in the gas
distribution manifold should be controlled.

The main objective of this paper is to
develop a simple model of a gas lifted oil field
with five oil wells, study the dynamic behavior of
the oil field under varying operating conditions
and then use the model for designing, developing
and simulating four different control strategies
for proper distribution of the lift gas. For all the
simulation results in the paper, MATLAB has
been used as the tool for simulation.



Automatic control of gas lifted oil well has
been studied by various authors. Automation
system for gas lifted wells operating under
constraints of high availability of lift gas has
been proposed by Camponogara et al. (2010).
Instability of gas lifted oil wells and strategies to
control the heading problems have been studied
by Jansen et al. (1999), Plucenio (2002), Eikrem
et al. (2002 and 2004a), Dalsmo et al. (2002),
Imsland et al. (2003), Plucenio et al. (2006) and
Scibilia et al. (2008). Control of gas lifted oil
well along with optimization using non-linear
MPC has been proposed by Plucenio et al.
(2009). Sliding Mode Control (SMC) strategies
have been proposed by Di Bernardo et al. (2002),
Anguola et al. (2005a), Pagano et al. (2008) and
Pagano et al. (2009) to control the production
choke valve for controlling the slug flow
oscillations in the oil well. Non-linear model-
based back stepping control applied for
stabilization of unstable flow in oil wells has
been proposed by Kaasa et al. (2007).

2. Simple dynamic model of oil well

A simple model of a gas lifted oil well is
developed taking into account all the components
of a typical gas lifted oil well as shown in Figure
2.
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Figure 2: Different components of a gas lifted oil well

1.Lift gas distribution pipeline 2. Gas lift choke valve
3. Annulus 4. Tubing 5. Gas injection valve

6. Reservoir 7. Production choke valve 8. Gathering
10. Pressure and

manifold 9. Multiphase meter

temperature transducers 11. Packer

Liw = La v = vertical length of tubing/annulus above the
gas injection point

L, w= vertical length of tubing below the gas injection

point

Figure 3 shows a schematic of an oil field with
five oil wells and with a common gas distribution
pipeline and a common gathering manifold. The
compressor outputs a highly pressurized lift gas
for injection (w,.) into the gas distribution
pipeline. The lift gas enters into the annulus of
each well from this common gas distribution
manifold. The flow rate of the lift gas to be
injected into each well (w,, superscript i denotes
i" oil well for all symbols) is controlled by the
gas lift choke valve present in the well head of
each oil well.

Gas
Transport
Lift gas for pipeline

injection €—— " B¢

Compressor System
G Production
s r_choke valve 5
distribution
E/"pipeline GasT
Long pipeline
(Gas lift chok \ T
valve 5 K Separator -
. T Oil
Gathering l
Manifold
. \Water
\ Production
choke valve 1
Gas lift choke
valve 1 1
i ! !
Pain Pum T

b | Pt

~ Reservoir ™\

Cplp )

Figure 3: Schematic for an oil field with five oil wells

From the annulus, the high pressure lift gas is
injected into the tubing (w;mj) at a proper depth
through the gas injection valve (see Figure). The
gas injection valve is designed in a way that the
back flow of fluid into the annulus from the
tubing does not occur through it. The injected gas
mixes with the multiphase fluid (crude oil, water
and gas produced from the reservoir, wi) in the
tubing at the point of injection thereby reducing
its density and the weight of the liquid column in
the tubing. This causes the differential pressure
between the reservoir (PY) and bottom hole
pressure (P,,r) to be increased causing the liquid
column to flow upwards to the surface. The
production choke valve controls the flow rate of
the multiphase fluid (w},,) produced from the
reservoir. In this paper, it is left at 100% fully
open and has not been implemented for control
purpose. The mixture of the gas, water and oil
flowing out of each of the wells through the
production choke valves is collected together in
the common gathering manifold and finally



transported to the separator where they are supplied by compressor and entering into the gas
separated into their respective phases. The gas idlistribution pipeline (considered as input
then sent back to the compressor system anddisturbance) andy, is the mass flow rate of gas
recycled to be used for lifting purpose. For injected into annulus i.e. mass flow rate leaving
simplifying the flow of the gas and fluid, a the gas distribution pipeline, then the mass

simple flow chart is shown in Figure 4. balance in gas distribution manifold gives,
"o oxper ailwel Mgy = Wye — Z wia Q)
Multiphase fluid flow =1
fromother S1El . Gathering Manifold Mass flow rate through the gas lift choke valve
e ‘ (wlq) is obtained by using the standard flow
> equation developed by Instrument Society of
Only natural gas America (ANSI/ISA S75.01, 1989),
Compressor
e, ha = NoCu K [ max(p. = PL0) (2

Gas Distribution
manifold

g o il wel Ne=27.3 is the valve constantu! is valve
opening of the™ gas lift choke valve expressed
in percentage,P. and P! are the pressures

Snmwe{ ]T)i upstream and downstream of tﬁ‘eg'as lift choke

T g valve, p,, is the density of gas in the distribution

- pipeline which is a function of the upstream
pressureP,, ¥{ is the gas expansion factor and

Figure 4: Flow chart of the simple model of oil field Co(w1) is the valve characteristic as a function of

its opening.

Pressure and temperature transducers measurdVe assume the gas expansion factpyt6 be:
the pressure and temperature both downstream ' P, — P
and upstream the production choke valve and gas VI =1-ay <—mm>
lift choke valve. A multiphase flow meter is max(F, F"")
installed downstream the production choke valve a
and is used to measure the flow rate of oil, gas = o )
and water individually. The packer is used to seal 7" is the minimum pressure in the gas
the bottom of the casing annulus, which funnels d|str|_but|on .plpellne._VaIve (;haracter|st|c as a
all of the production into the tubing string, sb al function of its opening ¢,(u})) is modeled by
of the available gas energy is utilized to lift the three linear equations as shown in Equation (4).

Oil Reservoir )

~—

®)

, = constant = 0.66

fluid. The function in Equation (4) is fitted to the data
For the purpose of gas injection distribution Supplied by the choke supplier.

and control, friction losses in the pipelines have 0 ui <5

not been taken into account as it might not be of C,(ui) = [0111ui — 0.556 5 < ui < 50 @)

importance for the sole purpose of control. Also 054 — 20 iS50

it will be simpler to implement control strategies =t~ e

with a simple model of the process given that the
model sufficiently reflects the necessary Using gas law, the pressure upstrea) (
dynamics of the system needed for control and downstreampf) the gas lift choke valve can
purpose. All phases of the multiphase fluid are be found from the mass of gas,

assumed to be evenly distributed with no

slugging. The temperature of lift gas and the C=# (5)
multiphase fluid is assumed to be constant at 280 poptl
K at all sections of the pipelines and the reservoi ; ;
pressure is kept constant at 150 bar. It is also i _ ZMgaRTa

a

_ Mga™ (6)
assumed that flashing does not occur. MAGLG ¢

The four states used in the model are the p  and 4! are the cross sectional area of the gas
mass of gas in the distribution pipelingy(), gistribution pipeline and annulus, ., and L, ,,
mass of gas in the annulug(), mass of gas in - 416 the true/actual lengths of the gas distribution
the tubing above injection poininf,) and the  pipe and the annulud) is the molar mass of the

mass of liquid (oil) in the tubing above injection it gas, R is the universal gas constaify, is the
(mby). If wy is the total mass flow rate of lift gas



average temperature of lift gas in the common
gas distribution pipeline, T¢ is the average
temperature of lift gas in the annulus of the i"
well and z is the gas compressibility factor. The
gas compressibility factor given by Equation (7)
is expressed as a polynomial function of gas
pressure P in bar (assuming constant temperature
of 280K at the bottom of the sea). It is curve
fitted (LSQ-method) to calculations from
PVTsim (PVTsim, 2008) using the lift gas
composition and assuming constant temperature.
= —2572 x 1078P3 + 2,322 x 1075P2
7
—0.005077P + 1 ®
Average density of the gas in the distribution pipe
g from definition is,
Mgp

Pogp =77 8
gp Aprtl ( )

Applying mass balance in annulus yields,
Mg = Wia = Wyinj ©)
Wy, is the mass flow rate of gas injected into the
tubing from the annulus through the gas injection
valve at the point of injection i.e. mass flow rate
of gas leaving the annulus and w/, is the mass
flow rate of gas entering the annulus through the

gas lift choke valve. The mass flow rate of the
gas injected into the tubing from the annulus

(w gmj) is,

Wéin} =K' y2 Jpga max( am] tln} O) (10)

K' is the gas injection valve constant, P;;,; is the
pressure upstream the gas injection valve in the
annulus and P/,,; is the pressure downstream the
gas injection valve in the tubing, p}, is the
average density of gas in the annulus. ¥; is the
gas expandability factor given by,
Y =1—ay<M>,a =0.66
max(P‘ P"”") Y

ainj'"ainj

Py is the minimum pressure of lift gas in the
annulus at the point of injection into the tubing.
PémJIS given by adding hydrostatic pressure drop

to Pl as,
P/;m] Pai + p};]ang;l_vl
i i 11
pi. = pi _,_M ()

ainj a Al I "
a_

L, ,; is the vertical depth of the annulus from the
well head to the point of injection. Density of gas
in the annulus (p},) is a function of the average
gas pressure,

_ MR+ Painy)

Poa = R (12)

Denoting the pressure upstream the production

choke valve in the tubing head to be P}, the
average gas pressure Pt in the tubing above point
of injection is,

pi < P (13)
The volume of gas present in the tubing

above the gas injection point (V£) can be found
by subtracting the volume of oil present inside
the tubing from the total volume of the tubing
above the gas injection point.

Vé = ALl —miu/p,
At is the inner cross sectional area of the tubing,
Lt ,, is the actual length of tubing above the gas
injection point and p,is the density of crude oil
which is assumed to be 700 kg/m®, Using gas law,

Pivi = z o % RT!

Putting the value of Pt from Eq. (13) we get,

Pl + Pl

%VG = Z o RTl (14)
T} is the average temperature of the fluid/gas in
the tubing
Pressure in the tubing downstream the gas
injection valve (P;,;) can be found by adding the
hydrostatic pressure to well head pressure in
tubing as,

Ptiinj =Pop + pingl‘it_vl (15)
pL, is the average density of the mixture of the oil
and gas in the tubing above the gas injection

point and is given by,

m + m
. ot
Pm = 7141 T
) . the tl
Solving Equations (14) and (15) we get,
: zmbRT}  plglLt !
pi = gttt PmIte v 16
wh MV 2 (16)
zmi RT} ;" L v . .
Ptlml = l‘j;é L2 gzt l+p;nngt_vl (17)

The bottom hole pressure or well flow pressure
P, is obtained by adding hydrostatic pressure
drop to P};

m]
Pvlvf = Ptiinj + pogLir_vl (18)

Lt , is the vertical length of the tubing below the
gas injection point up to reservoir opening. The
mass flow rate of crude oil flowing from the
reservoir into the tubing (wi) is calculated using
the Pl (Productivity Index) model of the well
(Brown and Beggs, 1977, American Petroleum

Institute, 1994).
w¢ = PI'max(P} — P,;,0) (19)

P! is the reservoir pressure which is assumed to
be constant at 150 bar. The valve constant of the



production choke valve is assumed to be at least
10 times more than that of the gas lift choke
valve. The mass flow rate of the mixture of gas
and oil through the production choke valve (w/,,)
is given by,

Wyiop = 10Nscv(u;)y3i1jp7in maX(Pvf/h - PS,O) (20)

u} is the valve opening of production choke valve
which is kept at full 100% open. c,(u}) satisfy
Equation (4) replacing u} by ui. Ps is the pressure
of the common gathering manifold assumed to be
at 30 bars i.e. it is the pressure downstream the
production choke valve. vj is gas expandability
factor given by,

Yi=1-ay (%) @, =066
P™n js the minimum pressure in the tubing at the
well head.
Mass fraction is utilized to estimate the flow rates
of ail (w¢,) and gas (w;,) through the production
choke valve individually as,

mt

i = gt i
Wiy = — — W, (21)
gp i i gop
Mg, + Mg,
mi )
i — gt i
Wop = —3 — Wgop (22)
Mg + My,

Finally, mass balances of oil and gas inside
the tubing above the gas injection point are:

rr'l;t = W;inj - ngp (23)
M = we — Wiy (24)

3. Open Loop Simulation Results

For the open loop simulation without
controllers for the five oil wells of the field, the
total lift gas mass flow rate is considered to be
the input disturbance to the system. The dynamic
behavior of the cluster of oil wells are studied
and analyzed under varying conditions of input
disturbance. MATLAB has been used as the tool
for all simulation results. In the open loop
simulation, the differential equations of the
model of the oil field are solved using the built-in
ODE solvers (odel5s with default settings) in
MATLAB. The productivity index Pl and gas
injection valve constant K are calculated using
the values of the average oil produced from each
well which are obtained from analyzing a year’s
data of the real oil field and are listed in Table 1.

Table 1: Annual average oil production of real oil field

The well parameters used for simulation are
listed in Table 2.

Table 2: Well Parameters used for simulation

parameters | Welll ‘ Well2 ‘ Well3 ‘ Well4 ‘ Well5 | Unit

Lp_u 13000 meter
Laa/lea | 2758 | 2550 | 2677 | 2382 | 2454 | meter
Law/lew | 2071 | 2344 | 1863 | 1793 | 1789 | meter
IDa 963 | 963 | 963 | 963 | 963 | Inch
ID: 618 | 618 | 618 | 618 | 6.18 | Inch
OD: 764 | 764 | 764 | 764 | 764 | Inch
Lru 14 | 67 61 97 146 meter
Pr 150 bar

Ps 30 bar
Woe 40000 (at normal operation) Smé/hr
Pl (1.0e+4) kg/hr

2.51 1.63 1.62 4.75 0.232

K

6843 | 67.82 | 67.82 | 69.26 | 66.22 bar

Well No. Well Well Well Well Well

1 2 3 4 5 unit

Avg. Oil | 77.77 68.84 68.4 88.47 29.16 Kg/sec
production

ID = Internal Diameter, OD = Outer Diameter

3.1 Simulation at normal supply of lift gas

For the normal operation, 40000 Sm*/hr of
lift gas is supplied by the compressor. At t = 15
hours, wy is reduced to 36000 Sm’hrand att =
35 hours, it is increased back to 40000 Sm¥hr.

Decrease in the supply of lift gas causes the
pressure of the gas distribution manifold to
decrease from 200 bar to around 183.5 bar as
shown in Figure 5(a).
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Figure 5(a): Pressure of gas in the distribution pipeline
at normal supply of lift gas

However, one of our objectives is to maintain the
pressure of the distribution pipeline constant
irrespective of the fluctuations in the gas supply
from the compressor. The total gas is distributed
among the five oil wells as shown in Figure 5(b).
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Figure 5(b): Distribution of lift gas among oil wells at
normal supply of lift gas

The bottom hole pressure of the wells and the
density of mixture of oil and gas in the tubing
tend to increase (Figure 5(c) and Figure 5(d)
respectively) with the decrease in the gas supply
and vice versa.
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Figure 5(c): Bottom hole pressure at normal supply of lift gas
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Figure 5(d): Density of liquid in tubing at normal supply of
lift gas

3.1.1 Model Validation

The graph of the total oil production from
each oil well obtained by the open loop
simulation of the mathematical model of the oil
field can be compared with the actual oil
production values obtained from real oil field. As
can be seen from Figure 5(e), at nominal
operating condition (35 <t < 15 hrs), well 4
produces the highest (about 90 kg/sec), well 5

produces the least (about 30 kg/sec), well 1
produces about 78 kg/sec and well 2 and well 3
produce about 68 kg/sec. These values obtained
from model simulation are very similar to the
values obtained from analyzing real field data
(look Table 1) which suggests the correctness in
the development of the model of the oil field and
in the calculation of the values of Pl and K of the
wells.
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Figure 5(e): Production of oil from reservoir at normal supply
of lift gas

3.2 Simulation at very low supply of lift gas

In this case, at t = 15 hours, the gas supplied
by the compressor is considerably reduced to a
very low value of about 500 Sm%hr from its
normal operating condition.
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Figure 6: Simulation results (Figures (6a-6c)) for very low
supply of lift gas
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Under very low supply of lift gas, the
production of oil from the wells show oscillating
behavior as seen in Figure 6(a)-6(c). As also
explained by Jansen et al. (1999), Plucenio
(2002), Eikrem et al. (2002 and 2004a), Dalsmo
et al. (2002), Imsland et al. (2003) Plucenio et al.
(2006) and Scibilia et al. (2008), this instability is
due to the fact that as the gas starts to fill up the
annulus, the pressure in the annulus at the point
of injections starts to build up. But at the same
time, in the tubing, due to the weight of the fluid,
the pressure at the point of injection is high
enough to keep the gas injection valve closed.
When enough gas is accumulated in the annulus,
the pressure difference across the gas injection
valve will be sufficient to open the valve and then
the lift gas flows into the tubing causing the fluid
to rise up through the tubing. However, the flow
of gas from annulus in the tubing causes the
pressure of gas in the annulus to decrease slowly.
As this happens, the pressure upstream the gas
injection valve continues to decrease and after
some time reaches to a value lower enough to
close the gas injection valve. The flow of lift gas
from annulus to tubing then stops. Accumulation
of gas in the annulus starts again and thus the
cycle repeats again.

This paper however does not focus on the
control of the well instability. We assume that the
lift gas is available in sufficient amount for the
wells to operate at or near/around the nominal
operating condition.

3.3 Simulation at very high gas supply

In this case, at t = 15 hours, the gas supplied
by the compressor is considerably increased to a
very high value of about 50e+4 Sm*/hr (assuming
that it is within compressor’s maximum rate)
from its normal operating gas flow rate. Under
very high supply of gas, the production of oil
from the reservoir instead of increasing suddenly
falls to zero as shown in Figure 7(a). This is due

to injection of a high amount of gas into the
tubing causing a large accumulation of the gas in
the tubing (more than 4000 kg) above the point
of injection (see Figure 7(d)). The back pressure
due to this huge accumulated gas in the tubing
causes the bottom hole pressure to increase and
attain a value greater than the reservoir pressure
of 150 bar as shown in Figure 7(c). The
production of oil then stops completely.
Previously accumulated oil in the tubing will
flow out of the production choke valve and then
the tubing will be void of oil containing only gas
as shown in Figure(b).

The well head pressure in the tubing P,
increases to about 140 bar. The pressure drop
across the production choke valve is about 110
bar through which only gas flows without any oil
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Figure 7: Simulation results (Figures 7(a)-7(d)) for very high
supply of lift gas

4. Control System for oil wells

If the flow rate of the lift gas supplied by the
compressor decreases, the pressure of the gas
distribution manifold will also decrease. To
achieve proper distribution of the total lift gas, a
suitable control system must be designed to
enable flow control (sufficient valve pressure
drop) to each of the wells. The main interest of
designing the control system is to:

o keep the pressure of the gas distribution
manifold close to the set point by
manipulating flows through gas lift choke
valves.

o distribute the available lift gas to maximize
total oil production.

We have tested four feedback control strategies
for achieving the control system objective. They
are:

o Cascade Control Strategy

o Simple Droop Control Strategy

¢ Droop Control with integral action

e Pressure control with one swing producer

For simulating all the four control strategies, the
ordinary differential equations of the model of
the oil field are solved by using Euler forward
method with a time step of 0.9 second.

5.1 Cascade Control Strategy

In cascade control strategy, a pressure
transducer measures the pressure of the common
gas distribution manifold which is then taken as
feedback to a pressure controller. The set point to
this pressure controller (PC) is 200 bar. There are
five flow controllers (FC) controlling the flow
rates of the lift gas through each of the five gas
lift choke valves. The nominal set points to each
of these flow controllers are 8000 Sm*hr of lift
gas. The output of the pressure controller gets
added to these nominal set points of five flow

controllers, the result of which is then given as
the current set point to the five flow controllers.
The schematic diagram of the control system
with the cascade control strategy is shown in
Figure 8.

In real oil fields, due to long gas distribution
pipeline (13 km for this case), the change in
pressure due to input disturbance from
compressor takes certain time. The PI controllers
are tuned in a way that it takes at least 25-30
minutes for the controllers to track the pressure
set point and flow rate set point. Skogestad
tuning method (Skogestad, 2003) is utilized for
obtaining the initial wvalues for controller
parameters Kp and Ti which later are finely tuned
by trial and error method and are listed in Table
3. Second order system with two time constants
without delay is considered for tuning process.
Instead of linearizing and expressing the non-
linear system as linear state space model, the
process gain and the time constant of the non-
linear process to be used with Skogestad tuning
method are found by performing step responses
with the non-linear model.

Table 3: Kp and Ti values for cascade control strategy

Well no. Welll Well 2 Well 3 Well 4 Well 5
Ky le-4 2e-4 5e-4 de-4 Te-4
FC
Ti 700 sec 839 sec 650 sec 520 sec 735 sec

PC K, = 5000, T; =800 sec
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Figure 8: Schematic for cascade control strategy




At t = 10 hour, the lift gas flow rate is
reduced to 36000 Sm%hr and increased back to
40000 Sm*hr at t = 20 hours. The pressure in the
gas distribution manifold tracks the set point and
remains at 200 bars as shown in Figure 9(a). The
distribution of the total available gas into the five
oil wells is shown in Figure 9(b). The control
strategy utilizes the available gas supplied by the
compressor fully, without demanding any extra
lift gas as shown in Figure 9(d). Control signal
generated by the flow controllers i.e. the
percentage of valve opening for each valve is
shown in Figure 9(c).
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Figure 9: Simulation results (Figures 9(a) - 9(d)) for cascade
control strategy.

5.2 Droop Control Strategy

Droop control strategy is a widely and
successfully used control structure in the
electricity power industries to control the
frequency of the common power grid where
multiple generators/turbines are connected in
parallel (Schavemaker and Sluis, 2008). Since
the five oil wells in the gas lifted oil field share
the common gas distribution manifold, it can
be considered analogous to the electric grid-
generators system. In the case of grid-
generator system, frequency is controlled by
adjusting power supplied by each generator.
For the case of lift gas distribution, using the
droop control strategy, the change in the gas
distribution manifold pressure is compensated by
changing the gas flow rates into the wells by
making use of a well-defined one to one relation
between lift gas flow rates and gas distribution
manifold pressure as shown in Figure 10. The
graph has a positive slope so that when pressure
is decreased, the flow rates are also decreased
and vice versa. The slope of the relationship also
called droop determines the regulation factor for
the gas lift flow rates.

Regulation
Pressure / line

Change in
J pressure

Nominal flow flow

(8000 Sm’/hr)
Figure 10: Pressure-flow relationship for droop control

A flow

Each of the oil well depending on its productivity
index will be assigned a certain regulation factor
(R) which is generally expressed in percentage.
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Ri=1x i=12345 (25)

A schematic showing the droop control strategy
is shown in Figure 11.
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Figure 11: Schematic for droop control strategy
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Mathematically, the slope of the line which is the

droop/regulation is,
APC

pi

Tga ,1=12345

Ri=

Wga,nom

AP, is the pressure deviation, Aw, is the flow rate
deviation, P!, is nominal pressure (200 bar)
and wiqnom IS the nominal gas lift flow rate
(8000 Sm?/hr). Pressure deviation (AP,) is,
AP.=P. — P.rom

Then Aw}, can be found using the droop value as,
Aw), = ; %APC . i=12345 (26)
5.2.1 Simple droop control

For simple droop control strategy, Equation
(26) is added to the nominal flows for each flow
controller to determine the current set point
(Wga,s.p) for the 5 flow controllers.

nga,S.P = nga,nom + Anga (27)
The values of Kp and Ti for the five PI controllers
used for controlling flows are calculated, first by
using Skogestad tuning rules (Skogestad, 2003)
and later fine tuning by trial and error method
and are listed in Table 4.

Table 4: Kp and Ti values for simple droop control strategy

Well no. Welll Well 2 Well 3 Well 4 Well 5
Ko 8.2 7.12 9.15 6.8 9

FC
Ti 20 sec 25 sec 28 sec 31 sec 19 sec

It must however be noted that the droop
control does not bring the pressure in the gas
distribution pipe strictly to the nominal operating
value. The whole idea of the simple droop control
is to let the pressure float around the nominal
value by manipulating the gas flow rates through
the gas lift choke valve bounded by the
regulation factors.

In Figure 12, at t = 10 hours, the gas
supplied by compressor is reduced from 40000
Sm*/hr to 36000 Sm*hr because of which the gas
distribution manifold pressure floats around
198.8 bar (close to nominal value) despite the
application of huge disturbance. At t = 16 hours,
it is increased to 42000 Sm*hr and the pressure
floats around 200.2 bar (close to nominal value).

Oil well number 5 has the lowest
productivity index value i.e. the lowest droop
(see Eq. 25). Since the nominal flow rates for all
the oil wells are considered to be same, due to its
lowest droop, oil well 5 will contribute the most
in the regulation of the pressure (see Eq. 26) as
can also be seen from Figure 12(b).
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Figure 12: Simulation results (Figures 12(a)-12(b)) for simple
droop control strategy.




5.2.2 Droop control with integral action

Integral action in droop control ensures that
the pressure set point is exactly tracked. To
obtain the integral action in the droop control
strategy, Equation (26) is added to the current gas
flow rate (w},) through the gas lift choke valve
and updated at each sampling time of the
simulation to obtain dynamic set points to the
flow controller.

i — ol i
Wgasp = Wga + AWga (28)

The values of Kp and Ti for the five PI controllers
used for controlling flows are calculated, first by
using Skogestad tuning method (Skogestad,
2003) and later fine tuning by trial and error
method and are listed in Table 5.

Table 5: Kp and Ti values for droop with integral action

Well no. Welll Well 2 Well 3 Well 4 Well 5
K, | 1.8 1.6 15 2 0.2
FC
Ti 150 sec 115 sec 128 sec 109 sec 80 sec
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Figure 13: Simulation results (Figures 13(a)-13(b)) for droop
control with integral action.

In Figure 13, at t = 10 hours, the gas
supplied by compressor is reduced from 40000
Sm?/hr to 36000 Sm*/hr and at t = 16 hours, it is

increased back to 40000 Sm%hr. However,
instead of floating around the nominal pressure
value like in the simple droop case, the controller
due to the integral action keeps the pressure
exactly at 200 bar.

Figure 13(b) shows the distribution of the gas
flow rates through individual valve for
controlling the pressure.

5.3 Pressure control with one swing producer

In pressure control with one swing producer,
the gas lift choke valve of one oil well which
produces the least is dedicated for controlling the
pressure in the gas distribution pipeline.
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Figure 14: Schematic for pressure control with one
swing producer
All other oil wells will have fixed set points
for their respective flow controllers except the
dedicated oil well whose gas injection flow rate
can vary to bring the pressure to its set point. A
schematic diagram of the pressure regulating
valve control strategy is shown in Figure 14,
The values of Kp and Ti for the five PI
controllers used for controlling flows and
pressure are calculated, first by using Skogestad
tuning method (Skogestad, 2003) and later fine
tuning by trial and error method and are listed in
Table 6.

Table 6: Kp and Ti for pressure regulating valve strategy

Well no. Welll Well 2 Well 3 Well 4 Well 5
Ko 3 2 35 4 10.8
FC/
PC
Ti 95 sec 105 sec 110 sec 90 sec 1000 sec

In Figure 15, at t = 10 hours, the gas
supplied by compressor is reduced from 40000
Sm?/hr to 36000 Sm*/hr and at t = 16 hours, it is
increased back to 40000 Sm*hr. The pressure in
the gas distribution manifold and the flow rates




through valve 1 to valve 4 are tracking their
respective fixed set points. The gas flow rate of
the fifth oil well which has the pressure
controlling gas lift valve is changing to keep the
pressure constant i.e. it is taking the sole
responsibility of keeping the pressure of the gas
distribution manifold constant when there is
change in the flow rate of the supplied lift gas.

15(a)
Pressure of gas distribution manifold
201.5
& o0
=]
L
E 200.5
E | &
<
2
3 200
2
5
P
8 1995
ks
[
5
@ 199
g
a
198.5
6 8 10 12 14 16 18 20 22 24 26
time[hr]
gas flow rate into annulus
S S SN S S S
2 -
’g‘ . — - -
2 18
2
©
= 16
)
=2
3
E 14 (=
©
2
-E 12 well 1
s well 2| ]
3 — — well 3
“é 1 — — well 4}-4
=) well 5
0.8
8 10 12 14 16 18 20

time[hr]
Figure 15: Simulation results (Figures 15(a)-15(b)) for

pressure control with one swing producer.

One disadvantage of this control strategy is
that it is not suitable for all operating conditions.
It can be shown through simulation (see Figure
16) that this strategy will not always be able to
track the set points. When a large input
disturbance (gas flow rate reduced to 33000
Sm?hr from 40000 Sm*hr at t = 10 hrs), is
applied, fully 100% closing (0% opening) of the
dedicated pressure regulating valve is not able to
increase the pressure to follow the set point and
the pressure continuously falls down as shown in
Figure 16(a) and Figure 16(b).
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Figure 16: Disadvantage of pressure control with one swing

producer

Conclusion

This paper provides a simple dynamic model
representing an oil field with five gas lifted oil
wells. Dynamic behavior of the oil wells is
studied by open loop simulations. Among the
four control strategies, the pressure control
strategy with one swing producer cannot meet the
control objectives when the input disturbance to
the process is large, making it unsuitable for such
operating conditions. Droop control strategy is
considered to be new for the oil industries.
Cascade control strategy as well as both droop
control structures operates properly to meet the
control  objectives under varying input
disturbances. In cascade control strategy, there is
no priority of which well should take more
responsibility in meeting the control objectives.
However, in case of droop control strategy, the
oil well with the lowest Productivity Index value
will have the highest contribution for regulating
the pressure and in case of the pressure control
strategy with one swing producer, only the
dedicated valve takes the full responsibility to
meet control objectives.

If the floating of the pressure of the gas



distribution manifold by a small value about its
set point is acceptable, then simple droop control
strategy can be used. By introducing integral
action in the simple droop control, the controller
can exactly track the pressure set point without
floating around the set point.

Cascade control strategy has been
successfully implemented in different industrial
processes since many years. Details about the
cascade control structure are readily available in
literature, which can be useful for further
modifications and troubleshooting. So, the use of
cascade control structure is recommended.

The control structures are tested under the
effect of measurement noise by adding white
Gaussian noise to the pressure measurement. All
the four control strategies are stable to the
measurement noise.
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Bubbly flows are encountered in a large number of industrial applications including chemical,
biological, metallurgical, nuclear and environmental processes among others. Bubble plumes
have important properties, as cleaners in continuous casting when they transport the undesired
non metallic particles to the surface of the melt, as mixers because of their buoyancy induced
recirculation in fermentors for example or as turbulence producers due to their oscillating
interfaces and zigzagging and unstable motion which creates its own turbulence and agitation
needed by many processes, etc.

Small bubbles of micrometric size in liquids have been thoroughly studied. Well established
mathematical models for isolated bubbles or for cases where the void fraction is very small
exist and are used to simulate these flows when encountered. Larger bubbles are not spherical.
Depending on their size they become ellipsoidal, oblate, spherical caps ... and can even have
very fast changing shapes depending on the flow where they are immersed. For these
categories the mathematical models are less accurate and do not cover all flow configurations.
In this study we consider bubbles in the range [1-10mm] and a maximum local gas volume
fraction of 10%. Computational fluid dynamics (CFD) is used to study the effect of bubble
size, gas flow rate and internal liquid recirculation induced by immersed pumps. The turbulent
fluid flow and continuity equations are numerically solved using a commercial package based
on finite volumes approach.

Our simulations have addressed a lab facility used in [1] where a cylindrical vessel of 1m
diameter and 1.5 m height was filled with water until 0.85m height. The air injector was
moveable and positioned at the bottom and the gas flowrate was adjustable.

Some of the published cases are simulated and compared with the measured data. It was
found that when the internal liquid recirculation is sufficiently intense compared to the flow
induced by the bubbles the simulation results are in agreement with the measured quantities in
[1]. However, for the cases where the bubbles are the governing force we show that there is
no agreement between the predictions and the experimental results.

This contribution is to underline that for these flow regimes encountered in several processes,
not considering properly the pseudo-turbulence (the turbulence induced by the bubbles) is a
major limitation for flow predictions. A simple implementation of the basic model of this
turbulence phenomena as described in [2] can improve significantly the simulated results.

1. Bel Fdhila, R., Sand, U., Rahmani, M. A., Yang, H., Eriksson, J.-E., "Model Study of
Combined Gas and Electromagnetic Stirring in a Ladle Furnace”, 4th International
Conference on Modelling and Simulation of Metallurgical Processes in Steelmaking
(STEELSIM), 27th June — 1st July 2011, Dusseldorf, Germany

2. Sato, Y., Sekoguchi, K., "Liquid Velocity Distribution In Two-Phase Bubbly Flow", Int. J.
Multiphase Flow, vol.2, pp. 79-95, 1975.
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Early detection of faults and changes in the operation of an industrial plant brings financial
benefits, improves safety and facilitates the observance of environmental regulations. In this
study, statistical approaches to generation of control limits for process measurements are
considered. Exceedings of the limits are monitored to detect an abnormal state in the process.
Methods which are capable of updating the limits in real time according to the current
operating mode give a practical solution to continuous monitoring. In a case study, statistical
methods are used in desulphurization plant monitoring. Two reactors of the plant are
monitored using control limits generated by different methods. The results show that a fault
connected to operation of the other reactor can be detected by combining the control limit
exceedings of the measurements in both reactors. Graphical presentation of the combined
control limit exceedings offers promising assistance for operator’s decision making.



Comparison of Control Limit Generation Approaches in Desulphurization Plant
Monitoring
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Abstract: Early detection of faults and changes in the operation of an industrial plant brings financial
benefits and facilitates the observance of environmental regulations. In this study, statistical approaches
to generation of control limits for process measurements are discussed. Points falling outside of the limits
are monitored to detect an abnormal state in the process. A method which is capable of updating the
limits recursively gives a practical solution to continuous real time monitoring. In a case study, statistical
methods are used in desulphurization plant monitoring. Two parallel reactors of the plant are monitored
using control limits generated by different methods. The results show that an abnormality on the other
reactor can be detected by generating an alarm balance for both of the reactors and combining the
balances. Graphical presentation for the divergence of the reactors offers promising assistance for process

monitoring.

Keywords: process monitoring, fault detection, statistical process control, desulphurization plant

1. INTRODUCTION

In process industry, plotting graphs and presenting the data
visually is a common method for interpretation of process
performance. Converting measurement data into a graphical
presentation is an essential step towards quick understanding
of processes. Process operators are the ones who observe and
make decisions in the control of a process. Therefore, it is
practical to represent the process data in a way that is easy
and fast to interpret. Providing information of a process unit
or a variable, in which a change is occurring and the time
when the process change occurs, is often the most useful
information for diagnosis of the change. Inspection of several
control charts simultaneously or crowded charts may bring
confusion to diagnosis. Therefore, combining information
from several sources, whether they are whole process units or
process variables, brings assistance to process monitoring.

According to Qin and Li (1999) typical process changes can
be classified into three categories: (i) unmeasured, normal
process disturbances; (ii) slow process degradation which
may or may not lead to a process fault; and (iii) abnormal
process changes which prohibit the process to function
normally. Chemical plants are typically subjected to small
disturbances in the compositions or flow rates of the feed
streams. Such disturbances can be largely balanced by the
process controllers. Disturbances that cannot be compensated
for may be large fluctuations in process inputs, or may be
sensor, controller or equipment failures (De Veaux et al.
1994). The actual magnitudes and types of process shifts are
difficult to predict. Therefore, the detection methods should

have an excellent overall performance in a broad shift
domain, which means being effective in detecting both small
and large process shifts. In online detection, it is desirable to
detect the change in real time as soon as it occurs. Detection
of a change is based on the design of stopping rules or proper
choices of statistic and threshold. A good detector is sensitive
to change, but does not induce many false alarms. A good
design is usually defined as one which will minimize the
failure and delay at a fixed false alarm rate
(Venkatasubramanian et al. 2003).

Use of statistical process control (SPC) techniques such as
Shewhart, cumulative sum (CUSUM) and exponentially
weighted moving average (EWMA) control charts have been
widely studied in process monitoring, see Hossain et al.
(1996), Corbett and Pan (2002), Reynolds and Stoumbos
(2004). The Shewhart chart is designed to identify single
extreme values. CUSUM and EWMA charts are used to
identify shifts in the mean level. Performances of EWMA.-
charts and CUSUM-charts are often quite close (Reynolds
and Stoumbos, 2004). The use of control charts alone does
not enable identification of trouble causes in a process. An
issue concerning control charts is the assumption of
independent and identically distributed observations. In
reality, process data is seldom normally distributed.
However, it is impractical to design control charts especially
for many kinds of distributions. The justification for the use
of control limits based on the normal distribution comes from
the central limit theorem (Oakland and Hollowell, 1990, p.
102).



An industrial plant may have thousands of measurement
positions. Because of the large number of variables involved,
it is not practical to monitor each variable separately.
Processes have often some level of redundancy and
significant correlation may exist either among a set of
variables or between the predictor and response variables.
This redundancy can be exploited to reduce the
dimensionality of the monitoring problem. The problem can
be simplified with dimension reduction techniques such as
principal component analysis or partial least squares (De
Veaux et al. 1994). This facilitates detection of an out of
control process but at the same time it complicates the root
cause analysis. With these techniques it is often unclear on
which original variables the new point is out of control.

Monitoring of an alarm balance is another way to exploit the
redundancy of variables. In that case, process variables are
monitored individually by some statistical method. The
amount of points of each variable falling outside limits is
summed up to a collective alarm balance consisting of several
variables. The concept of alarm balance is presented in the
study of Talonen and Sirola (2009). Alarm balance enables
monitoring a process in parts or subsections. In addition,
changes in the process can be presented in a user-friendly
way. However, in case of several variables on the alarm
balance, the variables causing the change have to be
identified with other means. Knowledge and experience of
the process is needed for the diagnosis of root causes.

This study focuses on different statistical methods to
generation of control limits. Seven methods are compared
and their suitability to monitoring with alarm balance is
evaluated. The methods are applied on measurements from
two parallel reactors of the Salmisaari desulphurization plant
in Helsinki, Finland. Redundancy of the measurements is
exploited to find differences in operation of the reactors. The
methods are tested during an actual fault case and during a
normal in-control state in the plant. A visual approach based
on the alarm balances is used for assistance of process
monitoring.

2. METHODS

Seven approaches to the generation of control limits are
evaluated. Methods | and Il are based on defining the limits
based on median absolute deviation from the median (MAD).
Method 111 is based on the approach presented by Talonen
and Sirola (2009). Methods IV and V are based on
cumulative sum charts. Methods VI and VII are based on
distribution of the data. Specifically, it means defining the
limits based on 25" and 75" percentiles of the data. The
points outside the generated control limits are monitored by
an alarm balance.

2.1 Sliding Window Approach

In all the methods, except IV and VI, a sliding window
approach is used. N consecutive data points are used in
computation. The current data point is the last data point of a
sliding window. An exception is method I, in which the

current point is the midpoint of the window. As a new data
point comes, the sliding window slides one point forward and
the oldest point from the previous window is dropped. With a
sliding window, only current data is utilized and the older
historical data does not have an influence on generation of
control limits at the current time step.

2.2 Methods | and 11

The median x of a data sequence {x,}is obtained by first

rank-ordering it from smallest to largest, i.e.
Xa) $X@) S <Xnogy S Xy and then taking either the

middle value (if N is odd) or the average of the middle two
values (if N is even). The MAD scale estimate, is defined as

S =1.4826median{x, — X/, (1)

where the factor 1.4826 was chosen so that the expected
value of S is equal to the standard deviation o for normally
distributed data (Huber 1981, p. 107).

A point is outside a control limit if |x - X|>t-S , where x; is

the current data point and t is is a user-defined threshold. This
approach is called Hampel identifier and it is normally used
in outlier detection. The approach is called Hampel filter,
when it is applied to a sliding data window. More discussion
can be found in the papers of Pearson (2002) and Liu et al.
(2004). The method assumes independent and identically
distributed data.

Method | introduces delay to real time monitoring, because X,
is the midpoint of sliding window. However, this approach
was chosen, because it is normal practice in outlier detection
(Pearson 2002). In method Il, x; is the last point of the
window, and thus monitoring is real time.

2.3 Method 111

Method 111 is based on the approach presented by Talonen
and Sirola (2009). Six-sigma-rule used in quality control is
adapted to the generated control limits. The control limit
(CL) is generated every time step for each process variable.
Correlations among other process signals are taken into
account by recursive formula of alarms in a certain area. The
phases used to define the control limit are presented in (2),
(3), (4), and (5).

1 N-1
= 2 (%= %) ©)
k=0

e ,
Ot :\/mZ(Xt_Xk_ﬂt) @)

k=0
Cli=¢ .[d -0y +dDB';(_DB+dMM ~(maxDB—minDB)] 4

— 1+ Aall(t)+ Al(t) (5)
1+ Ay (1)



Variable g4 is moving average at a time point t; x, is the K"
data point of the sliding window; oy is moving standard
deviation ; xpg is median of moving standard deviations;
d,dpganddy,, are user-defined coefficients; maxpg and
Minpg are maximum and minimum values of the signal
stored in a data base. A, is all alarms in a certain process
area and A is alarms of the variable i in a certain time period.
An alarm means that a point is outside control limit. For any
signal, the parameter ¢, >1. According to Talonen and Sirola
(2009), good initial values for d and dpg are between one and
three based on three-sigma rule. By practical experience good
initial values fordy,, are between 0.001 and 0.004. Upper

and lower (UCL and LCL) control limits for a variable are
defined as

UCL, = 4 +CL,, (6)

LCL, = 4 -CL,. @)

2.4 Methods IV and V

Methods 1V and V are based on cumulative sum charts,
which are used to evaluate the deviation of measurement
values from the mean. Since processes are inherently stable,
cumulating process data can give information about longer-
term trends (Oakland and Followell, 1990, p. 282).

Cumulative sums to positive C* and negative C~ directions
are presented in (8) and (9)

C = max{o, X —(,uo +d'TGj+C§1} : 8)

C = max[o,[yo _dTaj — X% + Ctl} , 9)

where the target value g is zero and standard deviation o is

one due to the fact that variables have been normalised to
zero mean and unit variance. Coefficient d is used to define
how large shifts are desired to be detected. The cumulative
sum is set to zero if the control limit H is exceeded. The
control limit H is user-defined and constant. It is not updated
based on data.

Method 1V uses all the historical data for the normalisation of
data and computation of cumulative sum, whereas method V
uses data from a small time period. In method V, X is
normalised at every time step based on the current sliding
window. Variables H, d, 4, and o stay constant.
Cumulative sum charts rely upon the assumption of
independent and identically distributed observations.

2.5 Methods VI and VII

Methods VI and VII find the 25" percentile g; and the 75"
percentile gz from the data. A range is defined based on q;

and gz and the range is weighted with a user-defined
parameter w. The upper and lower (UL and LL) control limits
are defined in (10) and (11). If w is zero, X; > Qz Or X; < Qs
cause an alarm. In method VI, all the data is used to define
the limits. Method VII uses sliding window to define the
limits for data.

UL = g3 +w(ds — ) (10)

LL =0, —W(ds — ) (11)

2.6 Alarm Balance

For each process variable an alarm balance A is created.
Alarm balance is a recursive sum of points outside control
limits. Coefficient Ais a forgetting factor,0<A<1. In this
study, 4=1. #UCL; and #LCL, are the amount of points
outside limits (0 or 1) on the current time point t.

A =2-A_+#UCL—#LCL) (12)

In this study, parallel reactors are monitored. Therefore,
separate alarm balances for them are created. Only output
temperatures are monitored, but the alarm balances could
have several variables combined from a certain process area
as was presented in Talonen and Sirola (2009). In this study,
the divergence of the reactors is monitored by comparing the

reactors with (13). If the divergence A™*"%" grows, it is a
sign of deviating operation between the two parallel reactors.

Atdivergence — Atreactorl _ Atreactorz (13)

3. CASE STUDY

3.1 Desulphurization Process

The Salmisaari Power Plants consist of two units. Boiler K1
is a combined heat and power (CHP) plant. Boiler K7
generates only heat. The ratio of electricity generation to heat
generation is normally fixed. Since the consumption of
energy at different times of a year and a day does not always
correspond to this ratio, it is possible to adjust the power
plants to generate electricity and heat according to the need
of each moment. The power plants reach an efficiency of
nearly 90% in combined heat and power generation.

The Salmisaari desulphurization plant removes approx. 80%
of sulphur dioxide from combustion gases of the power
plants. The plant uses half-dry method, in which the chemical
reactions occur in solid, liquid and gaseous phases. The plant
has two parallel reactors. Combustion gases are cleaned from
solid particles in electrostatic precipitator before arriving to
the desulphurization plant (reactors). Alkaline slurry, which
includes calcium hydroxide and reaction product, is sprayed
to the gases in the reactors. Particles of slurry and sulphur
dioxide molecules react partly in the reactor and the products
fall to the bottom of the reactor. The reaction continues in
dust filters, in which dust is collected from gas by means of



fabric filter. The cleaned gas flows through a blower to the
chimney stack and out. The reaction product at the bottom of
the reactor is collected and used in making of slurry.
Performance of the desulphurization plant is critical to the
power plants. The emission standards of sulphur dioxide have
to be precisely followed. Therefore, increase in sulphur
dioxide emissions or an interruption in the use of the
desulphurization plant may consequently cause unwanted
reduction in energy generation. Even lawsuits are possible.

During the period under review, an abnormal state emerged
in the process due to a mechanical defect in the slurry pump
of reactor 2. The slurry pump output pulsated abnormally.
Eventually, this disturbance caused an interruption to the use
of desulphurization plant. The process is operated basically
so that the output temperatures from the reactors are kept
invariable by pumping of right amount of slurry to the reactor
nozzles. Slurry delivery problems have an effect on reactor
performance, and therefore such problems may be seen
through real time measurements in a reactor. In this study,
output temperature data of the reactors are utilized.

3.2 Desulphurization Plant Data

Traditionally, data from in-control state of a process is used

to obtain process mean X and control limits for monitoring
purposes. Future readings are assessed against the knowledge
from the in-control process. Output temperatures from
reactors were checked with traditional range and mean charts
to find if they are in statistical control. The principles for the
charts can be found in Oakland and Followell (1990), for
instance. In-control time periods were not found. Therefore,
two time periods, in which data points lie within the range

X + 30, were chosen to tune the methods and test the

methods in a faultless state. X and o were computed for
these periods separately. In addition, sulphur dioxide
emissions from desulphurization plant were on an accepted
level and faults were not reported on these periods. These
matters were chosen to represent an in-control process.

During the slurry pump induced fault, the range X + 3o was
not obeyed.

Table 1 describes the used data without any preprocessing.
T1 and T2 represent reactor 1 and reactor 2 output
temperatures, respectively. One minute rate of sampling was
used. Skewness shows that data was not evenly distributed
on both sides of the mean aside from T1 during the fault
period, which was close to zero. Data was not normally
distributed. Data lengths are different between the periods
due to the fact that same length data, where points lie within
X + 30, were not easily found. In principle, variations and
level changes were wanted, because real processes are not
stable all the time. This complicated the choice of data
periods. Before applying the monitoring methods, data was
normalised to zero mean and unit variance.

Table 1. Description of data

period tuning period faultless period fault period

variable T1 T2 T1 T2 T1 T2
X (°C) 76.85 76.83 77.36 77.56 78.78 78.11
o 0.77 0.71 0.68 0.81 0.56 1.00
skewness -0.76 -1.00 0.86 0.88 -0.01 297
length (min) | 17280 | 17280 | 18720 | 18720 | 12960 | 12960

To evaluate the type of abnormality in fault period Figure 1 is
plotted. In Figure 1, output temperatures of both reactors are
plotted. Moving average is calculated using N=100. It can be
seen that T2 falls over +3c from the mean near the 6,990"
point, which could be interpreted as a first sign of the fault.
Later, near the 8900™ point, the moving average starts to
fluctuate largely. The points of T2 lie outside +3c from the
mean 301 times (minutes) and outside -3c from the mean 19
times during the period. The points of T1 lie outside
+30 from the mean 37 times and outside -3c from the mean
14 times during the period. The fault makes T2 chance
occasionally to abnormal levels and the spread of the
readings is wide. T1 is mainly in-control with some
fluctuations.
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Figure 1. Fault period.

3.3 Comparison Principles for the Methods

Basically, the methods were compared by monitoring the
amount of points outside control limits. In tuning, five
settings with different percentages of points outside control
limits were chosen. As it was mentioned earlier, the data had
level changes in all the chosen periods. Based on that, the
methods should find some points outside control limits also
during an in-control process state. Using tuning period, it was
chosen that settings from 1 to 5 would have 1%, 0.5%, 0.2%,
0.1%, and 0% of the points outside control limits at most. It
means not over 172, 86, 34, 17, and 0 data points outside the
control limits were allowed.

The percentages of points outside control limits were
monitored in fault period and faultless period. During fault
period, the methods find more than 1%, 0.5%, 0.2%, 0.1%,
and 0 % of the points outside control limits with the defined
settings on T2 to detect the abnormality. On the contrary, less
than 1%, 0.5%, 0.2%, 0.1%, and 0 % of the points outside



control limits should be found on T1 and during the faultless
period on both T1 and T2.

Besides the percentages of points outside limits, the
divergence defined in (13) was monitored. The maximum
divergence of variables on faultless period and fault period
was checked. Then the divergences of periods were compared
and their ratio checked. Finally, the alarm balances and
divergences were monitored visually to affirm the
functionality in visual presentation.

4. RESULTS AND DISCUSSION

4.1 Tuning the Methods

The methods were tuned using tuning period data described
in Table 1. As it was mentioned, five settings were searched
for. The settings are presented in Table 2. In Table 2, M
means method, S means setting, and P means user-defined
parameters. For the methods with sliding window N, the
tested sizes were N =10,20...100min. Method | was an

exception due to the fact that the current point was the
midpoint in a window. Tested sizes were2-N +1 in that
case. During the tuning, t ={1,2...10} were tested on method |
and t={1,2..25} on method II. On method I,
d ={1,2,3},dp5={1,2,3}, and dy,, ={0.001,0.002...0.004}
were tested. On methods IV and V, d={1,2..10} and
H={1,2...10} were tested. On method VI, w={0.1,0.2,...3}
were tested. On method VII, w={0.25,0.5...16} were tested.

Table 2. Settings

M| | Il 1l V]| V |V Vi
S1] 10,4 | 60,5 | 70,1,30.002 | 37 | 2041 2 90,3

S2[ 70,4 | 50,7 | 201,30001 | 42 |6051| 2 | 50,3.75
S3| 80,5 | 40,10 | 40,3,1,0001 | 45 | 5052 | 2.2 | 30,5.25
S4| 40,5 | 70,14 | 80,3,3,0004 |4,10| 90,48 | 2.2 | 30,7.25
S5 20,10 | 60,22 | 10,3,1,0.001 | 55 | 10,35 | 2.6 | 50,15.75
P| Nt Nt | Nddpg.dmm | dH | NdH | w N,w

Table 3 shows the percentage of points outside the control
limits with the chosen settings. It can be seen that the
percentages differ notably between the temperatures with
some settings. As Table 1 shows, the tuning data is not
similar for both of the temperatures. The settings are not
optimal for a single variable, but when the two chosen
redundant variables are monitored with similar settings these
settings are valid. The settings were chosen so that the
percentage of points outside the control limits for both
variables would be as close as possible to the planned
percentage but not over. Methods 1V and VI had the largest
difference between variables T1 and T2 with settings 1 and 2.
Method 1V had the largest difference also on setting 3. These
methods use all the data from a period at once, and obviously
this has an influence on the results. Differences in T1 and T2
data prove to be significant in that case. With other methods
the differences of Tl and T2 were below 0.10 percentage
units, except on methods | and V with setting 1. Last-
mentioned could be explained by small N on setting 1 on
methods | and V compared to other methods with sliding

window. On setting 4, method 11 had the biggest difference
between T1 and T2 from all the methods.

Table 3. The percentage of points outside control limits

method | variable | setting 1 | setting 2 | setting 3 | setting 4 | setting 5

T1 0.78 0.40 0.20 0.10 0.00

| T2 0.57 0.31 0.12 0.08 0.00
T1 0.89 0.34 0.17 0.06 0.00

1 T2 0.95 0.43 0.19 0.10 0.00
T1 0.99 0.47 0.13 0.05 0.00

11 T2 1.00 0.48 0.20 0.10 0.00
T1 0.66 0.28 0.10 0.05 0.00

v T2 0.97 0.46 0.19 0.09 0.00
T1 0.98 0.47 0.18 0.10 0.00

\ T2 0.75 0.41 0.17 0.09 0.00
T1 0.00 0.00 0.00 0.00 0.00

VI T2 0.34 0.34 0.02 0.02 0.00
T1 0.98 0.42 0.17 0.10 0.00

VII T2 0.94 0.49 0.20 0.08 0.00

4.2 Results from Faultless Period

The methods were tested in normal operation of the plant.
Faultless period data described in Table 1 was used. Results
are presented in Table 4. Table 4 shows the percentage of
points outside control limits with the chosen settings. If the
planned percentages 1%, 0.5%, 0.2%, 0.1%, and 0% are not
exceeded, the chosen settings are valid for the period. The
results show that only method 1V with setting 1 exceeded the
planned percentage on T2. Tables 4 and 3 show that the
percentage of points outside control limits was generally
smaller in faultless period than in tuning period. This
suggests a successful tuning of the methods. The difference
of T1 and T2 percentages were the largest on method IlII,
except on setting 4 the difference was largest on method I. A
large difference refers to difference in operation of the
reactors, which is not desirable in a faultless period. The
difference was zero or 0.01 percentage units in several
settings. This suggests parallel variation in the temperatures,
although little bit divergence exists.

Table 4. The percentage of points outside control limits

method | variable | setting 1 | setting 2 | setting 3 | setting 4 | setting 5

T1 0.00 0.06 0.02 0.01 0.00

| T2 0.00 0.13 0.04 0.04 0.00
T1 0.29 0.06 0.00 0.00 0.00

Il T2 0.39 0.13 0.01 0.00 0.00
T1 0.38 0.07 0.03 0.01 0.00

1l T2 0.73 0.33 0.10 0.02 0.00
Tl 0.67 0.01 0.00 0.00 0.00

v T2 1.00 0.16 0.04 0.01 0.00
Tl 0.11 0.17 0.04 0.04 0.00

\ T2 0.24 0.25 0.06 0.04 0.00
T1 0.00 0.00 0.00 0.00 0.00

VI T2 0.07 0.07 0.01 0.01 0.00
T1 0.32 0.06 0.01 0.00 0.00

Vil T2 0.42 0.17 0.04 0.01 0.00




4.3 Results from Fault Period

The methods were tested on data from the period, in which
the mechanical fault occurred on the slurry pump of reactor 2.
Table 5 shows the percentage of points outside control limits
with different methods. If the percentage is larger than
planned on the settings on T2, a fault can be detected. The
planned percentage of points outside control limits should not
be exceeded on T1, because the fault does not emerge on
reactor 1 measurements. Method | with settings 2 and 4;
method 111 with settings 3 and 4; method 1V with settings 2,3,
and 4; and method VI with settings 1,2, and 3 showed
promising results concerning the detection of the fault.

Table 5. The percentage of points outside control limits

method | variable | setting 1 | setting 2 | setting 3 | setting 4 | setting 5

T1 0.00 0.46 0.31 0.05 0.01

[ T2 0.00 0.81 0.35 0.29 0.01
Tl 0.34 0.06 0.01 0.01 0.00

1l T2 0.69 0.19 0.06 0.01 0.00
T1 1.04 0.63 0.04 0.03 0.00

111 T2 1.92 1.13 0.22 0.11 0.00
T1 0.19 0.32 0.14 0.07 0.06

\Y T2 0.66 1.22 0.65 0.38 0.47
T1 0.16 0.23 0.09 0.08 0.00

vV T2 0.44 0.42 0.19 0.08 0.00
T1 0.18 0.18 0.12 0.12 0.03

VI T2 4.12 4.12 3.77 3.77 3.28
T1 0.61 0.13 0.04 0.01 0.00

Vil T2 0.73 0.43 0.12 0.05 0.00

4.4 Comparing the Results in Faultless and Fault Periods

The percentages of points outside control limits of the
faultless and fault periods were monitored for the upper limit
and the lower limit separately. Tables 6 and 7 show how
many percentage units the amount of points outside limits
differs when fault period is compared to faultless period. If
the value is positive, the percentage of points outside the limit
is larger in fault period than in faultless period, and vice versa
if the value is negative. In Table 6, value of T2 should be as
large as possible and value of T1 should be close to zero.
Also the ratio of T2 to T1 is significant. It should be as large
as possible. Therefore, method | with setting 4; method Il
with setting 3; method Ill with setting 3; method IV with
setting 3; method V with setting 3; method VI with setting 5;
and method VII with setting 2 are the most valid.

Table 6. The difference in upper limit

Method | Variable | Setting 1 | Setting 2 | Setting 3 | Setting 4 | Setting 5
| T1 0.00 0.21 0.14 0.02 0.00
T2 0.00 0.51 0.22 0.22 0.00
1l Tl 0.08 -0.04 0.00 0.00 0.00
T2 0.45 0.08 0.04 0.01 0.00
11 Tl 0.49 0.37 0.00 0.00 0.00
T2 1.25 0.80 0.14 0.09 0.00
v T1 -0.59 0.14 0.06 0.04 0.05
T2 -0.27 1.04 0.61 0.36 0.45
\% Tl 0.05 0.06 0.04 0.04 0.00
T2 0.18 0.18 0.15 0.06 0.00
Vi T1 0.16 0.16 0.11 0.11 0.03
T2 3.69 3.69 3.46 3.46 3.06
Vil Tl 0.29 0.00 0.00 0.00 0.00
T2 0.45 0.31 0.08 0.03 0.00

Type of the fault was such that more points were outside
upper limit than outside lower limit. Therefore, Table 7 has
smaller differences in T2 than in Table 6. Table 7 is open to
more interpretations than Table 6. Interpretation of the results
by evaluating the largest number 20 in T2 is one approach.
Method | with setting 2; method 1 with setting 3; method 111
with settings 4 and 5; method IV with settings 2 and 5;
method V with setting 1; method VI with settings 1 and 2;
and method VII with setting 4 had the largest number 20 in
T2.

Table 7. The difference in lower limit

Method | Variable | Setting 1 | Setting 2 | Setting 3 | Setting 4 | Setting 5
| T1 0.00 0.19 0.15 0.03 0.01
T2 0.00 0.17 0.08 0.03 0.01
1l T1 -0.03 0.03 0.01 0.01 0.00
T2 -0.14 -0.02 0.01 0.00 0.00
11 Tl 0.18 0.18 0.01 0.03 0.00
T2 -0.06 -0.01 -0.02 0.00 0.00
v Tl 0.10 0.17 0.08 0.03 0.01
T2 -0.07 0.02 0.00 0.01 0.02
\% Tl 0.00 0.00 0.01 0.00 0.00
T2 0.01 -0.01 -0.02 -0.02 0.00
Vi Tl 0.02 0.02 0.01 0.01 0.00
T2 0.37 0.37 0.30 0.30 0.22
Vil T1 0.00 0.07 0.03 0.01 0.00
T2 -0.14 -0.05 0.00 0.01 0.00

4.5 Divergence of the Reactors

Divergence of the reactors was monitored and

maximum divergence of faultless and fault periods were
monitored as well. Table 8 shows the ratio of maximum
divergences between faultless and fault periods with different
settings on the methods. The larger the ratio is, the larger the
difference of reactors is in fault period compared to faultless
period. If maximum divergence was zero in faultless period,
it caused division with zero. Therefore, method | with setting
5 has the entry “1/0” and no ratio as an example.

A[divergence



Table 8. Ratio of maximum divergence

method | settingl | setting2 | setting3 | setting4 | setting 5
| 0/0 2.60 2.73 4.25 1/0
1 3.09 2.36 4.00 2/0 0/0
11 7.33 6.07 242 8.00 0/0
v 1.88 7.83 26.67 44.00 49/0
Vv 1.79 1.52 9.50 2.33 0/0
VI 34.92 34.92 397.00 397.00 365/0
Vil 1.55 6.11 2.86 6.00 0/0

The results in Table 8 give advice for the choice of settings to
visual monitoring. The larger the ratio is, the larger the fault
period abnormality is in visual monitoring. The best approach
is method VI; the second best approach is method IV; the
third best approach is method V. With method Il, the best
ratio is 4.00, which is lower than other methods at their best
have. Therefore, it shows the difference between normality
and abnormality worst in visual monitoring.

Fig. 2 shows the divergences of method | with setting 4 and
method VI with setting 3 during fault period and faultless
period. Figure shows that the divergence of method I has
occasionally grown during faultless period, whereas
divergence of method VI had only one change during
faultless period. Fig. 2 illustrates that method VI is more
unambiguous than method | in visualising an abnormal
process state. The magnitude of divergence is also distinct
with the methods. The fault period plots show that both
methods start detecting divergence at the same time near the
6,990"™ point and the divergence is progressively growing.
Some decreases in divergence can be seen as well.
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Fig. 2. Divergences during fault and faultless periods.

4.6 Discussion

The results in Table 5 suggest that methods I, 111, 1V, and VI
could be able to find an abnormality with certain settings.
Table 6 suggests that method | has the best performance on
setting 4. With setting 4, method | has the best ratio (=11) of
T2 and T1 differences. Methods 111, IV and VI have the best
performance on setting 3. With setting 3, methods IV and VI
have the best ratio of T2 and T1 differences (=10.17 and
=31.45, respectively); method 1l has no difference in T1 and
the most distinct difference in T2. In Table 6, method VI had
even better ratio on setting 5 (=102) than on setting 3, but
Table 5 suggests that setting 5 is not valid. Due to the

interpretation diversity, the results in Table 7 were found
secondary to the selection of the most valid method.

Table 8 suggests that methods I, 111, and 1V function best on
setting 4 with the largest ratios. Method VI functions best
with setting 3, and not with setting 4 due to too many points
outside limits on T1 during the fault period. It should be
noticed that Table 6 suggests setting 3 for methods Il and
IV, whereas Table 8 suggests setting 4. Based on Table 6,
methods 111 and IV with settings 3 and 4 are both functioning
well, whereas Table 8 suggests that setting 4 is notably better
than setting 3 especially on method Ill. As a conclusion, the
best approaches are methods I, 111, and IV with setting 4, and
method VI with setting 3. Therefore, tuning approaches with
0.1% and 0.2% of points outside control limits are the most
valid from the tested settings.

Considering the suitability of the methods to real time
monitoring, method 111 is the best. It is real time and setting 4
uses only an 80 minute sliding window. The computation of
limits is fast, when only a short period of data is needed.
Method I causes delay due to the fact that the monitored point
is the midpoint in a sliding window. Setting 4, which is the
best, causes 40 minute delay. Methods IV and VI use all the
data from the monitored periods at once. These approaches
are computationally heavy, if all the data is used in
computation every time new data arrives. Methods V and
VII, which are derivatives of IV and VI, could be a
compromise solution with larger window sizes than was
tested.

It has to be mentioned that the current settings are not
optimal. The purpose of the study was to compare the
methods, and not so much finding the optimal settings. For
instance, method VI is very sensitive to tuning. Therefore,
settings 1 and 2 or 3 and 4 have the same w, although the
planned percentage of points outside the limits differs.
Tuning of w should be done in smaller steps, but then again
this kind of sensitivity brings problems. The settings are very
case-specific, which is not the best option especially if
several process variables are using the same settings.

Based on the results, method 11l with setting 4 is the most
valid approach. 0.11% of the points fell outside the control
limits in T2, whereas 0.03% was the corresponding
percentage in T1. 0.1% of the points outside limits was
defined to indicate an out-of-control period. Therefore, the
detection of the abnormality was not very explicit.

Fig. 3 and 4 show the best method with the most optimal
setting for monitoring purposes according to the results. The
faultless period is monitored in Fig. 3. The fault period is
monitored in Fig. 4. In Fig. 3 and 4, the upper part shows the
divergence of the reactors, whereas the lower part shows the
alarm balances of temperatures. Fig. 3 shows that only three
occasional changes in divergence are detected during the
faultless period. It means that the operation of the reactors
was quite similar. The two changes in alarm balance of T2
occurred during four minute periods near the 2,750" and
4,390" point. The last change occurred at 9,970™ point in
alarm balance of T1. The time between the alarms is so large
that it clearly is not a sign of progressive abnormality.



However, such alarms may be worthy of closer analysis.
With the used setting, at most 0.1% of points outside control
limits were allowed and less was detected, which refers to an
in-control process.
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Fig. 3. The monitoring approach during faultless period.

Fig. 4 shows that divergence starts growing progressively
near the 6,990 point. The growing ends near the 9,620"
point. The period is less than 44 hours in length, because one
minute sampling rate was used. The divergence of the
reactors grew from 0 to 16. Roughly speaking, it is one alarm
in 2 hours and 3 quarters of an hour. Therefore, this approach
needs a lot of time to detect this kind of an abnormality,
which may be unfavourable. However, an approach which
does not cause false alarms is favourable. It is well-known
that monotonous tasks, such as checking of numerous alarms,
actually increase the risk of missing what should be detected
(Oakland and Followell, 1990, p. 75).
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Fig. 4. The monitoring approach during fault period.

Although, the progressively growing divergence shows
difference in the operation of the reactors, the cause for the
difference can be only found with the help of process
knowledge. Alongside with the presented approach,
monitoring the difference of slurry flow rates to both of the
reactors could have defined the origin of the fault more
specifically. The current approach monitors only one variable
from both of the reactors. More variables could be monitored
and combined to compare parallel process units. However,
this goes beyond the scope of this study.

The flow conditions in the channels after the reactors may
vary. Single oscillations in temperature measurements may
result from irregularity in temperature distribution or a faulty
sensor. The output temperature sensors of the reactors are
located similarly on the side of the outlet channels. T1 and T2

are created from a minimum measuring result of four sensors
per channel. Therefore, sporadic temperature oscillations up
in a single sensor do not have an effect in monitoring. If all
the measured temperatures oscillate up, then the minimum
temperature oscillates up as well. Oscillation down on a
single sensor may cause a faulty minimum value. Such
matters should be kept in mind with this approach.

5. CONCLUSIONS

In this study, seven statistical approaches to desulphurization
plant monitoring were compared. Control limits for two
process variables were generated and points outside these
limits were detected. Alarm balance was used to monitor the
variables. Difference between two parallel process units,
namely reactors, was monitored by combining alarm balances
of the variables. Four methods indicated that a process
abnormality could be found with certain settings. Tuning the
methods so that at most 0.1% or 0.2% of points lie outside
control limits in normal operation gave the best results.
Method 111, which is based on calculation of moving average,
moving standard deviation, median and the difference of
maximum and minimum value weighted with user-defined
parameters, was the most valid approach. Although
difference in the operation of the reactors was found, root
cause analysis needs additional process knowledge and
brainstorming. Finding of the best settings for the methods
needs more work.
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A high head hydropower generation unit typically consists of reservoir, waterway (head-race
tunnel, surge shaft, penstock, turbine case and draft tube, and tale-race), turbine, and generator.
The overall system is highly non-linear and its controller is usually designed for stability and
best performance at the best-efficiency operating point using a linearized model. For having a
stable operation and acceptable performance at the other operating points it may be necessary
to change the controller parameters when the operating point of the system changes.

It is important to be able to model and simulate the system as accurately as possible. With an
accurate model, a designed controller can be tested more reliably for stability and
performance in different operating points. Different models with different degrees of
complexity have been published [1]. The simple models consider rigid penstock walls with
incompressible water column in the penstock. A more accurate model can be obtained if a
penstock with elastic walls and compressible water column in the penstock is considered.
Such a penstock can be modeled by two nonlinear partial differential equations. These
equations can be linearized and solved by the Method of Characteristics (MOC) [2].
Numerical methods can also be used for solving these equations. Some software solutions
such as WHAMO [3] and Hydro-Plant Library [4] are available for numerical simulations.

In this paper, first various parts of a typical high head hydropower generation unit and their
functionality will be described briefly. Then modeling and numerical methods available for
simulation of such system will be described in some detail. Specifications of the system under
study will be as follows:

» elastic walls and compressible water column in the penstock

e rigid (inelastic) walls and incompressible water in other parts of the waterway (due to
less pressure variations or short distances)

e the standard IEEE1992 model for turbines [5]

e synchronous generator connected to an infinite bus

« conventional PID controller with speed droop characteristics

In simulation of the penstock with elastic walls and compressible water column, the emphasis
will be on the Finite Volume Method of Computational Fluid Dynamics [6]. The overall
system will be simulated and the effect of compressible water in the penstock and with elastic
penstock walls will be studied.

References:
[1]. Nand Kishor et al. “A Review on Hydropower Plant Models and Control.” Renewable
and Sustainable Energy Reviews 11 (2007) 776-796.
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List of Symbols
Symbol Description [Units]
a Speed of the pressure waves in the water inside penstock [m/sec]
A Cross-section area [m?]

Ac,Ag and Apyr | Cross-section area of the conduit, surge shaft and tail water tunnel respectively [m?]

Agm Cross-section area of empty penstock (constant with axial location along the penstock)
[m?]
Ap; Cross-section area of the penstock as a function of only pressure at location X; [m?]
B Compressibility of water = 4.5e-10 [Pa™!]
;q Equivalent compressibility due to penstock walls elasticity [Pa™]
BLotal Total compressibility due to water compressibility and penstock walls elasticity [Pa™!]
C Index referring to the conduit
Cy Valve coefficient [m3/sec /Pa®®]
CVaizq Control volume for continuity equations, located between X,; and X,;,, (for i=1,...,N-1)
CVaizn Control volume for momentum equations, located between X,;,; and X,;, 3 (for i=1,...,N-2)
o Transient droop [-]
Ax Length of the control volumes for application of the mass or momentum conservation [m]
D Pipe inner diameter [m]

e Pipe thickness [m]
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Young’s modulus of elasticity [Pa]

Fanning friction factor [-]

Fanning friction factor of the conduit, surge shaft and tail water tunnel respectively [—]
Pressure gradient force acting on the water column inside the control volume CV,;,, [N]
Gravity force acting on the water column inside the control volume CV,;,, [N]
Friction force acting on the water column inside the control volume CV,;,, [N]
Gravity acceleration = 9.8  [m/sec?]

Height of the draft tube [m]

Height of water column in the reservoir for simulations of Section 66 [m]

Height of water column in the head water reservoir [m]

Height of water column in the tail water reservoir [m]

Turbine head [m] or [% of design head]

Turbine design head [m]

Momentum of inertia of turbine and generator rotor [Kg. m?]

Friction coefficient in conduit, penstock interfaces in the head water and tail water and tail
water tunnel respectively, so that the friction force on the water column inside these parts is

found from the relation K th? [N.sec?/Kg?]

Coefficient in surge shaft which accounts for both friction and variations of the water

column length [N.sec?/Kg?]

A friction coefficient; friction force applying on the control volume CV,;,, is given by
&2i+2Vpoit2  [N.sec/m]

Variable length of the water column in the surge shaft [m]

Length [m]

Length of the conduit, penstock, surge shaft and tail water tunnel respectively [m]
Poisson’s ratio [-]

Mass [Kg]

Mass flow rate [Kg/sec]

Mass flow rate of the conduit [Kg/sec]

Mass of the water inside the control volume CV,;,; [Kg]

Penstock flow rate at location X; [Kg/sec]

Mass flow rate at location X, (Figure 2) which is a state of the penstock model and can be
used as an input by the head water system model. “HWDI” refers to “head water system

input from the downstream”. [Kg/sec]
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Mass flow rate at location X, (Figure 2) which is a state of the head water system and can be
used as an input by the penstock model. “HWDO” refers to the “head water system output to

the downstream”. [Kg/sec]

Mass flow rate at location X,y_, (Figure 2) which is a state of the penstock model and can
be used as an input by the tail water system model. “TWUI” refers to “tail water system

input from the upstream”. [Kg/sec]

Mass flow rate at location X,y (Figure 2) which is a state of the tail water system model and
can be used as an input by the penstock model. “TWUO” refers to “tail water system output

to the upstream”. [Kg/sec]

Number of the Ax lengths along the penstock N = Lp/Ax
Index referring to the penstock

Pressure [Pa]

Penstock pressure at location X; [Pa]

Pressure at location X3 (Figure 2) which is a state of the penstock model and can be used as
an input by the head water system model. “HWDI” refers to “head water system input from

the downstream”. [Pa]

Pressure at location X; (Figure 2) which is a state of the head water system and can be used
as an input by the penstock model. “HWDO” refers to the “head water system output to the

downstream”. [Pa]

Pressure at location X,y_; (Figure 2) which is a state of the penstock model and can be used
as an input by the tail water system model. “TWUI” refers to “tail water system input from

the upstream”. [Pa]

Pressure at location X,y, ¢ (Figure 2) which is a state of the tail water system model and can
be used as an input by the penstock model. “TWUQO” refers to “tail water system output to
the upstream”. [Pa]
Atmospheric pressure =le+5 [Pa]

Pressures at the conduit inlet, conduit outlet and surge shaft outlet [Pa]

Turbine output power [W]

Internal perimeter [m]

Internal perimeter of empty penstock (constant with axial location along the penstock) [m]
Internal perimeter of the conduit, surge shaft and tail water tunnel respectively [m]

Internal perimeter of the penstock at X,;,, [m]

Turbine volumetric flow rate [m3/sec] or [% of rated discharge]
Turbine rated volumetric discharge [m3/sec]

Index referring to the head water reservoir

Pipe inner radius [m]




p Water density [Kg/m3]

patm Water density at atmospheric pressure =1000 [Kg/m3]
Pi Water density along the penstock at location X; [Kg/m3]
S Index referring to the surge shaft
o Permanent droop [-]

TWT Index referring to the tail water tunnel
0 The angle that pipe makes with the horizon [rad]

0c, 05 and O1yr | The angle with the horizon of the conduit, surge shaft and tail water tunnel respectively

[rad]

Vpi Water velocity along the penstock at location X; [m/sec]
X; Grid locations in every Ax/2 length of the penstock as shown in the Figure 2
Yov Guide vanes opening [% or degrees]
?HESig" Turbine design mechanical speed [rad/sec]

Vs RMS voltage of the infinite bus [V]

Wg Electric angular velocity on the infinite bus [rad/sec]

np Number of the generator poles

r Resistance of the phase winding [Q]

I'e Equivalent resistance of the infinite bus [Q]

Xe Equivalent reactance of the infinite bus [€2]

1 Introduction

A high head hydropower generation unit is a highly non-linear system and its controller is
usually designed for stability and best performance at the most efficient operating point using
a linearized model. For having a stable operation and acceptable performance at the other
operating points it may be necessary to change the controller parameters when the operating
point of the system changes. It is important to be able to model and simulate the system as
accurately as possible. With an accurate model, a designed controller can be tested more
reliably for stability and performance in different operating points. Different models with
different degrees of complexity have been published [1]. The simple models consider rigid
penstock walls with an incompressible water column in the penstock. A more accurate model
can be obtained if a penstock with elastic walls and compressible water column in the
penstock is considered. Such a penstock can be modeled by two nonlinear partial differential
equations. These equations can be linearized and solved by the Method of Characteristics [2].
Numerical methods can also be used for solving these equations. Some software solutions
such as WHAMO [3] and the Hydro-Plant Library [4] are available for numerical simulations.

In this paper, a complete model for the hydropower generation unit is introduced which takes
the compressibility of the water and elasticity of the penstock walls into account. The
penstock model is validated by the charts available in the literature. Then the whole model is




simulated with a classic speed controller and a synchronous generator with voltage control
loop to show the closed loop operation of the model.

2 Various Parts of a High Head Hydropower Generation Unit

Figure 1 shows a simple schematic drawing of the various parts of a typical high head
hydropower generation plant. Power house (and other parts of the plant) is usually located
inside mountains and can be accessed through additional tunnels that are not shown in the
drawing. The reservoir in the upstream of the plant could have been created by the water
stored behind a dam. In the following a brief description about other parts of the plant will be
given:

Intake: Intake is equipped with a trash rack that prevents big solid objects entering into the
waterway of the plant. Intake is usually equipped with a gate valve for maintenance purposes.
Conduit: Conduit (also known as head race tunnel [5)] and transfer tunnel [6]) is a tunnel
which conveys the water from the reservoir to the near of the power house. Length of the
conduit might be a few kilometers. In some projects [6] length of the conduit can be as large
as 45 kilometers. At the end of the conduit (near the surge shaft) the cross-section area of the
conduit increases and hence the water velocity is reduced. This part of the conduit is equipped
with sand traps and a finer trash rack to further filter solid objects in the water stream.

Surge Shaft: The surge shaft serves as a temporary storage (or source) of water in case of
decrease (or increase) of water flow in the power house so that the huge amount of water in
the conduit finds enough time to decelerate (or accelerate). So the surge shaft reduces the
magnitude of the pressure surges (known as the “water hammer” effect [2]) that can happen in
the waterway due to inertia of the water flowing inside the conduit.

Penstock: The penstock is a pipe (e.g. steel pipe) which connects the conduit and the surge
shaft to the power house. The penstock (also known as “pressure shaft” [5]) has usually much
greater slope than the conduit so that much of the water pressure builds up in the penstock.
Due to these higher pressures, it is desirable to model the penstock with elastic walls and
compressible water inside. Such a model will be introduced in the next section. Penstock may
be equipped with isolating valves for maintenance.

Turbine: Turbine converts the potential and kinetic energy of the water flowing through the
turbine case into mechanical energy. The converted energy is transferred into the generator by
the common rotating shaft of the turbine runner and the generator rotor.

There are various types of the hydraulic turbines among which the Pelton turbines and the
Francis turbines are the types that are used in the high head plants [2]. In the Pelton turbine,
all the potential energy of the water first is converted into kinetic energy in jets of water. This
energy is further converted into mechanical energy when these jets of water strike the buckets
on the turbine runner. Jet nozzles control the flow rate of the water through the Pelton turbine.
In the Francis turbine, whole the runner chamber is filled with water and the water flowing
through the runner passages transfers its potential and kinetic energy to the runner. Guide
vanes control the water flow rate through the Francis turbine.

Draft tube, tail water tunnel and tail water reservoir: Draft tube conveys the water
flowing out of the Francis turbine runner passages to the tail water tunnel. The Figure 1 in fact
shows the arrangement of a plant with Francis turbine. Tail water tunnel usually has positive
slope to ensure that turbine is always submerged into the water to prevent cavitation. The
difference between the water surface elevation in the head water reservoir and the tail water
determines the gross head of the plant. When the head losses due to the friction between the
water and the walls of the waterway are subtracted from the gross head, the result is called the
“net head” of the plant and equals to the turbine head at the steady state operation conditions.
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Figure 1 Schematic Drawing of a High Head Hydropower Generation Plant.

3 The Penstock Model

3.1 Problem Description

Compressible water flow inside a penstock with elastic walls is governed by two partial
differential equations [2]. These PDEs are obtained by applying the mass and momentum
conservation laws to a 1D infinitely small control volume along the penstock axis [7].
Numerical solution methods for these equations need both temporal and spatial discretization.
Software such as WHAMO [3] which is a tool for simulation of water flow in pipe networks
uses a finite difference scheme for discretizing the governing partial differential equations. In
this scheme, the partial derivative terms are replaced by their equivalent “difference relations”
and so the differential equations turn into difference equations. There is an alternative scheme
referred to as the “Finite Volume Method” or simply “FVM”. This method (applied to a 1D
problem such as fluid flow in a pipe) avoids the partial differential equations from the
beginning by dividing the whole pipe volume into several control volumes along the pipe axis
and then applying conservation laws to derive two ordinary differential equations for each
control volume: One of the equations is an exact representation of the conservation of mass
(continuity equation) and the other one is an exact representation of the conservation of
momentum [8]. “Advantage of FVM is that the discredited governing equations retain their
physical interpretation, rather than possibly distorting the physics due to numerical
discrimination of each derivative term.” [9]1

The idea of control volumes in FVM is better described by referring to Figure 2. The whole
penstock length is divided into 2N equal segments. The first segment is between the locations
X;and X, and the last segment is located between X,y and X,y 44. It is possible to define the
volume determined by each two adjacent pipe segments located between X,;,; and X5ii3
(i=1,...,N-2) as a control volume for application of both mass and momentum conservation
laws, but this can cause the discretized momentum equations to have unrealistic behavior for
spatially oscillating pressures [8]. The solution to this possible problem which is suggested in
[8] is to use a so called “staggered grid”. Staggered grid for the penstock in the Figure 2 means
to define the volume determined by each couple of pipe segments located between X,;,; and
X5i43 (for i=1,...,N-2) as a control volume for application of the momentum conservation and

"It seems that instead of the word “discredited”, the word “discretized” should have been used by the source.
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Figure 2 Control Volumes for Application of Mass and Momentum Conservation Laws in a Penstock.

define the volume determined by each couple of pipe segments located between X,; and X5;4,
(for i=1,...,N-1) as a control volume for application of the mass conservation.

The state variables along the pipe which usually appear in the literature of Computational
Fluid Dynamics are mass density and velocity of fluid particles. In this paper however it’s
been decided to use the pressure and mass flow rate as the state variables. The latter variables
are more interesting than the former ones in a hydropower application. In addition, choosing
the mass flow rate as the state has the advantage that in the steady-state condition the mass
flow rate in the whole waterway of the plant will be the same (the surge shaft level will be
constant in the steady-state condition and hence the mass flow rate in the conduit and
penstock will also be the same). Hence determining the steady-state value of the states will be
much easier.

The state “pressure” will be considered spatially constant along the whole length of a control
volume for mass conservation and the state “mass flow rate” will be treated as being spatially
constant along the whole length of a control volume for application of the momentum
conservation. In [8] alternatively “density” and “velocity” are considered to be spatially
constant inside their relevant control volumes. These states are indicated at the center of their
related control volumes in Figure 2. Pressures are shown by bold dots and mass flow rates are
shown by bold arrows. The differential equations governing these states will be introduced in
the section 3.3. The cross-section area of the penstock when pressure inside and outside of the
penstock is equal to the atmospheric pressure (i.e. when the penstock is empty) will be
considered constant along the penstock axis throughout this paper. The amount of variation of
the penstock cross-section area due to water pressure inside the penstock will be discussed in
the next section.



The pressure and mass flow rate variables at locations X4, X,, X,n and X,y 44 are shown with
hollow dots and arrows. This denotes that these variables will not be governed by the
penstock equations. They will be determined by the head/tail water system models and will be
treated as inputs in the penstock model. States of the penstock model at locations
X3, X4, Xon-2 and X,_gwill be available as outputs to the neighboring systems (head/tail
water). Variables at these eight locations are named after their neighboring systems (“HWDI”
refers to “the head water system input from the downstream”, “HWDO” refers to “the head
water system output to the downstream”, “TWUI” refers to “the tail water system input from
the upstream” and “TWUQ” refers to “the tail water system output to the upstream’).

3.2 Water Density and Pipe Cross-Section Area as a Function of Pressure

The relationship between water density and pressure can be concluded from definition of the
compressibility factor for fluids. The compressibility factor ( is defined by the following
relation:

_10p

B—B% Eq. 1

Relationship for density of water at location X = X; along the penstock can then be found by
integrating both sides of the Eq. 1 (assuming that  for the water is constant in the range of
pressures and temperatures which is common in the hydropower applications). The result is
given in the Eq. 2 below:

pi = patmeﬁ(pi_patm) Eq 2

The relationship for changes in the pipe inner radius (AR) and changes in the pipe cross-
section area (AA) as a function of the pressure difference between the inside and the outside of
the pipe (Ap ) is given in [7] for a pipe which is anchored against longitudinal movement.
This relationship is presented by the Eq. 3 below:

BA _ AR _D(1 -y

A

Again, integrating of the Eq. 3 will result in an exponential function in terms of pressure for
A. The result is given below:

_D(1-p?)

_ aatm B9 (p;—patm eq
AP,i = AP eBp (pi—-p ) , BP °E

Eq. 4

Here also it is assumed that B;q is constant in the range of pressures and temperatures that it is

dealt with in hydropower applications.

The relations in Eq. 2 and Eq. 4 can be combined to give the following:

total
_patm)

Ap;p; = Ap™patmePr T (P Eq.5



Here B®! = 5% + B is the total compressibility due to compressibility of the water and

elasticity of the penstock walls. f;’tal is related to the speed of sound in the water inside the

penstock as follows: [7]
a=1/ [prmppta! Eq. 6

In the range of pressures and elasticity which is common in the hydropower applications, it is
valid to assume that the values of A, p or the product A X p change linearly with pressure. So
the following approximations can be used for Eq. 2, Eq. 4 and Eq. 5:

pi = p*™[1 + B(p; — p*™)]
Ap; ~ AF™[1+ B’ (pi — p*™)] Eq.7

AP,i X pj ~ A?;tmpatm[l + B%Otal(pi _ patm)]

3.3 Governing Equations
3.3.1 Continuity Equations

Continuity equations are the result of application of the mass conservation law to the control
volumes CV,;,; enclosed between penstock cross-sections at locations X,; and X,;,, (for
i=1,...,N-1). Mass conservation simply states that the rate of change of the fluid mass inside
the control volume with time is equal to the net rate of mass flow into the control volume. The
amount of the mass of water inside the control volume CV,;,4is given by the following
relation:

X2i+2

Mp i+1 = f P2i+1Ap2i+1dX = P2i+1Ap2i+14X Eq. 8
X=X2i

In calculation of the integral term it has been assumed that pressure and hence density and
cross-section area are spatially constant inside the control volume. It is of great importance for
the later analysis that the value of A X p at the boundaries of a control volume for continuity
(X5; and X5i,,) be assumed equal to the mean value of that function in the two adjacent
control volumes (Bold dots in Figure 3 (a)):

P2i+2Ap2is2 = (Pzi+1AP,2i+1 + p2i+3AP,2i+3)/2 Eq.9

Considering Eq. 8, the mass conservation law results in the following differential equations
for the control volumes CV,;,; (i=1,...,N—1):
d . .
Ax T (P2i+1Ap2is1) = Mp i — Mp ity Eq. 10

By using Eq. 7, the derivative term in the above equation will turn into:



d dpz 1 dpais
dt (AP 21+1F)21+1) ~ dpy, (AP 21+1p21+1) - = Bt AT prm d—: Eq. 11

Substituting the Eq. 11 into the Eq. 10 will result in the final form of the continuity equations

as follows:

dp;i : : .
Ax BEretAF™ p2tm % =My — My, (i=1,..,N-1) Eq. 12

3.3.2 Momentum Equations

Momentum conservation for the control volume CV,;,, enclosed between penstock cross-
sections at locations X5;,q and X,;43 (for i=1,...,N-2) states that the rate of change (with time)
of the momentum (in the X direction i.e. conventional direction of the water flow) of the
water flowing inside the control volume at a particular time t is equal to the rate of the net
momentum flowing into the control volume by mass transport at boundary surfaces X = X,;,1
and X = X,;;3 plus sum of the forces that apply to the water column inside the control volume
at the X direction along the penstock axis at that time.

The amount of momentum of the water column in the control volume CV,;,, is as follows:

fvdm= jV(Ade)= j(VAp)dX= jr'ndX=r'np‘21+2Ax

CVai42 CVai42 CVai42 CVai42
Eq. 13

In deriving the above relation it is assumed that the mass flow rate in the X direction inside
the control volume is spatially constant and equal to mp ;4. This assumption is indicated in
Figure 3 (b). By this assumption velocity throughout the control volume will be piecewise
constant because the product Axp is assumed to be piecewise constant between X,;,; and
X,i4+3 (Figure 3 (a)). The velocity at X,;,, can be considered equal to:

Vpai+z = Mpivz2/ (Ap2is2Pais2) Eq. 14



ffffff i
Velocity
AP
-1 -
. 1 -
A ‘
¢ 1 1
‘ 1 1
X %0 X %o %o %o %o Xir % %o %o %oz Xoia Xoiss
(a) (b)

Figure 3 (a) Values of the Product Axp Inside the Control Volumes for Mass Conservation and at the
Boundary Points of the Control Volumes. (b) Variations of Mass Flow Rate and Velocity inside
Control Volumes for Momentum.

The momentum in the X direction along the penstock which is flowing into the control
volume CV,;,, due to mass transport is equal to:

Mp2i+1Vp2i+1 — Mp2i+3VP,2i+3 Eq. 15

Forces that act on the water column are due to pressure difference between locations
X5i41 and X543, weight of the water column and friction between the water and the penstock
wall. The force due to pressure difference at locations X,i;; and X,j,3 is given in the
following relation:

Fp2it2 = Ap2isz (P2i41 — P2i+3) Eq. 16

Relations giving the amount of gravity and friction forces for the water column inside control
volume CV,;,, are as follows respectively:

Fg itz = AX Ap 5i42 P2it2 8 SiNOp Eq. 17
Feoiv2 = S2i42Vp2it2 Eq. 18

The coefficient &,;,, is given in the following relation:

2i42 = — Efp AX Tp pit2 Paivz SIEN(Vp2it2) VP aiss Eq. 19

Now the momentum conservation law can be formulated for the control volume CV,;,, using

Eq. 13 to Eq. 19:

dmp ,;
2i+2 . .
XT = Mpi+1Vp2i+1 — Mp2i+3Vp2i+3 T Fp2irz + Fozivz + Fraite Eq. 20




The Upwind Difference Scheme

The relation in Eq. 14 gives the value of the water velocity at locations X5i,, (i=1,...,N-2).
The relation for velocity and mass flow rate at locations X,;,4 (i=1,...,N-1) is not given yet.
In computational fluid dynamics, a so called “Upwind Difference Scheme” is often used for
this case for stability purposes [8]. According to this scheme, the relation for velocity at a
boundary of a control volume for momentum depends on the direction of the flow at that
location. The following will show how to determine these relations.

The relations for mass flow rate at a boundary of a control volume for the momentum will be
as follows:

Mp i1 = (Mpo + Mpisz)/2 , Mpoivs = (Mpigy + Mpiss)/2 Eq. 21

For the analysis, it is necessary to rewrite Eq. 20 in terms of (de’2i+2 / dt). This is achieved
by the use of Eq. 9, Eq. 10 and Eq. 14:

d Vp2it2 Mp o — Mp ity
AX Ap itz P2it2 e + ( > - 52i+2) Vp2it2 = -
Eq.

Mp 2i41Vp2i+1 — Mp2isr3Vp2itrs T Fgoiva + Fpaito

If water velocity at both boundaries of the control volume (at locations X5;,; and X;;,3) be
positive in the X direction, then the upwind difference scheme requires that vp ;.1 and vp 543
in Eq. 22 be replaced with vp »; and vp 54, respectively. So referring also to Eq. 21, Eq. 22
will turn into the following:

Ax A d Vp2it2 Mp i + Mp it _
X Api+2 P2i+2 dt + > — &i42 | Vppitz =

Eq. 23

Mp i + Mp itz
( 1 > 1 )VP,2i+1 + Fgit2 + Fpaiv2
Hence Scarborough’s condition for stability [8, p. 112] is satisfied and Eq. 22 and Eq. 23 will
have a stable answer for steady-state velocity values in case of known pressures.

If water velocity at both boundaries of the control volume be negative in the X direction, then
the upwind difference scheme requires that vp,i;q and vp i, 3 in Eq. 22 be replaced with
Vp 2i+2 and Vp ;44 respectively. Then Eq. 22 will turn into the following:

Ax A d Vp 2i+2 Mp i42 + Mp2jig _
X Ap2iv2 P2iv2 —qr + (= > — &i+2| Vpoitz =

<_ Mpoiyp + Mp ity

> )VP,2i+1 + Fgoisz + Fpaitz Eq. 24

Again Scarborough’s condition will be satisfied.

For satisfaction of Scarborough’s condition it is not necessary that flow at both ends of the
control volume be in the same direction. In fact, mp,; + Mmp,i4, = 0 for Eq. 23 and



Mp 2i4 + Mpyipse < 0 for Eq. 24 are sufficient conditions. If none of these conditions hold
for a particular control volume, one can neglect the transported momentum terms for that
particular control volume at that time which will result in the following equation:

d Vp 2i+2

Ax Apit2 Pait2 —dt Eq. 25

— &2i42 Vp2ij42 = Fg2itv2 T Fpaisz

So regarding the above discussion the final form of the momentum equations for i=1,2,...,N-2
will be as follows:

dmp i1z (2i ; ;
, 2i+2} _ {2i+2} {2i+2}
AX—dt + aziy Vpaitz = Ay Vpoit iy Vpaita T Fgaivz + Fpaizz  EQ- 26
Here a,{ZHZ} a{ZHZ} and cL{ZHZ} are obtained from the following table:
2i r A2i42 2i+4 g :
if Mpy; + Mpoipp =20 | if Mpsip, + Mpojs <0 else
{2i+2} Mp itz + Mp2isq Mp 5 + Mp 2i42 _
A2iy2 > — &4z | — > — &it2 €2i42
(2i+2} Mp,; + Mp iy,
Az 3 0 0
(2i+2} 0 _ Mp 212 + Mp2i44 0
ZSTw) 5

According to Figure 2, pgwpo and mywpo are the inputs of the penstock model from the
head water system. pywpo is only needed to calculate Ap,, p, and Ap,p,. The penstock
segment between the locations X = X; and X = X3 can be considered with inelastic walls and
incompressible water model when Ax is very small. In this case the pressure pywpo Will no
longer be needed for the penstock model. The same is true for prwyo and the following
relations can be used:

j— —_ atm —_ —_ atm
Ap, = Apon = Ap T, P2 =P2n =P

The set of ordinary differential equations given by Eq. 12 and Eq. 26 define the penstock
model with compressible water and elastic walls.

4 Head Water and Tail Water
4.1 Head Water System

Figure 4 shows details of the head water system which consists of reservoir, conduit, surge
shaft and a new part added in this paper as an interface to the elastic penstock model. This
part represents the first Ax length of the penstock. Incompressible water and inelastic walls
will be considered in the model of head water system. Applying mass and momentum
conservation laws will result in a system of differential equations for the head water system
given by Eq. 27 to Eq. 29 below:



dfs — l'i'lc - IhHWDO
dt Aspatm Eq 27

dring . .
ke Tdt —Ac(Pawpo — Per) + p*™g Le Ac sin 8¢ — K Eq. 28

diigwpo

A
T

—A¥™ (Puwp1 — Pawpo) + p*™g Ax AF™ sin Bp — %HWmIZrIWDO Eq. 29
pPci And pgwpo in the above equations can be found from the following relation:

pcr = p*™ + p*™ ghg Eq. 30

Ac  AE™  ANT[/Ac Alm A
Pawpo = (L_c+ Ax +€_SS —DPc T Ax pHWDI+€_Spatm +

L¢ S
K, K.
Patm8(Ac sin B — AF™ sin 6p + Ag sin 65) — L—Cm% - {,—S (hywpo — Mc)?
c S
Kaw .
T mIZ{WDo] Eq. 31

K and Ky, are friction coefficients and K accounts for both the friction and the variation
of the length of the water column inside the surge shaft. These coefficients are defined below:

_ fs €5 Mg sign(thywpo — M) 1
s 2 Aé patm Ag patm Eq. 32
fc L¢ ¢ sign(rc) fp Ax TI3"™ sign(hywpo)
c = > AZC patm y Rgw = > (A%tm)z patm Eq. 33

Puwpi 1S an input from the penstock model. myyp; of the penstock is not used by the
inelastic model of the head water system.

A special case is also introduced by the Figure 4. This case will be used for validation of the
elastic penstock model in this paper. Equations governing this special case are Eq. 29 plus the
following relation which will replace Eq. 31:

Pawpo = p*™ + p?*™ g hg Eq. 34
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Figure 4 Details of the Head Water System.

4.2 Turbine, Draft Tube and Tail Water System

Figure 5 shows details of the system consisting of turbine, draft tube, tail water tunnel and tail
water reservoir. Just as for the head water case, an interface part to the elastic penstock model

is added in this paper. The governing equation of the system will be as follows:

dmrwyo
AX———— =

dt —AY™ (Prwuo — Prwur) + p™g Ax AF™ sin 8p — Ky hfwyo Eq. 35
Here
-1
Lrwr A?Dtm Lrwr A?Dtm
Prwuo = <1 + AX Ao p*™g (Hy — hpr) + prwrx + “AX Apwrr Prwul



4 L _— + P 0. )+ (JC Lrwr )m%wuo
sin sin - —
Patm & Lrwt TWT P TWT ™ "Ax W) A Eq. 36
prwrx = p*™ + p*™ g hqy Eq. 37
o = fp Ax TT3™ sign(hrwyo) o = frwr Lrwr Hrwr sign(hrwyo)
T™W 2 (A?)tm)z patm ) TWT 2 A%‘WT patm Eq 38

The term H; in Eq. 36 (difference of the pressure at the turbine inlet and outlet [m]) is a
function of mryyo and turbine guide vanes opening. H, is approximately proportional to
2o for fixed guide vanes opening. ppwuy; is the input from the penstock model and
mrywyp does not appear in the equations of tail water system.

Again a special case is introduced in Figure 5. In this case, the penstock ends in a valve which
is open to the atmospheric pressure. The valve could be for example nozzles of a Pelton
turbine. This special case in conjunction with the special case in Figure 4 will be used for
validating the penstock model. Equations for the special case system are Eq. 35 plus the
following equation which will replace Eq. 36:

atm Mrwyo [Mrwuol

Ptwuo = P atm2( 2 Eq. 39
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Figure 5 Details of the Turbine, Draft Tube and Head Water System.
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S Turbine Controller and Generator
A classic transient droop controller [10] with
block diagram shown in Figure 6 will be used
for closed loop simulations. Turbine output Jéw ol @
power is given by the following relation: dl § §
t P4
P, = nep®™MgH Q¢ Eq. 40 > Qg
8 8
Here n; (turbine efficiency) is a function >
of H; , Q; and rotational speed of the turbine
in general. A detailed model of the turbine
can be found in [11]. Re +j Xe

A synchronous generator with one damper
winding in the q axis will be considered with
connection to the infinite bus as shown in
Figure 7. Model of the generator can be
found in [10, pp. 453-457]. Parameters of
the generator used for simulations in this
paper are given in Appendix I. Rq +jX, is
the equivalent network impedance. Block
diagram of the voltage controller (exciter)
for this generator is given in Figure 8.

6 Validation of the Penstock Model

In this section the model of the penstock
with elastic walls and compressible water
will be validated by application to the classic

Figure 7 The Generator Connected to The Infinite

Bus
Reference
Voltage Ve MA
+ Er
RS ' 5
Terminal VY, 1+ TES 4
Voltage N ) E;"N
K8
I+ T s

Figure 8 The Voltage Controller (Exciter) Block

Diagram

problem of reservoir-penstock-valve. Consider the system shown in the Figure 9. When the
valve closes, the pressure before the valve increases and a pressure wave travels back to the
reservoir. When this wave reaches the water surface at the reservoir, it is reflected as a



negative wave and travels toward the valve. The time that it takes for the pressure wave to
travel from the valve to the reservoir and then back to the valve is equal to:

2 X Lp
Speed of the pressure wave

The height hry of the reservoir is considered to be much less than the length Lp of the
penstock in deriving the above relation. The speed of the pressure wave inside penstock is
equal to the speed of sound inside the water in penstock for which a relation was given in Eq.
6 [7]. This can be one of the criteria for validation of the penstock model. Time for traveling
of the pressure waves (and hence speed of
the waves) can be found from the results of
simulations and then it can be compared to
the value obtained from Eq. 6. Maximum
pressure rises before the valve when the
valve starts closing from the steady-state
condition with a uniform rate and reaches
the complete closed position, are tabulated
by Allievi [2]. Allievi charts can be used as
another criterion for validation of the
penstock model. The maximum pressure
rise found by simulation can be compared
to the charts. Details of the reservoir and valve with penstock interfacing parts are shown in
the special cases of Figure 4 and Figure 5; their governing equations were derived in
Section 4. Four different scenarios will be considered for simulation of the Penstock-Valve
problem. The following parameters are the same for all the four scenarios:

Figure 9 The Classic Penstock-Valve Problem.

Lp = 1000 [m] , h,=100[m] , hgw =0[m] , B¥% =10"°[Pa~]

A%™ = 7[m?] , fp = 0.04

Valve closing times and steady-state initial velocity of water will be different for each
scenario as follows:

T [sec] v, [m/sec] Relative pressure rise Z = (h, + h) /h, (from Allievi Charts [2])
Scenario #1 1 1 2
Scenario #2 | 3 1 1.6
Scenario #3 | 5.2 1 1.3
Scenario #4 | 3 4 3.8

The valve coefficient Cy for full valve opening can be calculated for each scenario
considering the values for A3"™ and v,.

The valve starts closing at t=50 second in each scenario. Result of the simulation for the
above scenarios is included in Figure 10 to Figure 14 respectively. In Figure 10 to Figure 13 the
values of head rise are in close agree with z values in the above table.

The result of simulation for the fourth scenario however is different. The value of head rise in
this case is more than expected (3.47e+6 / 7.7e+5=4.5 whereas a value of 3.8 is expected from



Allievi chart). The reason may be because of the higher velocity which causes higher losses
due to friction. The steady state value of the head before the valve (before the time 50 sec
when the valve starts to close) is less than the other cases. For examining this guess, the case
is simulated again with zero friction factor and the result is given in Figure 14. It appears that
with zero friction, the head rise is exactly in agree with the Allievi chart.

As mentioned earlier, another criterion for validating the penstock model could be to find the
speed of the pressure waves from the simulation. B5°* is taken to be 10~° [Pa~!] which
shall result in a speed of sound equal to 1000 [m/sec] according to Eq. 6. The simulation
results shall reflect this value for the pressure waves. In Figure 10 to Figure 14, the time
difference between two consecutive peaks is 2 seconds (except for the peaks that coincide
with valve closure) and this agrees with the value 2Lp/a.
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Figure 10 Result of Simulation of the Penstock-Valve for Scenario #1 (T=1 sec).
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Figure 11 Result of Simulation of the Penstock-Valve for Scenario #2 (T=3 sec).
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6.1 Number of Penstock Segments

In all the above simulations, the number of penstock segments is chosen to be 50. Figure 15
shows the result of the simulation for scenario #1 for three different N values. As can be seen,
the number of segments has influence on the simulation of the wave traveling times.

6.2 Pressure and Mass Flow Rate at Different Locations of the Penstock

Pressure and mass flow rate variations at different locations in the penstock for sudden valve
closure (T=0.5 sec < 2Lp/a ) and initial water velocity of 1 [m/sec] are shown in Figure 16
and Figure 17, respectively. Notice the delay in reaching the peak values. Also notice that
pressure at each location reaches its maximum when the mass flow rate reaches zero in that
location. Figure 18 and Figure 19 show the pressure and mass flow rate variations at the same
locations and conditions except for the valve closure time which has been increased to 3
seconds. Notice the change of behavior of these variables when T > 2Lp/a. Peak to peak
variations of pressure is greater at the valve side whereas peak to peak variations of flow rate
is greater at the head water side. The shape of the variations can be interpreted by the method
of characteristics [7].
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Figure 15 Simulation of Valve Uniform Closure for Different Number of Segments.

25x106 Pressure [Pa] (N=48)
) | | | | | | e 13 Ien‘glh from hoad water
I I I I I I ——  atthe 2/3 length from head water
I [ o I I ——  before the valve
] e e e e i e T T
| | (| | | I N
I PR I | I
I I AR v ‘
T r**int***TTT*%TK****FH**W**
| AU o v b
| ﬂ [y | AU \J/ AN
| '\“\ i \'/‘H\kw R
T#’\’W””\H’ﬁ"‘ ””‘*”,*T’XT*
/ e i Loy | / \
/ \‘ | ! f f “\;
,,,,,, L8 N A A Y
M\‘V\ “/#\V‘ J‘AM‘\ M‘x./ Ui‘wt\
[ / / n
e
[ i
777777777777777777777 - s\iTjT****T*\L}w‘fffffffT
| . | | [ | \
| |/ | j/ | |
,,,,,,,,,,,,,,,,,,,,, I N ||
| | | | |
I I I I I
I I I I I
1 1 1 1 1
56 58 60 62 64
Time [sec]

Figure 16 Pressure at different locations for valve closure time T=0.5 sec.



Mass flow rate [Kg/sec] (N=48)
8000 —————— —_——n————————— —_———
f T T i I r T il ! I
at the intake
at the 1/3 length from head water
—— at the 2/3 length from head water
T T T

6000 — —

4000 B e b e e S it —l—=/—-
/

2000 — — — 4 - — =L — -~ B e i i A

i 4t the 1/3 length from HW
2000 —I— [
/

| |
/al the intake |
|

4000 — 4 - - — - - - f - - - - -~ - e

-6000

| | | |
| | | |
_8000 1 I L I |
57 57.5 58 58.5 59 59.5 60 60.5 61 61.5

Time [sec]

Figure 17 Flow rate at different locations for valve closure time T=0.5 sec.
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Figure 18 Pressure at different locations for valve closure time T=3 sec.
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Figure 19 Flow rate at different locations for valve closure time T=3 sec.



6.3 Partial Valve Closure

Partial valve closure for scenario #1 is simulated in Figure 20. The valve starts closing at time
t=50 sec from full open position (with a rate of full closure per one second) and closes until
90% open position.

x 10° Pressure before the valve [Pa]

Time [sec]

Figure 20 Simulation of Partial Valve Closure from Full Open to 90% Open Positions.
6.4 Options for ODE Solvers

All the simulations in Figure 10 to Figure 20 are done with the MATLAB “odel5s” solver with
the following options:

options=odeset ('MaxOrder',5, '"RelTol',le-6, 'AbsTol',le-6);

What happens if default options are used for “odel5s”? The simulation of Figure 20 is
repeated with increased relative tolerance (‘RelTol’=1e-3) and the result is given in Figure 21.
As can be seen, with increased relative tolerance the “odelS5s” encounters numerical errors
which completely distort the solution in case of small valve changes. (For the case of the
complete valve closure, the numerical errors become relatively small compared to the large
variations in the pressure before the valve and the numerical errors don’t seem to affect the
result of the simulation significantly.)
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Figure 21 Simulation of Figure 20 with the Option ‘RelTol’=1e-3 for “ode15s”.



7 Simulation of a Complete Hydropower Generation Unit with Generator
Connected to Infinite Bus

In this part the complete generation unit is simulated with both elastic and inelastic penstock
models in parallel. The length of the penstock in these simulations will be 400 m and the
speed of sound has been taken equal to 1000 m/sec inside the penstock. A transient droop
controller with block diagram shown in the Figure 6 will control the turbine guide vanes and
the generator is connected to an infinite bus. The simulation is done for two different
scenarios: First guide vanes closing from 80% open position to 40% open position at t=100
sec will be simulated. In the second scenario the guide vanes reference will be constant and a
generator terminal short circuit at t=50 sec with duration of 0.2 second will be simulated. A
list of parameters and their values used for these simulations is given in Appendix 1.

7.1 Change in the Guide Vanes Reference Signal

Results for this scenario are given in Figure 22 and Figure 23. The difference between the
elastic model and the inelastic one appears in the transients. Nevertheless the only variable for
which the effect of the traveling pressure waves is easily detectable is the pressure at the surge
shaft junction (the local peaks from every 0.8 seconds in Figure 22).

7.2 Short Circuit at Generator Terminals

In this scenario the guide vanes opening reference is constant and at t=50 sec a short circuit
happens at the generator terminals and recovers 0.2 seconds later. The results of this
simulation are included in Figure 24 and Figure 25. As can be seen due to sluggish behavior of
the waterway, the hydraulic parameters are not affected significantly. The important thing
about simulation of this scenario is that “odel5s” was not able to solve it. The simulation is
done with “ode45” with default options instead. “ode45” has an advantage over “odel5s” in
this application. On the other hand, use of “ode45” for simulations in section 6 for complete
valve closure (valve closure until 0.001 p.u. position) is quite slow and hence useless. This
examples show that each numerical integration method has its own advantages and short
comings.

8 Conclusion

Modeling of a high-head hydropower generation unit was considered in this work. It was
shown how to use the “Finite Volume Method” and MATLAB to simulate the behavior of a
penstock when elasticity of the penstock walls and compressibility of the water is taken into
account. The “odel5s” ODE solver in MATLAB was used for the most of the simulations
(except for the generator short circuit simulations). It was shown that under default options,
especially the default relative tolerance, the solution will have some numerical errors which
will distort the solution completely. It was suggested to reduce the relative tolerance option.
For generator short circuit simulations, “ode45” is the right solver. However “ode45” has its
own short comings when we want to apply it to simulations in Section 6.

The model introduced for the elastic penstock was validated in a classic penstock-valve
problem with uniform valve closing. The responses of the model for different conditions were
compared to Allievi charts [2]. It was found that except for high water velocities (higher than
one or two m/s) the results almost agree. Obviously the Allievi charts in [2] are prepared for
pipes with lower friction which shall be considered in mind when dealing with higher fluid
velocities. A Fanning friction factor value of 0.04 was used for simulations throughout this

paper.



A complete hydropower generation unit was simulated for both cases: elastic penstock model
and inelastic penstock model. A classic transient droop controller was used for closed loop
operation.
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Figure 23 Simulation of the Change in the Guide Vanes Reference Signal (continued from Figure 22).
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Figure 25 Simulation of Short Circuit in the Terminal Voltage (continued from Figure 24).
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APPENDIX I

PARAMETERS FOR SIMULATIONS IN SECTION 7

Parameter Value Unit Parameter | Value Unit Parameter Value Unit
Turbine Controller (Parameters of the controller are defined in Figure 6.)
Tp 0.04 [sec] T, 1.75 [sec] Ty 0.2 [sec]

) 0.04 [ c 0.1 - YN 0.2 [1/sec]

yMax 0.05 [1/sec]
Penstock
Lp 400 [m] Agm 7 [m?] 0p 45*pi/180 [rad]
fp 0.04 [-] a 1000 [m/sec]
Head/Tail Water Systems

Ac 25 [m?] Ag 10 [m?] Arwr 25 [m?]
fe 0.04 -] fs 0.04 -] frw 0.04 -]
Lc 4500 [m] Lrwr 300 [m]

hg 40 [m] hpr 5 [m] hrw 10 [m]
Oc 0.2*pi/180 [rad] Og 60*pi/180 [rad] Orwr 0.5*pi/180 [rad]

Generator, Exciter and Bus (Exciter and bus parameters are defined in Figure 8)

r 0.01 [Q] Te 0.1 [Q] Xq 12 [Q]
Xq 12 Ql X} 1.7 Ql Xy 1.7 Q]
T4 6 [sec] Tqo 0.1 [sec] Xg = Xq £9)]
Xq - Q] Kg 400 [-] T 0.05 [sec]
Krg 0.025 ] Trg 1 [sec] Ver 17000 V]

EMN 50000 vl EMAX 50000 vl np 12 [-]

J 170000 | [Kg. m?] wg 100m [rad]/ sec Vs 15000 V]

Xe 1.4 [Q]




Parameter Value Unit Parameter Value Unit Parameter Value Unit

Turbine

Qu 36 [m3/sec] Heg 330 [m] wdesien 1007/6 | [rad/sec]

Turbine efficiency and discharge as a function of guide vanes opening at design head

and design rotational speed (For more detailed model and data of turbine refer to [11].)

Yoy 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Percent of
38 49 60 70 80 88 95 100

design discharge

Efficiency [%] 81.5 87.5 91 93 93 91 90 88
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During the last years, an interconnected four tanks system originally developed at Lund
University has become popular for research and testing of advanced control schemes in
universities across the world. In this system, water is pumped through two independent
variable speed pumps, and flows are split using two three-way valves to feed the tanks.
Different experimental flow configurations can be achieved by modifying the positioners of
the valves. The system is very challenging, since it is nonlinear, it is multivariable with strong
variables interactions, and it may present non-minimum phase characteristics for some
configurations. Most published papers utilize a fourth order state space model to approximate
the system. However, for laboratory scale systems the dynamics of the pumps may be
important, and they should be considered.

In this work a six state variables nonlinear state space model is presented, considering the
tanks and the pumps dynamics. The parameters of the model were fit using experimental data,
and the resulting model was linearized and used to test a Model Predictive Controller on the
experimental system. Since only the levels of two of the tanks were measured, a Kalman
filter was used to estimate the state variables. All the simulations and the implementation of
the control algorithms were performed using the free open-source software package
ScicosLab.



Modeling, Simulation and Control for an Experimental Four

Tanks System using ScicosLab

Carlos F. Pfeiffer
Heggskolen i Telemark
Porsgrunn, Norway

Abstract

For the last years, an interconnected four tanks system originally developed at
Lund University[3] has become popular for research and testing of advanced control
schemes in universities across the world. In this system, water is pumped through two
independent variable speed pumps, and flows are split using two three-way valves to
feed the tanks. Different experimental flow configurations can be achieved by modifying
the valves settings. The system is very challenging, since it is nonlinear, it is multi-
variable with strong variables interactions, and it may present non-minimum phase
characteristics for some configurations. Most published papers utilize a fourth order
state space model to approximate the system. However, for laboratory scale systems
the dynamics of the pumps may be important, and they should be considered.

In this work a six state variables nonlinear state space model is presented, consid-
ering the tanks and the pumps dynamics. The parameters of the model were measured
or fit using experimental data, and the resulting model was linearized and used to test
a Model Predictive Controller on the experimental system. Since only the levels of two
of the tanks were measured, a Kalman filter structure was used to estimate the state
variables. All the simulations and the implementation of the control algorithms were

performed using the free open-source software package ScicosLab 4.4.

1 System description

For the last years, an interconnected four
tanks system originally developed at Lund
University[3] has become popular for re-
search and testing of advanced control
schemes in universities across the world. In
this system, water is pumped through two
independent variable speed pumps, and
flows are split using two three-way valves to
feed the tanks, as described in figure 1. Dif-
ferent experimental flow configurations can
be achieved by modifying the valves set-
tings. The system is very challenging, since
it is nonlinear, it is multi-variable with

strong variables interactions, and it may
present non-minimum phase characteristics
for some configurations. Most published
papers utilize a fourth order state space
model to approximate the system [3, 2, 4].
However, for laboratory scale systems the
dynamics of the pumps may be important,
and they should be considered, as described
in the following section.

2  Model

The fundamental dynamic model for the
level of a simple cylindrical tank comes
from a mass balance, i.e. the change of wa-
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