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Abstract

The desire for precise polymer property control, minimum wastage through grade transitions,
and early instrument fault detection, has led to a significant effort in the modelling and contro}
of ethylene polymerisation world-wide. Control is difficult due to complex Inter-relationships
belween variables and long response times from gas to solid phase.

The approach in this study involves modeliing using the kinetic equations. This forms the
basis of a scheme for real-time kinetic parameter identification and Kalman filtering of the
reactor gas ‘composition. The scheme was constructed off-line and tested on several
industrial polymer grades using historical plant data. The scheme was also converted into a
form for use on the linear low-density polyethylene plant, Poly 2, at POLIFIN Limited.

There proved to be no difficulty in the identification step, but the Kalman filter requires more

tuning for reliable fault detection. The software has been commissioned on-line and results
from the POLIFIN plant match the off-line model exactly.
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Preface

POLIFIN initiated this project in an attempt to explore different advanced control techniques
with the view of improving polyethylene product quality and throughput, as well as plant
stability and operability. Commercial quality control packages are extremely costly and use
published methods. By funding two postgraduate research studies, it was hoped that a novel
solution would be found.

The investigation required close co-operation with the Process Control engineers at POLIFIN
Ltd., Nirmal Narotam and Cilius van der Merwe. During the study, the plant in Sasolburg was
visited frequently in an attempt to gain a better understanding of the Poly 2 process and, at a
later stage, to commission the software on-line.

Other studies and off-line simulations were carried out in the postgraduate offices of the
School of Chemical Engineering at the University of Natal, Durban under the supervision of
Professor Michael Mulholland.

This research study comprises 80 credits, with the remaining 64 credits being flled by
appropriate coursework. The completed coursework is listed below, with the corresponding
credit weightings and results achieved:

DNEL4CN2 Autornation 8.0 73
DSMA4EV2 Mathematics of Control 8.0 83
DNCHS5CT1 Applied Control Theory 16.0 74
DNCHSRT1 Real Time Process Data Analysis 16.0 79
DNELSNCA1 Linear Multivariable Control 16.0 54

This was the first time that the process control group has had a coursework component within
the faculty. The coursework was very beneficial in that it provided an introduction to the
concepts of process control. Algorithms discussed in lectures wefe Used in assignments as
well as in this research study.

The work contained in this document, except where otherwise stated, is my own work.

R.P. Thomason Professor M. Mulholland

Supervisor
QD0|{o3}H _?_c_-crl. c3. 19
Date Date
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CHAPTER 1

Introduction

The global plastic consumption for 1999 was 147 million tons. Of this consumption, 72 % was

polyolefins (mainly polyethylene, polypropylene or polystyrene) and 45 % was polyethylene
((Davidovici 2000).

POLIFIN Limited is the largest producer of linear low-density polyethylene (LLDPE) in
Southern Africa ahead of SAFRIPOL, its principle competitor. The Poly 2 plant in Sasolburg
produces LLDPE. LLDPE has established itself as the third major member of the world
polyethylene business (Schumacher 1996). Its consumption has grown substantially to
exceed 10 million metric tons in 1999. Projected consumption in 2005 is 15 million tons.
Thete are strong indications that the polyethylene market, and In particular the LLDPE
market, is set to grow well into the future.

The LLDPE produced by Poly 2 is mainly used for the production of plastic bags, a
commodity that should be in demand for the next few years at least. The UNIPOL gas-phase
process also has the capability of producing resins with different grades that can be used in
the manufacture of products such as plastic sheeting ard piping.

With these factors in consideration it seems reasonable to assume that the Poly 2 plant
should have a sufficient market for its LLDPE products in the near future. This warrants
attempts to improve the control strategies on the plant, increasing profitability.

1.1 Layout of this Thesis

Chapter 1 introduces the reader to polyethylene, its various derivatives and the corresponding
commercial polymerisation processes used in its manufacture. The chapter following this
looks specifically at the Poly 2 process that was used for the investigation. It also looks
closely at ethylene polymerisation with respect to the reactions that occur to allow polymer
growth. Chapter 3 presents a comprehensive literature review on issues peraining {o the
current problem. It also covers the complex theory behind polymerisation as well as the
theory of the advanced control techniques employed in the project. Chapter 4 focuses on the
current control techniques used at Poly 2 and outlines the control problem. The next chapter
is used to formulate the control algorithm and outlines its objectives. The following two
chapters (6 and 7) present the off-line (in Durban) and on-line (at Poly 2) applications of the
observation application. Finally some conclusions are drawn in chapter 8.

1.2 Polymerisation Processes

In characterising any polymerisation process, certain factors need to be considered. The
monomer used is the first factor. The reaction medium can be emulsion, solution
heterogeneovus, gas-phase or bulk. Also the type of catalyst used is important
(heterogeneous or homogeneous). The types of reactors investigated also vary: batch, semi-
batch, tubular, continuous stimed tank reactors (CSTR), continuous fluldised bed reactors
(CFBR) and continuous stirred autoclave reactors. Lastly there are three types of
polymerisation reactions that may occur. They are homopolymerisation, copolymerisation
and terpolymerisation.

Due to the fact that the investigation is of POLIFIN's Poly 2 process, the parameters to be
investigated have already been set. Poly 2 manufactures linear low-density polyethylene
using a titanium-based Ziegler-Natta catalyst and an a-olefin comonomer (1-butene or 1-
hexene). The catalyst itself has multiple active sites and this gives rise to broad chain length
and copolymer composition distributions. These distributions affect the polymer properties
that govern its end uses.
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1.3 The World of Polyethylene

Polyethylene is a polymer made using the monomer ethylene. It is prcbably the most
commonly encountered polymer in everyday life and it is used to produce grocery bags,
shampoo bottles, children’s toys, and even bulletproof vests. The chain structure is relatively
simple, in fact the simplest of all commercial polymers. A molecule of polyethylene is simply
a long chain of carbon atoms, with two hydrogen atoms attached to each carbon atom (figure
1.1).

G EaEmwRnEE
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Figure 1.1: The Chain Siructure of a Polyethylene Molecule (Michatovic, Anderson et al. 1996)

The main carbon chain often has long chains of polyethylene attached to it. This is called
low-density polyethylene (LDPE). Hydrogen can act as a chain-terminating agent and this
type of polyethylene with controlled branching is known as finear low-density polyethylene
(LLDPE). When there is no branching, it Is called linear polyethylene, or high-density
polyethylene (HDPE). Linear polyethylene is much stronger than branched polyethylene, but
branched polyethylene is cheaper and easier to make.

Linear polyethylene is normally produced with molecular weights in the range of 200 000 to
500 000, but it can be made even higher. Polyethylene with molecular weights of three to six
million is referred to as ultra-high molecular weight polyethylene, or UHMWPE. This form of
polyethylene has the ability to replace kevlar in bulletproof vests (Michalovic, Anderson et al.
18886).

Branched polyethylene is made by free-radical vinyl polymerisation. Linear and linear low-
density polyethylene is made by Ziegier-Natta polymerisation. UHMWPE is made using
metallocene catalysis polymerisation.

1.3.1 Classification, Properties and Uses

Polyethylene (PE), or polythene as it is sometimes called, is the largest synthetic commodity
polymer in terms of annual production (Xie, McAuley et al. 1994). 1t has highly versatile
chemical and mechanical properties, depending on the molecular structure of the material. [t
iS non-toxic and enjoys a wide range of application, including supermarket bags, milk sachets
and frozen food packaging, stretch film, (amination, tanks, heavy-duty sacks and roto-
moulded objects. Figure 1.2 below from James (1986) and Foster (1991) illustrates this well.
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Figure 1.2: Applications of low-pressure polyethylene {({(James 1986) and (Foster 1991))

PE has been classified into four groups, based on density, by the American Scciety for
Testing and Materials (ASTM):

» Low density: 910 — 925 kg/m®
s Low density (also): 926 — 840 kglm3
« High-density copolymers: 941 — 959 kg/m®

« High-density homopolymer: 910 — 925 kg/m® and above.

Normally it is simply referred to as low-density polyethylene (LOPE) at 910 - 930 kg/m3 or
high-density polyethylene (HDPE) at 931 — 970 kg/ma. LDPE can be classified as high-
pressure low-density polyethylene (HP-LDPE) and linear low-density polyethylene (LLDPE).
This is based on the polymer chain structure and its degree of branching. These two resins
share the market and are mainly used for manufactuning films.

Referring to figure 1.3 below, HDPE has few or no short chain branches and as a result it is
very rigid. Therefore it has structural applications like piping and sheeting.

S 4
T

Figure 1.3; Schematic showing chain structures of commercial polyethylene types

LLDPE is formed by copolymerisation with an a-olefin (1-butene or 1-hexene). The orderly
behaviour of the chain is disrupted in that copolymer molecules are incorporated into the
chain and this leads to a short chain branching effect. HP-LDPE has a high degree of short
and long-chain branching and this ensures good processability. It is tough whilst still
transparent and it is this feature that makes it suitable for thin film applications. Interestingly,
the Poly 1 plant, adjacent to Poly 2, produces this pclyrmer.
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1.3.2 Gas-phase Polymerisation

Polyethylene can be produced by at least five commercial processes: tubular, autoclave,
solution, slurry and gas phase polymerisation. Of these, the gas phase and solution
processes commercially produce LLDPE. The gas phase process is the most modern and is
very popular due to its high versatility (it can produce PE with densities of 810 — 970 kg/m3
and with melt indices of <0.01 — 200g/10min). Other advantages include good temperature
control, low operating costs and good comonomer incorporation. With every process there
are some disadvantages. Large amounts of off-spec product can be produced, fouling can
occur, control is complex and a googd catalyst design is required.

There are 56 technologies and processes in commerclal use, many of which are available for
licensing. In fact no two licensed processes have Identical capabilities and no combination of
catalyst and process is able to offer all things to all people (that is low capital and operating
costs, product and process flexibility and low environmental impact) (Davidovici 2000). Many
new polymer grades are introduced every year due to the continual development of catalysts
and the new processes available. Union Carbide has patented a gas-phase process called
the UNIPOL process. This process has been licensed worldwide and it is usad at Poly 2.

Recycle

Vent flow
>

[ | Cycle Gas Analyser
UNIPOL Reacto

)

B Catalyst
Heat exchanger

Fresh Gas Product R
Feeds 3

Campressor

Figure 1.4: The UN{POL (Union Carbide Gas-phase Ethylene Polymerisation) process

The reactor vessel consists of a straight section (the reaction zone) and an expanded section
(the disengagement zone). The latter allows the fluidised polymer particles to disengage from
the reactant gas. Unreacted gases are combined with the fresh feeds and recycled to the
base of the reactor, Due to the highly exothermic nature of the reaction, heat must be
removed from the cycle gas stream. This is achieved via a cycle gas cooler, which uses
tempered water as a cooling medium on the shell side. Conversion in the reactor per pass is
very low (2-3 %) therefore the recycle gas stream Is much larger than fresh feed streams. A
cycle gas analyser is located at the top of the reactor and it indicates the recycle gas
composition. Fresh feed can then be added to maintain a constant gas composition within
the reactor.

1.3.3 Catalyst History and Development

In Britain in the 1930’s it was discovered that a ‘waxy white solid' could be synthesised with
ethylene at high pressure. [t was subsequently discovered that oxygen was needed in the
reaction and its role was believed to be the creation of free radicals for polymerisation. This
type of polymer produced by free-radical polymerisation is now known to be HP-LDPE.
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It was also in 1930 that the first unintentional catalysed synthesis of PE occurred in the
laboratories of C.S. Marvel, a polymer chemist (Coville 1999). The reaction took place at
atmospheric pressure and it involved ethylene and a lithium alkyl. The reaction was not
researched further though. During the 1940’s no real effort was made to pursue this
polymerisation reaction under mild conditions.

The polymerisation world was revolutionised in the early 1950’s when Karl Ziegler (Germany)
and Guilio Natta (ltaly) reported formation of polymers under mild conditions in the presence
of a transition metal catalyst. This gave birth to the industrially used Ziegler-Natta catalyst.
Since then the subject of catalysis in ethylene polymerisation has been the most active area
of research in laboratories around the world. A good catalyst is instrumental in order to
succeed at gas-phase polymerisation. It should have a high productivity, induce proper
kinetic behaviour, have the correct morphology, control the polymer morphology, incorporate
the comonomer; it should be reproducible at Jow cost and it should be easy to feed to the
reactor. The catalyst should also be capable of controlling polymer properties. These include
molecular welght and molecular weight distribution, density, chain branching and particle size
distribution, particle size and polymer chain unsaturation (Xie, McAuley et al. 1994). Ziegler-
Natta catalysis consist of a transition metal salf of metals from group IV to VIl e.g. TiCls (the
catalyst) and a metal alkyl base from groups | to lll e.g. AIEt;,CI, AlEts (the cocatalyst). For
industrial applications titanium salts and aluminium alkyls are normally used (Hamielec and
Soares 1996), This catalyst is used to manufacture HDPE and LLDPE.

A type of catalyst currently undergoing major research is the metallocene or homogeneous
catalyst. At the time of writing, $3.2 bilion U.S. had already been spent In this area
{Davidovici 2000). A metallocene is a positively charged metal ion incorporated between two
negatively charged cyclopantadienyil anions. Without going into too much more detail, these
catalysts offer numerous advantages over the heterogeneous catalysts. Among others, these
are low extractables, improved physical properties, improved clarity and a better heat seal.
Disadvantages include high costs, poor processability, low melt strength and melt fracture.
These first two deficiencies are the major reasons why metallocenes have not penetrated the
market, despite the hype ang good resuits.



CHAPTER 2

The Poly 2 Process

POLIFIN Ltd. has four plants in three major provinces across South Africa: Sasolburg (Free
State), Secunda (Mpumalanga), Umbogintwini (Kwazulu-Natal) and Witbank (Mpumalanga).
The Witbank works produces calcium cyanide, which is used in gold recovery. In Secunda
the plant produces polypropylene., Products produced at Umbogintwini are Chlorine,
Cereclor, Sodium hypochlorite, Sodium hydroxide and Hydrochloric acid. Trichloroethylene is
no longer produced there. The other products shown in figure 2.1 below are produced on the
Midland plant in Sasolburg, with the exception of polypropylene, which is only produced in
Secunda.
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Figure 2.1: POLIFIN's Main Production Units

The main feedstock used in the process at Poly 2 is ethylene, which is supplied from the
nearby SASOL piant This supply of ethylene can vary as a result of fluctuations in SASOL's
production. On the Midland site the Poly 1 plant, which produces LDPE (under extremely
high pressure, using four independent reactors), has priority for the available ethylene
feedstock. The remaining ethylene is then used by Poly 2. The reason for this is that the
market demands for LDPE are more favourable than for LLDPE. Comonomer (1-butene or 1-
hexene) is supplied from Secunda via rail cart.

Until recently only butene was used but after a R53-million upgrade project the plant can now
use hexene as a comonomer. This is in line with international trend of Increased demand for
hexene-LLDPE. The project was commissioned in mid-year of 1998 and ensures that a wider
range of polymer grades, with good mechanical properties ¢an be produced. Production
capacity should also increase from 85 000 t/a to 105 000 t/a (Royle and Rackham 1998).
Elsewhere in the worid, some manufacturers are starting to use octene as a comonomer.

2.1 Process Description

The feed to the reactor consists of ethylene, comonomer, hydrogen and nitrogen. These
gaseous feed streams enter the cycle gas line upstream of the cycle gas cooler. The
ethylene flow is manipulated to maintain reactor pressure and the comonomer and hydrogen



flows are ratioed to this ethylene flow. The gases in the cycle gas line supply reactants to the
growing polymer chains and provide the fluidisation and heat transfer media.

Catalyst and cocatalyst are also fed continuously into the reactor. The catalyst is a
heterogeneous (titanium-based) Ziegler-Nafta type and due to its high reactivity, only small
feeds are required. These feeds are delivered from two feeders that operate simultaneously.
The cocatalyst is triethyl aluminium (Teal, AlEt;). There are two families of catalysts used, an
M-catalyst and an F-catalyst. These produce M and F-resins respectively. Resin is simply a
colloquial name for the product polymer.

The UNIPOL fluidised bed reactor is designed to produce 19 t/h of polymer. The reactor
vessel consists of a straight section and an expanded section. The latter allows the fluidised
polymer particles to disengage from the reactant gas. The typical weight of a bed of
polyethylene in the reactor Is 35 tons. A distributor plate is inseried at the base of the vessel
to distribute gas evenly throughout the bed and to hold the bed, should fluldisation be lost.

Cycle gas
line

Qegassing
bin

Expanded
section

Straight
section

Figure 2.2: Poly 2's UNIPOL reactor

Unreacted gases are combined with the fresh feeds and recycled to the base of the reactor.
A cycle gas compressor circulates these gases through a 30-inch line at a rate of 500 th.
Due to the highly exothermic nature of the reaction, heat must be removed from the cycle gas
stream. This is achieved via a cycle gas cooler, using tempered water as a cooling medium
on the shell side. Conversion in the reactor per pass is very low (2-3 %) therefore the recycle
gas stream is much larger than fresh feed streams. Pofymer is periodically discharged from
the reactor through a slide valve into one of two product discharge systems. These operate
alternately. The product is degassed and proceeds to the extruder, where additives are
included and pelletisation occurs. Figure 2.3 below illustrates this more clearly.
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Figure 2.3: Diagram of the UNIPOL Poly 2 polymerisation process

2.2 Polymer Growth

Figure 2.4 (Xie, McAuley et al. 1994) below classifies the polymer yields at various stages of
the polymer growth.

Catalyst

i L Pol
Particle oin;gmer Mediate

High Polymer
Polymer Yield ¢ Y]eldy

Figure 2.4: Schematic of the polymer growth on a catalyst pariicle (Xie, McAuley et al. 1894)

A catalyst particle is porous in nature and is composed of microscopic particles. These are
called prirnary particles and are bonded by van der Wazals forces. They provide the interstitial
spaces required for a large surface area.

A monomer will diffuse through these spaces and adsorb onto the active sites. The polymer
then precipitates and forms around the primary catalyst particles by the propagation reaction
{explained in section 2.3). In this way the interstitial spaces are slowly filled up. When the
stress between the particles becomes too great the primary paricles, covered in polymer
chains, separate.

The polymerisation process is highly exothermic and the temperature within the catalyst
particle may increase rapidly, causing some of the polymer chains to fuse together. The final
polymer particles are eventually 200-500 microns and consist of aggregates of primary
particles. The shape is governed by the degree of annealing and distorting forces
expenenced during growth.
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2.3 Chemistry: Polymerisation Reactions

There are a wide range of reactions that occur during the polymerisation process. There has
been a great deal of research on Ziegler-Natta catalyst kinetics but to date there is no definite
set of reactions that fully describe ethylene copolymerisation. Models that have been
developed are based on a site balance and are very complex. The existence of multiple
types of active sites makes logical sense but has yet to be proved fundamentally. It has been
established that there are four main stages involved in the formation of polymer, namely
formation, initiation, propagation and transfer. Deactivation and other reactions also occur.
Assuming that all the sites exhibit the same mechanisms but at different reaction rates, the
commonly used set of reactions is given below (Shaw, McAuley et al. 1998).

The organometallic cocatalyst, AlEt;, activates the potential active sites of type ], N*(j) (2.1
below). Monomers of type k, My then join onto these activated sites to form a living polymer
chain of length 1, Ny (1.1} (2.2). This small chaln propagates, with monomers, My joining onto
the end of the polymer chain (2.3). Transfer reactions are able to displace a chain to farm a
dead polymer segment of length ¢. These take place via hydrogen, monomer, and cocatalyst
and can also occur spontaneously (2.4)-(2.7). Sites with monomer, hydrogen, cocatalyst or
nothing aftached to their aclive centres can be deactivated into dead sites, Ng (j)(2.8).
Reaclions with impunties also affect the polymerisation process. These impurities block the
respective active sites and the equations are given in equation (2.9). Impurities can be
desorbed at a later stage (2.12). Sites with hydrogen or cocatalyst attached can also be
displaced by monomer (2.11). Alternatively the hydrogen can be released (2.10).

Active Site Formation: N *(j)+ R—2Y 5 N(0, j) (2.1)
Initiation: N(O, ) + Me—2U 5 Ni(1, f) (2.2)
Propagation: Nl j) + M —22D 5 Nu(1 +1, j) (2.3)
Transfer to Hydrogen: Ni(l, j)+ Ha—2"9 5 Ny(0, j) + O(1, J) (2.4)
Transfer to Monomer: Ni(l, j)+ M —22D 5 Ni(1, j) + O, ) (2.5)
Transfer to Cocatalyst: Ni(l, j)+ R —2L 5 Nx(0, /) + O(, ) (2.6)
Spontaneous Transfer: Ni(l, j)—22— Nu(0, j) + O, j) (2.7)

Spontaneous Deactivation: Ni(l, j) —2Y s Na(j)+ Q(l, J)
N, ) =L Nu())
Nu(0, j) —2— Na(j)
N&(0, j) —* 22— Nu(;)

(2.8)

Reactions with Poisons:  Ni(l, J) +Im —2 Nuw(0, j) + O, j)
N#(0, j) +Im —2%D 5 Naw(0, f)
Nx&(0, j) +Im —24 5 N (0, j)
N0, /) + Im—2L 5 Nu(0, f)

(2.9)

Hydrogen Regeneration:  Nr(0, j)—2L 5 N(0, j) + Ha (2.10)
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Reinitiationby Monomer:  Nw(0, j)+ M;—29 5 N1, /)

(2.11)
Nr(0, )+ M 2D Ni(1, )

Desorptionof Impurity: Nun(0, j) —2L 5 Nu(0, j) +Im
Na(0, j)—2L 5 N(0, )) +Im (2.12)
Nar(0, j) —=L 5 Ne(0, /) +Im

To obtain a clearer understanding of the polymerisation process, diagrams of each of the key
stages of the polymerisation process are shown. These are included below (figures 2.5
through 2.9) and are merely illustrative. They show active site formation, initiation,
propagation, transfer, deactivation and re-initiation. The large circles denote catalyst
particles, which are divided into three sections (types of sites).

K,0)

+ R —

R = AIEt,

(cocatalyst)

Figure 2.5: Active site formation schematic

Triethylaluminium (Teal) is a cocatalyst and its function is to activate catalyst sites on the
catalyst particle. This is commonly referred to as the formation reaction.

k!k(-i)
. I |
» Mk | k=12

l’-\/'\/-)

length 1

Figure 2.6: Initiation schematic

An activated site is now available for the atachment of monomers. These monomer blocks,
My may be ethylene (k=1) or the comonomer, 1-butene or 1-hexene (k=2). The reaction is
known as the initiation reaction and it results in a chain of length 1.

M, [ M, |- 0
e

F - -

. |
Lol =
M 1‘2
length | +1

Figure 2.7: Propagation schematic
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The polymer chain propagates by the addition of further monomers, as in the above initiation
reaction, giving it the name of the propagation reaction.

i=1,2 i=1,2 i=1,2
M, M M,
~~ —~ >
Q(ly)

Figure 2.8: Transfer schematic

The above schematic represents a chain transfer (or transfer) reaction. The diagram shows a
chain with terminal monomer M, attached to site type j(=3), reacting with hydrogen. Other
possible reactions in this category are ¢hain transfer by reaction with monomer or cocatalyst
and spontaneous transfer. These molecules attach themselves to the active centre,
“cleaving” the polymer chain, which results in a dead polymer chain Q.

i=1 Dead

=2 | =3

Figure 2.9: Deactivation schematic

A site can also be spontaneously deactivated. Active sites with no monomer attached or with
polymer chains attached may undergo this reaction. Sites with only cocatalyst and hydrogen
attached (from transfer reactions above) are also candidates for this reaction. These catalyst
particles are deactivated and do not take part in any further reactions.

-

k) -~

tength O length 1

Figure 2.10: Re-initiation schematic
Sites with only cocatalyst and hydrogen attached (from transfer reactions above} can be re-

initiated. This reaction Is simitar to the transfer reaction mechanism. The monomer attaches
itself to the active centre, allowing the polymer chain to take part in potymerisation again.

11
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Other reactions that are not detailed here also occur. These are reactions with impurities (CO
{(a reversible poison), H,0, CO,;, O, and S-compounds) (2.9) as well as desorption of these
impurities (2.12). Hydrogen regeneration is also a possibllity (2.10).



CHAPTER 3
Previous Work

3.1 Literature Review

The availability of speclfic articles on advanced control of polyethylene production appears to
be limited. A small team of well-recognised researchers dedicated to this fleld often writes the
few papers that are available. However, other polymerisation processes and the
corresponding contro! technlques used were 2also expiored. The review presented below
glves details on polyethylene reviews {3.1.1), complex micro-scale modelling (3.1.2), (often
too detailed for any on-line apptications) and the two techniques used in the formulation of a
parameter and state estimation scheme for Poly 2. The final heading (3.1.5) details
combinations of these methods as well as alternative approaches.

3.1.1 Process Reviews

Xie, McAuley et al. (1994) provide an excellent summary of the gas phase polyethylene
production process. Detailed summaries of the major ethylene processes are given, including
the UNIPOL Union Carbide Process. Descriptions of the catalysts used, their development
and production are also included. A large section of the paper deals with modelling of
reactors, including both microscale (kinetic) and macroscale (dynamic) aspects.

A comprehensive literature review of advanced control of polymerisation reactors has been
compited (Embirucy, Lima et al. 1996). The paper discusses reactor modelling and control,
estimation of polymer properties, optimal control and steady-state optimisation, non-linear
control, linear predictive control, adaptive control, classical controllers and alternative control
schemes.

3.1.2 Kinetic Models

McAuley, MacGregor et al. (1990) provide a detailed kinetic model of gas-phase olefin

copolymerisation using multiple active site Ziegier-Natta catalysts. The model is able to

predict production rate, molecular weight and copolymer composition changes in an industrial

polyethylene reactor. Two potential uses for such a model are:

. Simulation and testing of on-line quality control schemes.

. Prediction of the effects of grade recipe transitions on molecular weight and
compositional distributions.

A paper by Shaw, McAuley et al. (1998) gives extensive reaction mechanisms; material
balances on active sites, polymer chains and gaseous components, moment balances, kinetic
reaction data and initial conditions. All balances are for a semi-batch reactor situation but the
equations are easily extended to a continuous situation. This paper is useful in that it updates
some of the aquations and kinetic rate constants in the earlier research {(McAuley, MacGregor
et al. 1990). The essence of the study is described below.

Heterogeneous Ziegler-Natta catalysts used in industry have multiple active sites, each site
having its own kinetic rate constants. Broad chain length distributions (CLD's) and copolymer
composition distributions (CCD's) are characteristic of these catalysts. Measuring joint CL
and CC distribution can be accomplished but the methods are both costly and time-
consuming. The development of a mathematical model that predicts these parameters would
prove advantageous and the authors set about formulating this. The development is
hampered by the need for many kinetic rate constants. These parameters were estimated by
cross-fractionation of the polymer into CL and CC bins using Temperature Rising Elution
Fractionation (TREF) and Size Exclusion Chromatography (SEC). Polymer produced at each
site is then obtained, giving the relevant rates of reaction at each site. Stockmayer's (1945)
bivariate distribution was used to develop a methodology for modelling the guantity of
accumulated copolymer corresponding to each specific bin.

13
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A comprehensive site-based kinetic model is developed by Xie, McAuley et al. (1895). The
model can be used In the design of catalysts to achieve products with the desired
polydispersity. = Other uses include simulation of industrial a-olefin copolymerisation
processes and for kinetic parameter estimation.

3.1.3 Kalman Filters

State estimation techniques are very popular in polymerisation research and one of the most
widely used Is the extended Kalman filter (EKF). Using this technique McAuley and
MacGregor (1983) estimated rate constants and process parameters. A property inference
scheme then updated the polymer properties (melt index (Ml) and density). The effectiveness
of the controller was demonstrated by comparing it to a linear decoupled internal modgel
control (IMC) design. This provides a linear analogue to the non-linear control design above.
The performance of the non-linear controller was far superior to that of the linear controller,
due to the fact that it accounts for nonlinearities. It was found to be capable of achieving near
optimal grade transitions and was able to control product properties at many different grades.

In an earlier paper by the same authors, McAuley and MacGregor (1991) use a scheme to
infer Ml and density in a fluidised-bed polyethylene reactor. While the above-mentioned
kinetic model presented by McAuley, MacGregor et al. (1990) is able to predict these polymer
properties and production rate, it is too complex for on-line use. This article attempts to
provide a simpler model for on-line use. It develops instantaneous and cumulative Mt and
density models. The cumulative parameters require initial estimates and a series of
measurements. Updating of model parameters is needed and recursive parameter estimation
is ideal. Linear empirical models are not suitable since models must hold over a wide range
of reactor products. The methods investigated in this paper and used for recursive parameter
estimation with non-linear models are the extended Kalman filter (EKF) and recursive
prediction error methods (RPEM). The potential benefits of the EKF over the RPEM are:

. The ability to estimate unmeasured model states.

. The potential for estimating several time-varying parameters simultaneously while
controlling the rate of change of each parameter.

o The ability to estimate parameters that appear simultaneously in several highly
coupled models.

] A means of optimally accounting for errors in the measured model inputs.

This study eventually used the RPEM method since it is easier to implement and has fewer
parameters to specify. This article is almost exactly the scheme that POLIFIN wish to
implement, only that the paper predicts Ml and p and not gas ratios, as desired by POLIFIN,

de Wolf, Cuypers et al. (1996) address the problem of predicting the Ml in a polypropylene
slurry reactor. The investigation involved changing the controlled variable from the hydrogen
concentration in the gas cap to the hydrogen concentration in the slurry phase. However
because this variable is not easily measured, a linear Kalman filter was used to predict it.
This was ¢combined with a model predictive controller that was implemented to make up for
the lack of feed-forward in the system. [t was found that this new control system showed
better performance for both grade changes and disturbances.

Valappil and Georgakis (2000) tackie the problem of seiecting the model emor covariance
matrix, Q, for tuning an extended Kalman filter. In the article, Q is referred to as the process-
noise covariance matrix. Estimates for this matrix are normally difficult to obtain and it is often
viewed as a tuning parameter for trial-and-error simulations. The authors investigate two
methods that estimate the maltrix on-line using the current fiiter states. The first method uses
linear approximation of the dependence of the model predictions on the model parameters.
The second method is more rigorous and is for non-linear processes. It finds this non-linear
dependence using Monte Carlo simulations. Although these methods seem to offer benefit
over the trial-and-error technique, the authors still use a single tuning coefficient. This
parameter v is a coefficient of the Q matrix and can be adjusted, should the filter diverge.

Another application of the extended Kalman filter was reported by Becerra and Roberts
(2000), who used it for the state estimation of non-linear systems. A class of differential-
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algebraic models described the system investigated and a time-varying linearisation was
denved for a semi-expiicit, index one, differential-algebraic equation (DAE). A simulation
study, including a single EKF, was then carried out as an example of a semi-explicit, index
one DAE system. A study of a mixing process also showed that for a2 system model with two
index one DAE's, it was necessary to use a bank of estimators. )

Kozub and MagGregor (1992) investigated an EKF, using the semi-batch emulsion
copolymerisation of styrene/butadiene rubber (SBR) as a case study. [t was discovered that
the filter was sometimes slow to converge from state initialisation errors, owing to its recursive
nature. The solution suggested was to implement a second filter, or a recursive prediction
error method. The latter would provide improved initial estimates of the unmeasurable states.
Another approach studied was the use of a full non-linear optimisation procedure. However,
a reiterative EKF provided better results. The Iimportance of including non-stationary
disturbances and/or model parameter mismatch in an EKF implementation was also stressed.

The batch free-radical solution polymerisation process was studied by Crowley and Choi
(1898) using a bench scale setup. The aim of the study was to control directly an important
resin quality control variable, the molecular weight distnbution (MWD) of polymer. An EKF
was an ideal candidate algorithm for the study. The filter used reactor temperature setpoints
and these were recomputed and updated at each sampting point in order to meet the desired
MWD.

In an oider paper by Jo and Bankoff (1976), an extended Kalman filter was used in one of the
first polymerisation applications. A simulation study of the free-radical polymerisation of vinyl
acetate was carried out using a bench scale CSTR. During the course of polymerisation the
impurity concentration was varied. Samples taken periodically from the reactor were
analysed for conversion and weight-average molecular weight It was found that adaptive
and/or iterative techniques did not prove advantageous. This was attributed to the long
residence time in the reactor. Another conclusion was that the initial state estimates had little
effect on the filter. The authors also made the important point that simulation studies of
delailed systems with complex relationships may give over-optimistic results.

Wilson, Agarwal et al. (1998) published a relevant paper that assesses the industnal
feasibility of an on-line state estimator by means of tests on a 1m® semi-batch reactor. Many
mode! predictive control (MPC) schemes find routine applications in the petrochemical
industry but there seems to be a reluctance to use state-space ideas in industry. The reason
is that these techniques require reliable models and a means of measuring states. The EKF
is a simple way of predicting unmeasurable states and the authors use this algorithm to
comment on the industrial feasibility of it There have only been a handful of industrial
applications of the EKF but most applications reported have been in the polymerisation and
biotechnology fields. Both these have expensive measurement alternatives and state
estimation techniques offer definite cost benefits. The authors presented several comments
that they felt were the reasons why the EKF had not penetrated industry on a large scale,
despite good simulation results. A pilot-scale application was studied in order for researchers
to comment on the industrial feasibility of an EKF. It was found that the EKF gave no real
improvement to the state estimation of batch end-point, already achieved through
measurement techniques. This was attributed to plant-model mismatch, poor system
observability at times and poor gquality of state measurements. This led the authors to be
doubtful of the usefulness of on-line estimators in industry. Several criteria in the form of a
checklist were presented for those wishing to pursue industrial applications.

Applications of EKF’s in other areas of research include Tham and Parr (1994) (data
validation) and Zorzetto and Wilson (1996) (bioprocess monitoring).

3.1.4 Recursive Least Squares Parameter Estimation

Varela (2000) applied a recursive least-squares estimation algerthm with a forgetting factor
as part of a self-tuning pressure control algorithm. The estimation enabled mode! parameters
to be determined on-line. This allowed a self-tuning algorithm (along with a first order
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observer and state feedback) to be implemented. Its use was demonstrated for pressure
control in an injection-moulding cavity for thermoplastics.

Some practical aspects of process identification are given by Isermann (1980). Areas
covered include the final goal of the model application, type of process model, required
accuracy and identification method (off-line, on-line etc.). Other sections given are selection
of input signals, selection of sampling time, off-line and on-line identification, data filtering,
model order testing and modetl verification. There is also a bref record of software packages
available for process identification. A useful comparison of parameter estimation methods is
given. These include least squares (LS), generalised least squares (GLS), instrumental
variables (IVA), maximum likelihood (ML) and correlation and least squares (COR-LS).

Mulholland and Seinfeld (1995) used a recursive least squares (RLS) technique to identify
source parameters from air pollution observations. A Kalman filter was used to control the
extent to which emissions were allowed to deviate from a base case.

Afonso, Ferreira et al, (1998) employed 2 RLS algorithm with an EKF in a fault detection and
Identification (FDI) strategy. During normal operation on an industrial-scale pilot plant the
RLS and EKF run and allow faults to be detected and identified. When a fault is detected, the
RLS is halted to prevent contamination of parameters, but the EKF state estimation is
continued. Such a setup could be useful for fault identification, reducing false alarms and
providing redundant measurements for altemative contrel purposes.

3.1.5 Other

Mulholland and Fernandes (1987) present a paper that models the reactor at Poly 2. A model
was developed In order to simulate the UNIPOL process in real time. Open-loop tests
showed that the predictions were in advance of the GC output by 450 seconds. A Smith
predictor was then Introduced with the purpose of establishing the error between the
predicted compositions and the measurements, The predictor then uses the old error to
correct the present prediction. The Smith predictor was combined with a Kalman fiiter to shift
the state to reasonable regions. This proved important in the reactor gas phase, which acts
as a pure integrator. The Kalman filter is simply 2 proportional controlier controlling the state
to set point, which happens to be the measurements. The Smith predictor handles dead time
well, The periodic and asynchronous laboratory data generated in polymerisation industries
makes it an ideal candidate. The Smith predictor therefore used these periodic
measurements and provided the filter with continuous updates. This arrangement, where the
'passive’ Smith predictor was combined with the 'active’ Kalman filter by means of a weighting
factor proved to be advantageous. The disadvantage however is that the formulation of the
Smith predictor is not trivial.

In an article by Lines, Hartlen et al. (1993), mode! predictive control (MPC) is used with the
objective of reducing product variability. The dynamic model was built using pseudo random
binary sequence {PRBS) testing. This was done in order to avoid modifying product
specifications. All tests were done in the open-loop mode. Some step tests were also
required in order to relate manipulated vanables to polymer properties at the extruder. The
modelling involved three stages:

. A linear multipte regression method {o identify impulse and step response weights.

. A more detailed model was used to develop confidence in the model responses. The
method used was based on an approach used by Box and Jenkins (1976).

e All models were configured in a matrix.

Due to the long delay between the analysers and the reactor, a linear properties estimation
algorithm had to be used to infer In(Ml) and density values from the reactor operating
conditions. The estimator proved reliable and was able to provide accurate estimates even
when the analysers were faulty. The algorithm uses internal models of the process matrix to
anticipate future process responses. It predicts future control actions to provide smooth
control. PRBS testing Is a2 good method that can be used to avoid disturbing normal plant
operation. Unfortunately not much detail of the actual algorithm formulation is given. Also,
there appears to be very little literature available on this topic.
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McAuley and MacGregor (1992) present an article that makes use of optimal open-loop
policies, using dynamic model-based optimisation, in order to achieve belter grade
changeovers. The goals of the paper are:

. To formulate a set of dynamic optimisation problems.

) To solve the optimisation problems.

. To determine the effect of problem formulation on the optimal solution.

) To decide which of the optimal trajectories might be desirable for on-line use.

A review of dynamic optimisation techniques and applications Is also given. Some issues
involved in formulation and solving of the optimal grade transition problem are addressed.
Optimal trajectories are shown for a series of grade changes. Lastly, the importance of
feedback control associated with the implementation of optimal off-line grade transitions is
discussed. Three optimal transition policies are outlined:

o Policy 1: Uses butene and hydrogen as manipulated variables.

s Policy 2;: Uses temperature set point and bleed valve position as manipulated variables.

s Policy 3: Uses catalyst feed rate and bed level set point as manipulated variables.

3.2 Complex Site-based Kinetic Modelling

McAuley, MacGregor et al. (1990) and Shaw, McAuley et al. (1998) offer comprehensive site-
based modeils. The latter paper features some changes but it uses a semi-batch reactor for
testing purposes. Thus to match the POLIFIN situation, equations were simply extended to
include inflows and outflows. Also the number of monomers at POLIFIN is two and the
number of sites was taken as three.

The authors used the simplifications below in the model development:

. The recycle stream is very large and the conversion per pass through the bed is very
low. Thus the vertical concentration gradients in the fluidised bed are small and can
be neglected.

e Since the recycle to fresh feed ratio is approximately 40:1 in a normal indusirial reactor,
the plug flow reactor dynamics approach that of a continuous stirred-tank reactor (CSTR).

o A rise of < 3°C from the reaction zone to the top of the bed is typical and vertical
temperature gradients are small. Therefore the effects of small radial and axial
temperature gradients are neglected.

Reaction rates are controlled by the concentrations of reactants dissolved in the polymer
around the active site and not by bulk concentrations in the gaseous phase. This is because
fresh catalyst particles injected into the reactor quickly become covered by polymer.

In order for a model to be developed where one can predict polymer quality variables from
gas-phase concentrations, some assumptions need to be made (McAuley, MacGregor et al.
1880). The first is that the polymer phase is in equilibrium with the gas phase and the
diffusional effects within the polymer phase are neglected. The second is that the plasticising
effects of dissolved monomers on solubilities in the polymer are negligible. These allow cne
to conclude that the partition coefficients between polymer and gas phases remain constant.

[Ml]pol = Kp[MI]gas

where [Mi]por : Concentration of component i within the polymer particles
Ko . Partition coefficient
[Milgas : Concentration of component i in the gas phase

Now, if the rate of reaction occurring at 2 site j is defined by R,
R = k [Ml}poly(o.j)

where K . Rate constant
Y(0,)): : The number of moles of active sites of type | In the reactor
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Hence:
R = k*[M{gasY (0,])

where k* = (kK;) Is a pseudo-rate constant. The balances in section 3.2.1 below use rate
constants of this form.

This convention is used since gas-phase concentrations are measured on-line, whereas
concentrations in the polymer phase are not as easify measured.

3.2.1 Balances

The mass balance equations are of the form:

Accumulation = Inflow + Generation — Consumpticn — Outflow

3.2.1.1 General balances

A molar balance on the potential active sites in the reactor is set out below;

T P ()R N DR NG @)

where F *iu(J) is the molar flow rate of potential active sites into the reactor, N *(j) is a

potential active site of type j, R+ is volumetric polymer outflow rate and V, is the volume of
polymer phase in the reactor.

Similar balances can be seen for the moles of initiation sites N (0, j) and for Nu(0, j) and
Nr(0, J):

dNS,]’) = (/YN *(DR1+ k' m(F)Ny(O, j)+ ka(j) Nt (0, j) —

T . (3.2)
N(O,J‘){"” () Mr)+ k() + "“’U)[Im“Vv}

dNH(g?,j) = Y(O, ko) )+ ksr( )} + Kl j) Nam(0, ) —

(3.3)

Na(0, j){kHT( DIMr)+ K m(J) + kas(f) + kar () [Im] + %}

dNRa(r? ) krr(j)Y (0, [ R}+ ko(j) Nar(0, j) -

— (3.4)
Nr(O, j ){kRT(J')[ Mr]+kas(J) + kar (J) [Im] + IIE;}

and My is the total monomer concentration and is given by:
[M1] = [M4] + [Mg] (3.5)

where [M;] and [M,] are the concentrations of monomer 1 (ethylene} and monomer 2 (1-
butene or 1-hexene) respectively. [R] and [Im] are the concentrations of cocatalyst and
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impurities. Y (0, J) is the zeroth moment of live polymer chain fength distribution from site

type j as defined in equation (3.10) below. I[nitiated polymer chains of Jength 1 with monomer
i as the terminal monomer give a mass balance as follows:

dN"g_;,J') =N 0, LM+ Fon( 1) Nt (0, )L M)+ k() Ne(O, /)L M]

+Y(0, ))kper( J)[ Mi]
kit ( LMY+ kpu(J)LH 2] + ke ) [ M) (3.6)

_N’(I’J) . R . . Ry
+kri(J)[RY+ k() k() + ke (J)[Im] + A

Mass balances can also be written for impurity deactivated sites:

dN___d’;fo' I ()] (¥ (0, 1)+ Ni(0, 1)} - Na(0, J'){ka(f) g g'} (37)
L) —a umI N, J) - Nm(o,J'){ka(j) + %} @8
—deZfO’-") = kur(j)[Tm] Na(0, ) — Nur(0, j){ka(j) +§'-} (3.9)

3.2.1.2 Moment balances

If one adds the balances on living polymer {of length ¢ and with terminal monomer Mi)
together one obtains the moment balances.

_dyizo,—’j) =[ M kir(j)N(O, J) + ker(j) Nu(0, j) + kxr () Nx(0, /) }

_y, ,-){km DUH+ ksr()) + k()R] + k) + k() [lm) + %}
(3.10)

One can obtain balances for the first and second moments of living polymer chain length
distribution as well;

%=Y(o,j>{km</>[Mr]+km<j)[MrJ}
ko )L+ ks () + Rnarr () M)+ k)R]
“YOIN ) kol k (3.11)

+[ MrI{ker(j)N(O, )+ ke (j) Nu(0, ) + kar(7) Nr(0, )}
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D) y(0, k(N M+ hpar ) M)
kprr (Y[ H2)+ ket (1) + knerr () Mr] + krr(J)[ R]
-Y(2,)) +kdf(j)+kzﬂ(j)[[m]+% (3.12)
+[ Mk (JYN (O, J) + kerr(J) Nu(0, j) + kar(j) Nr(0, )}
+2kprr(H{ MT]Y(L, j)

The n™ moment of the living-polymer chain-length distribution Y(n,j), is defined as:

Ny @

Y(n, )= > I"Ne(l, ) (3.13)

k=1 I=1
where £ is the number of units in the polymer chain.

Chain length distributions for dead polymer chains are required for calculating molecular
weight by the method of moments.

D)y )}{ f»mu)[Mr]+iwu>[Hz]+kmm[R]+}
i ker(j) + kadj) + k(L]
(3.14)
~ X))

The n™ moment of the dead-polymer chain-length distribution, X(n,)), is defined as:

X(n, )= "0, j) (3.15)
1=2

where Q(¢,j) is dead polymer of length ¢ produced at a site of type j. Only chains of length
longer than 1 are considered polymer, hence the summation begins at ¢=2. Equation (3.14) is
obtained by writing a mass batance for dead polymer of length ¢ and then inserting the resuit

into the definition (3.15) above.
3.2.2 Pseudo-kinetic Rate Constants

Some of the mass balance equations given above have pseudo-kinetic rate constants. These
are a function of the distribution of terminal monomers at each site as well as the gas
composition in the reactor.

The first is a pseudo-rate constant for initiation of a site of type j, by monomer M,

kir(J) = k(G + f2ke2()) (3.16)

Analogous to this is a rate constant for re-initiation of a site of type j, with hydrogen attached,
by reaction with monomer M.

kur(j)= k() + [ 2k02()) (3.17)

A further relationship exists for a rate constant for re-initiation of a site of type j, with co-
catalyst attached, by reaction with monomer M;.

krr(j) = fikri(j)+ [2kr2()) (3.18)
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The term f; Is simply the mole fraction of monomer i;

fi= [(M]

— (3.19)
[ M) +{ M2]

Following these relationships there are also pseudo-kinetic propagation rate constants:

kor(J) = _f1kon(G) + f2kp2(f) (3.20)
kori(J) =1 () eou(7) + $2()) k() (3.21)
korr(J) = S keri(J) + f 2kera()) (3.22)

Here, @ is the fraction of sites of type j with terminal monomer M,. The equations below are

for a two-monomer system. For a system with more than two, the equations are easily
extended using the cross product.

- S k()
Frien(J)+ 1 2ken2(f)

(3.23)

pr=1—g) (3.24)

The transfer to monomer pseudo-rate constants are defined in the same format as the
propagation rate constants (3.20)-(3.22) above:

kpar(J) = frkm( )+ f2kn2()) (3.25)
kpri(J) = $1(J) krii(J) + g2(J)kr2i(J) (3.26)
kparr ()= Ninmi(J) + f2kpra(f) (3.27)

Other possible transfer reactions that may cccur are {ransfer to hydrogen, cocatalyst and
spontaneous transfer:

ke ()= 17 knnn(J) + @20 kmia(j) (3.28)
kmr ()= 1(N) k() + @ 2(J) kma(f) (3.29)
kst(J) = @ 1(Nkm(J) + 207D ks2( ) (3.30)

3.2.3 Monomers bound in the Polymer

In order to give a prediction of the average composition of polymer in the reactor at a given
time, a balance for Bi can be used. This parameter is the number of moles of monomer
bound in the polymer:

@= Ri— B R
dt Ve

(3.31)

where Rils the instantaneous consumption rate of monomer i. 1t is safe to assume that most
of the monomer is consumed in the propagation reaction. Therefore:
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Ri=Y LMY (0, )hon() (332)
J=

3.2.4 Molecular Weight Properties

The term Fis is the mole fraction of each comonomer in the polymer.

(3.33)

Following on from this is the definition for the mean molecular weight of monomer I:

m=mw Fia+mw2Fio (3.34)

Here mwi is the molecular weight of monomer i. The cumulative number average and
weight average molecular weights can then be evaluated using the method of moments:

— my, XD +Y(, )]

n= Ny A - (335)
2., (X0 N+Y(0, )}

;Zj; {x2,7)+Y2, 1)}

M= Ns
2 XA N+YA, )]

(3.36)

Finally, the polydispersity index can be defined as the ratio of the weight average to number
average molecular weights:

M
M

Zz

(3.37)

3.3 On-line Model Estimation by Recursive Least Squares

Recursive least squares (RLS) parameter estimation - or recursive parameter estimation
(Ljung 1999) - is useful in non-linear processes, which can be approximated, for example, by
allowing the coefficients in a linear representation to vary. RLS estimation is often used along
with an EKF in control problems. Mulholland and Seinfeld (1885) used a RLS technique to
identify source parameters from air pollution observations. A Kalman filter was used to
control the extent to which emissions were allowed fo deviate from a base case. Afonso,
Ferreira et al. (1998) employed a RLS algorithm with an EKF in a fault detection and
identification (FDI) strategy. During normal operation on an industrial-scale pilot plant the
RLS and EKF run and allow faults to be detected and identified. When a fault is detected, the
RLS is halted to prevent contamination of parameters, but the EKF state estimation is
continued.

Consider the system, of which the order, n is known:
;=A;|-|+Ba-l+54-|

Here, A is a n-square matrix of unknown elements and B is not necessarily square, but its
elements are also unknown. The final term indicates a noise component.

Thatis:
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an dn 4dun bu bo  bu

- an dn dAv |- b bn bul-

Xi=| . . . Xi-1+]| . . . UJ-|+51-|
dn Qe Qn ba ba ba

Here the aij and bij are the effective coefficients of xi and respectively and will vary as
the operating point of the process changes.

More simply:
a” b7
- [l:T - b;T -
X= _ |Xi-ai+| U1+ 011 (3.38)
27| BT

a,

- -7
where for example ai=|a,, | and & =[a,, a, am]

a,
and since ;r; =;TZ»
EX A ) WA i
x= 0 X 91 .a + 0, M'.I 9T -) +0i-1 (3.39)
. . - 0 : 0 :
R M | B I T VS

(o)

a
-.;l-l 6T 6T . I_L-l (_)T 6T Z
- 6T ;}-IT 6T . 67- M-IT e 6T
x= 6T . : . . 67’ v [+ 6
R A A T A i | Kt (3.40)
\b"/
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This is now of the form ;(t)zG(t);. During the identification procedure, ;.,;-1 and

u -1 are observed on-fine and the parameters in A and B are found . Hence;(the vector of
parameters to be identified) is updated recursively. This is illustrated in figure 3.1 below:

L [ :
L

Plant
T T T T T T T T T T T T T T T ompter
g R . 5
1 of : B
o % -
L=
Figure 3.1: General On-line Recursive Least Squares (RLS) Identification Configuration
The algorithm is laid out below:
-1
K= MG [GMG/ +R| (3.41)
;=;,-|+K;-|[_}A/:-|—G:-11_)-l] (3.42)
M. =[1-KG|M+Q (3.43)

An initial error covariance matrix, My is defined and is usually chosen to be small {e.g.
0.001xl) and diagonal. Also Q and R are normally distributed error covariance matrices.
These allow the user to place confidence In the model or observations respectively. Here the
error covariance matrice Q determines the rate at which the parameter vector changes, whilst
the R matrix expresses the expected error covariance in the measurements.

Kalman (1960) showed that ¥ gives the optimum gain for the system. Equation (3.41) then
updates the parameters to be identified, using the gain evaluated above to match the

measured vector, y and predicted vector, y. The efror covariance matrix, M is then updated
and the process repeats itself.

This procedure is very useful in non-linear processes where the coeflicients ay and by vary as
the oparating point changes. The RLS procedure then allows on-line automatic adjustment of
the control algorithm on the basis of the first order linear model:

;I=A;1-I+B—l_b-l (3.44)
This is known as adaptive control.
3.4 Kalman Filtering

State estimation techniques for the polymerisation process have been considered by a
number of researchers, including McAuley and MacGregor (1993), who used an extended
Kalman filter (EKF). The idea of Kalman filtering came about some 40 years ago (Kalman
1960). The EKF was created for dealing with non-linear systems and is discussed in a text by
Jazwinski (1870). Not many industrial applications of the EKF are reported, but a fair number
of those reported on are in the polymerisation and biotechnology fields. Both of these fields
require expensive measurement alternatives and state estimation techniques offer definite
cost benefits (Wilson, Agarwal et al. 1998). However, it appears difficult to find the correct
formulation to make it useful in a real process environment (Kozub and MagGregor 1992).
Wilson, Agarwal et al. (1998) go on to assess the industrial feasibility of an on-line state
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estimator. One of the earliest bench-scale applications to polymerisation was by Jo and
Bankoff (1976). Kozub and MagGregor (1992) used an EKF as one of three methods for
state estimation in the semi-batch emulsion copolymerisation of styrene/butadiene rubber
(SBR) as a case study. Mulhoitand and Femandes (1997) use a Smith predictor combined
with a Kalman filter to account for dead time when modelling the same Poly 2 reactor
considered in this study. Applications of EKF’s in other areas of research include Tham and
Parr (1994} and Zorzetto and Wiison (1986).

The Kalman filtering algorithm provides a means of estimating the values of all state variables
when perhaps not all of then are measurable. It uses the linear model described by equation
(3.44) above. G can be defined as a selection matrix, containing 1's to select the measurable
elements and 0's so that the unmeasurable elements are not selected.

;»—I=G;l—l

Hence, the predicted states, ; can be compared with the measured variables, 3. If one

includes the filter with 2 gain matrix giving the necessary increments in E. then the
differences between y, and p can be reduced. The arrangement Is shown below:

x= A% -+ Bt i+ K[ §r-1- G- | (3.45)

With good tuning of the error covariance matrices, Q and R (defined below), the filter tends to
follow observations smoothly, dictated by its attempt to simulate the dynamics of equation
(3.44).

1 1 Lumped Voo
process
PLANT
Observations COMPUTER
v

g cehncou, tkon

_

Xy

Figure 3.2: General Discrete Kalman Filter Configuration

The algorithm {equations 3.46 to 3.48 below) is similar to the RLS above. The equation that
evaluates the gain (3.48) is identical but the other two differ skghtly. Again there are
‘tuneable’ diagonal error covariance matrices, Q and R. Specification of high values in the
model error covariance matrix Q forces the filler to follow observations more closely, whilst
high measurement errors in R force it to follow the model more closely.

K= MG [GMG + R]"

(3.46)
x.=Ax:-.+Bu_»+K.-|[y,-|—G.-.xnu] (347)
M .= A[1- KG|MA" +0 (3.48)
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There are numerous advantages and disadvantages of the EKF and the following have been
obtained from the research of various workers:

Advantages:

Its recursive nature.

Accounts for model uncertainties.

Able to obtain reliable state estimates from a few measurable measurements.
Handles unstable and Integrating processes.

Comparably low computationa! effort.

Its simiplicity.

Robust and theoretically suitable for industrial applications.

The theory is well understood.

Disadvantages:

Local linearisation of model is required.

Assumption of Gaussian and white noise processes.

Requires good knowledge of the process in order to formulate a model suitable for an
industrial application.

Tuning can be arduous and is usually done by trial-and-error.

May diverge under certain process conditions.

Difficult to implement and maintain industrially.
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CHAPTER 4
Control at Poly 2

4.1 Current Control Scheme

There are two main (ayers of control used on the plant: base-layer and advanced layer
control.

Advancad-layer

conirol
Gas Ratios
A 4
A
Base-layer
PID Control conteol

Figure 4.1: Controf layers used at Poly 2

The base-layer is used for control over the reactor environment, that is temperatures,
pressures, flows, concentrations, etc. This is very well handled by multi-loop PID control
systems.

The advanced-tayer controls intermediate variables, such as gas ratios, and the polymer
properties, such as density and MI. This is obviously more difficuit since these properties
cannot be measured on-line. At the top of the advanced-layer is the resin property control
(RPC). This is operating well at Poly 2 under license from Union Carbide. There are two gas
ratios controlled, namely H2/C2 and C4/C2 or C6/C2. These in turn affect the resin
properties. More detail is given in section 4.1.2 below.
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The following figure and description is taken from Narotam (1999).

| ]
Operator Statlons ‘ | ‘

y h 4

RTAP SCADA SYSTEM
Application i
RTAP ALARM Operator Schematics . User
> Programming
Database ‘ SERVER and Panels Interfacs Applications
UNIX with X-WIndows
TCP-IP
protocol
‘ |
| Advanced Control Input/Output '
T "‘ Modules Modules J

||

[ Field Instrumentation |

| PLANT

Figure 4.2: POLIFIN's Control Setup (Narotam 1999)

Polifin uses a Distributed Control System (DCS) supplied by Moore Controls to control the
reactor. Referring to figure 4.2 above, signals to and from field instrumentation are connected
to Input/Output (J/O) modules. These /O modules are attached to Advanced Control Modules
(ACM's). Itis here that the standard PID, sequencing and logic control are performed. Scan
cycle times of the ACM's normally range from 200-500 milliseconds. Ethemnet cables provide
the conneclion with the supervisory control and data acquisition (SCADA) system (the
human-machine interface} and communication takes place via the TCP-IP protocol.

Hewlett Packard's RTAP (Real-time Application Programming) setup is used as the SCADA
system. The system executes on the UNIX operating system on Digital Alpha workstations
(APS1 for development work and APS100 / APS101 on the plant). Data from the ACM'’s are
scanned into the RTAP database every second through Network Interface Modules (NIM's).
This information can be read by an operator and displayed on schematics if required.
Operator actions can In turn be sent from the SCADA system to the ACM's. The alarm
server allows atarming functions to be performed in the database and displayed on the
operator's screen.

The Application Programming Interface (API) allows data acquisition from the database. [t
consists of a set of C/C++ header and library files where objects are provided to access the
RTAP database and the scheduling functions. In order to obtain the requested data for the
study, a custom C/C++ database interface was created by the control engineers at Polifin Ltd.
This allowed data to be sampled from the RTAP database at a user-specified interval (20
seconds In this case). The logged output Is a comma-delimited text file. More detail of this is
given in section 5.3. The full set of data logged is given in table A2 and only the data used for
the study in fable 6.2.

The following operator control strategies are implemented on the plant:
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411 Pressure and Partial Pressure Control

This type of control is vital for controlling catalyst activity in M-resins. In F-resins, although
catalyst activity is unaffected, good control is necessary for economic reasons.

Reactor pressure is kept as high as possible since it increases productivity. Low pressures
may also lead to loss of fluidisation or compressor surging. Pressure is therefore kept
constant and a pressure controller regulates it. This controller regulates the ethylene feed
rate to the reactor.

The reactor pressure tends to fall as the reaction proceeds and additional gas is added to
maintain operating pressure. Ethylene partial presswe contral Is achieved by split-range
control mechanism: addition or venting. If the partial pressure is too low, reactor gas is
vented to flare. Conversely, If it is too high, Nitrogen is injected to lower the partial pressure.

4.1.2 Gas Ratio Control

Two gas ratios, comonomer/ethylene (C4/C2 or C6/C2) and hydrogen/ethylene (H2/C2) are
controlled. These ratios affect the polymer grade that is being produced. Comonomer ratio
predominantly affects density whereas hydrogen ratio mostly affects melt index. However,
the two are inter-linked. In fact it is not possible to make a single change to reactor operating
conditions without affecting both properties.

The incorporation of comonomer into polymer chains causes more short side branches. The
result is that the chains cannot pack too tightly together and this leads to a decrease in
density.

An increase in hydrogen In the polymer chain causes a lower average molecular weight of
polymer and a higher melt index.

Control is very difficult since the polymerisation equations (chapter 3) are coupled and the
system is a multivariable one. Furthermore, the system has large time constants and
responds slowly to changes. Atthe moment the cycle gas is analysed every 3 minutes by two
on-line gas chromatographs. The results are fed to the DCS, which calculates the cusrent
ratios. These ratios are compared with the ratio set points by ratic controllers. The output of
these ratio controllers is multiplied with the current measured ethylene flow rate to achieve a
setpoint for the butene, hexane and hydrogen flow controf loops.

4.1.3 Temperature Control

Optimal reactor temperature is vital as it affects resin density and melt index for both M and F-
resins. The reactor temperature must be kept optimal; increasing it raises reaction rate but if
it is too high the polymer tends to stick together and catalyst productivity decreases.

Temperature affects melt index and density to a lesser extent for M-resins. Thus, when
controlling these properties for M-resins temperature is kept constant and the cycle gas
composition is altered. For F-resins the effect of temperature is much greater, hence
temperature Is adjusted to control melt index and density.

The reactor bed is essentially isothermal due to the good mixing characteristics of fluidised
beds. The reactor temperature is achieved by altering the cycle gas temperature (inlet to the
reactor). This gas stream Is manipulated via the cycle gas cooler. This ccoler has a
tempered water flow passing through it. The closed-loop tempered water system allows the
water to pass either through a heater or a plate cooler (uses cooling tower water). During
normal operation the water passes through the heater but if more cooling is required, the
water is redirected through the plate cooler. A temperature controller compares bed
temperature (measured by a thermocouple located a third of the way up the reactor) with set
point. This signal is then sent to the reactor inlet temperature controller to determine if the
tempered water should pass through or bypass the tempered water cooler. This form of
cascaded control is intended to give a speedy response to temperature variations.
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4.1.4 Catalyst Feed Control

Catalyst feed rate is the primary control variable for production rate. An increase in feed rate
leads to an increase in production rate. This increase in polymerisation requires ethylene feed
rate to be increased and in turn the other feeds are raised. The co-catalyst triethylaluminium
(Teal) is used in the production of M-resin only. It activates the catalyst and also acts as a
poison scavenger. Teal is fed in proportion to the flow of ethyiene by a flow controller.

The production rate is calculated by the simple heat balance:

Cycle gasrate (1 | h) x[CpToea— CpTn|(kJ /1)
Heat of reaction(kJ /1)

Production rate (¢h) = (4.1)

The denominator is actually a “fudge factor’ used to match the actual with the calculated
productlon rate as large amounts of heat are lost from the reactor.

There are two catalyst feeders located on opposite sides of the straight section of the reactor.
Due to the high activity of the catalyst, only small quantities of catalyst are fed (roughly 3
kg/h). Metering discs with holes in them deliver catalyst to a pick-up block where nitrogen
flow can distribute it into the reactor. The control variable is the speed of the catalyst feeder
motor. This is normally Increased very gradually when increasing production rate in order to
avoid chunk formation and hot spots.

4.1.5 Cycle Gas Flow Control

The minimum fluidisation rate is the rate at which bed particles become supported by the
cycle gas flow. This gas flow is however controlled at a point higher than the minimum
fluidisation rate to ensure an expanded bed and a good degree of mixing and heat transfer. It
is not set too high though to ensure that there is no solids carryover. The cycle gas line
features a venturi flow meter for measurement and a butterfly valve on the same line for
control.

4.1.6 Bed Level| Control

Bed level does not affect resin properties but it does have an impact on production rate and
catalyst productivity, both of which will increase with an increase in bed level at a constant
catalyst feed.

The bed level is kept constant and the best level for operation is a few feet below the bottomn
of the expanded section. Therefore bubbles bursting at the top of the bed can scrub off resin
dust particles which would otherwise accumulate Into sheets and slide off the walls, clogging
the reactor. A bed welght controller maintains a constant bed weight by regulating the
product discharge.

4.1.7 Reactor Computer Control

Licensed software ensures that computer control can be implemented on the plant The
reason that this control is used is twofold:

. The process responds very siowly to settings and an operator may not see the results
of a grade change (this may take up to 3 bed turnovers) during a shift. This may
cause over-tampering.

. The resin properties are largely affected by the gas ratios. As mentioned above in

section 4.1.2 these ratios are inter-linked and it is these complex inter-relationships
that make control of resin properties so difficult,
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4.1.8 Melt Index and Density Control

The actual instrumentation diagram for resin property control on Poly 2 cannot be reproduced,
as it is confidential information of Union Carbide Corporation. However, figure 4.3 below
(McAuley and MacGregor (1993)) illustrates a similar setup to the scheme at POLIFIN Ltd.

Product Reactor Ml p.
ﬂ‘“—) Property CO).“IOI > T >
Psp Controller actions i
x & s
I ]
! On-line )
': measurements i
MIj i
o] i Model Pw— X Qv -
i ~Tparamelers roperty vati
parameters Inference 4-%?‘15-@99- Control
Scheme ¢ Pe Laboratory

Figure 4.3: Product property control scheme, similar to POLIFIN Ltd

Due to the fact that Ml and p cannot be measured directly, Ml; and p,, used in feedback
control, are inferred from measurements and theoretical models. These parameters are
updated every few hours by means of laboratory measurements of cumulative melt index and
density, MI. and p.. The property inference scheme predicts values for instantaneous melt
index and density, Ml and p; between laboratory measurements, by using parameter
estimates from the previous update step. The product property controlter then uses these

estimates, setpoints, model parameters and on-line measurements to calculate control
actions for the reactor.

Table 4.1 summarnses the control variables and the corresponding effects on the resin
properties.

increasing variable|F-resins M-resins

M) Density MI Density |
Temperature Increase Decrease [Increase Increase
C4/C2Z ratio Increase Decrease [increase Decrease J
C6/C2 ratio Increase Decrease |Increase Decrease
H2/CZ ratio Little effect [Little effect|Increase Increase |
O2 concentration [Increase Increase N/A N/A
Poisons Increase Increase LittTe effect [Littie effectJ

Table 4.1: Summary of variables affecting resin properties

The computer calculates the instantaneous and bed average properties and suggests set
points required to make a particular grade of resin. The gas ratics required to achieve these
resin properties are given by the computer and are fed to the DCS. Laboratory analysis is
supposedly carried out every 2 hours (although records analysed show new results from 55
minutes to 255 minutes apart) during operation. These actual results are compared with the
computer's predicted results., The computer model is then updated to take these variations
into account.

There is an on-fine continuous melt index unit, which is also read by the computer, but density
uses only the laboratory analysis results.
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4,2 The Control Problem

There are a few problems with the current control scheme:

The gas space acts as a pure integrator, which means that if a certain gas flow is
increased, its composition will continue to ramp until something is done to prevent the
rise. The gas space is also openloop unstable. This prohibits the use of algorithms
such as dynamic matrix control (DMC) on the plant. Interestingly though, a paper by
Gupta (1998) presents a method for modifying the DMC algorithm for use in
integrating processes, such as at Poly 2. The modification allows the steady-state
offset, present during sustained load changes to be eliminated. This wamants further
investigation by researchers working in this area.

The gas flow ratlos controlled are C4/C2, (or C6/C2) and H2/C2. The problem is that
there is no accommodation of imbalances. That is, if the butene ratio needs to be
raised, more butene will be added to the system. However, this will cause the other
ratios to be compromised in an attempt to accommodate the change. That is there is
this nesting effect, and the controllers continuously work against each other.

The polymer properties depend heavily on the gas compositions in the reactor,
These compositions are measured on-line by one of two gas chromatographs (GC's).
Polymer properties respond slowly to settings, making this a difficult control problem.
The plant (aboratory experimentally determines key properties like meit index (M!)
and density off-line and intermittently (new results are entered every 55-255 minutes).
These results are used to update the setpoints for proprietary on-line resin property
control software. Therefore a large amount of off-spec product can be produced
before an incorrect gas composition measurement is detected.
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CHAPTER 5
Control Algorithm Formulation and Operation

5.1 The Control Objectives

One way of overcoming some of the problems mentionegd in section 4.2 is to implement real-
time fault detection and property prediction, using a model. The optimat prediction and
control of the gas ratios can reduce the amount of off-spec product

The objectives of the proposed control algorithm are threefold:

° The primary objective of the proposed control scheme is to improve product quality by
reducing the quantity of off-spec product produced during grade changeovers. This
would arise from better control over the gas ratios, which are used to accomplish
some of these grade changes.

. A secondary objective is better control of the gas ratio control scheme, which wouid
impact on the primary objective, and result in steadier properties in normal operation.

o A fault detection system can be implemented. This will alert operators to erroneous
composition measurements and will support both present and proposed control of the
plant.

51.1 A Different Modelling Approach

A colleague, Ryan Dunwoodie, also approached the control of ethylene polymerisation at Poly
2, but from a different angle. The method used was a “black-box” description of the process
by regression of an artificial neural network (ANN). It was the intention that the ANN would
eventually be used in conjunction with the medel used in this research study (Thomason,
Dunwoodie et al. 2000). The ANN provides a simple means of inversion to obtain a gas
composition controller and will cover gaps in the interpretation of the kinetics.

5.2 Proposed Simpler Model: Algorithm Formulation

McAuley (2000) siresses that different types of modeis are appropriate for different
applications. The temptation is to design a rigorous madel to fulfil every possible need. Such
a mode! would be too computationally intensive for on-line use. Therefore when proposing a
model for on-line use in industry, it is necessary to make simplifications where appropriate. A
complex site-based kinetic modelling scheme (based on seclions 3.2 and 6.1.1) has its
strengths in off-line use. It can be used for prediction of MWD and CCD, given a set of rate
constants.

One of the reasons that kinetic models do not find use in industry is not only the complexity of
polymer reactions but also the fact that these models use a large number of kinetic
parameters. These Kkinetic parameters can be determined for a given set of reaction
conditions via expensive, time-consuming technigues (TREF, SEC).

The plant flow scheme can be simplified for modelling purposes and is shown in figure 5.1
below. This is a simplified version of figure 2.3, showing only the dashed lines around the
reactor input and output streams.
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Figure 5.1: Poly 2 process simplified for the purpose of modelling

POLIFIN has proposed that a non-linear feedforward/feedback controller be designed. This
would be able to account for changes in reactor temperature, vent flow rate, catalyst feed rate
and bed level (the main parameters affecting grade changeovers). The ultimate goal would
be to run a filter/estimator in a feedforward situation on the plant. One would like to know how
much 1o step a flow (e.g. Hy) and for how long (in other words the ramp rate) in order to get
from one steady state to the next.

The complex site-based model has been included in ils entirety in section 3.2 for reference.
Due to the complexity of this model, it was necessary to formulate a reduced model. This is
in line with POLIFIN's final goaj of an on-line application.

The goal of this chapter is to present the formulation of an alternative, simpler model of the
polymerisation kinetics, suitable for on-line use. Whenever a grade change takes place, new
kinetic paramsters are required for good predictions of plant behaviour. This problem is
addressed by using an on-line recursive least squares (RLS) parameter estimator to identify
these kinetic parameters. The values are then used in a state estimation scheme (in the form
of an extended Kalman filter (EKF)) in order to obtain useful state estimates for the reactor.
The piant model is first formulated and linearised into a system of first order differential

equations. It is then discretised and the vector of kinetic parameters, ; for the RLS is
isolated. Thereafter the algorithm sequence for the RLS and EKF are presented respectively.

Using McAuley and MacGregor (1993) as a basis, simplified balances were written for
ethylene, comonomer, hydrogen, nitrogen, catalyst sites, monomer fractions in the polymer
and total gas and polymer in the reactor. These balances ((5.1) through (5.11)) can be used
to predict gas and solid molar inventories in the reactor, given flow rates of ethylene,
comonomer, hydrogen, nitrogen, active catalyst sites. vent and product.

dl = Fo— keinesnas — ﬁJ)’I«')— Fo.$:0101 (5.1)
dt N,

iy =Fo—kun - —[i]”u = Fisnes (5.2)
dt N,
dﬁ'r t F.

= F‘B — kl‘ ety —| — |Hev— FpStJ’IL'o 53

a ( N,) (53)

34



CHAPTER S CONTROL ALGORITHM FORMULATION AND OPERATION

dnm F.,
—= F/n ~ knﬂmn.u' =1 — |Mur— Nz 54
i (37 e =
dne_ g, [i}m (5.5)
dt N:
\
%= FAS_{E us— Karta (5.6)
d[ Np}
/ A
dnss = ke atians — £ Fr2 (5.7)
dt N,/
9 4 N\
dn. = krilrats— ﬂ Nrs (5.8)
dr N, )
4 \
drire = Krehirshias — ﬁ Nre (5.9)
dt N
AN,
y =Fa+ Fet Feot Fint Fon— Fo— (knﬂcx + kouneo+ keehics + k.uﬂm)ﬂ.u— gllNg
(5.10)
dM = (knﬂn + Kkeanci+ kﬁancr.)n,a- - F,
dt (6.11)

Nas is the number of active catalyst sites in the reactor

F, is the vent flow of gas

Fr is the polymer outflow rate (as (kmol C,, Cs, Ce) 57)

Ney is the moles of monomer/comonomer in the gas

Ny, and ny, are the nurnber of moles of hydrogen and nitrogen in the gas
Npx is the number of moles of monomer/comonomer present in the polymer.

Ke; is the propagation rate constant for ethylene

kes is the propagation rate constant for butene

kps is the propagation rate constant for hexene

ky is the rate constant for hydrogen

gwx is a mismatch factor to account for uncertainty in the hydrogen mass balance
k4 is a deactivation rate constant

Nas is the total number of moles of active sites in the reactor

These equations are simplified into a manageable mode! later.

The total number of moles in the gas phase is estimated using the ideal gas law:

_PV.

Ny
RT

(5.12)

and the total number of moles of solid polymer phase is evaluated as follows:

N, = bed mass / mMMp (5.13)

Here mMMp is the mean molecular weight of polymer and Is calculated from the individuai
monomer molecular weights and their corresponding mole fractions. These are evaluated
from the cycle gas analyser readings.

Then the unmeasurable fractions of monomer and comonomer in the polymer are calculated
as follows:
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ney = X_typical*N, (5.14)

x_typical is a vector containing typical mole fractions of monomer and comonomer in the
polymer. The mole fraction of butene comonomer in the copolymer has been correlated in
figure 5.2 below (McAuley 1891), This figure was vsed as a guide for obtaining initial
estimates of x_typical for the various grades tested. This parameter was initially estimated at
0.88 for ethylene and 0.02 for comonomer. The situation was later improved In that the
Kalman filter was able to provide updated estimates.

8950
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| 940, .
935 | P
930 |
925

Density (kg/m®)
s
.

920 .
915 .

910 - ; : : :
0.01 0.015 0.02 0.025 0.03 0.035 0.04

Mole Fractlon Butene in Copolymer

Figure 5.2: Mole Fraction Butene in Coploymer

A basic linear open-loop multivariable system can be represented as a system of first-order
differential equations as follows:

d x - _

—=Ax+Bu (5.15)
!

where v are the inputs and x are the outputs.

The system under investigation takes the form:

F n
Hence, writing equations (5.1) through (5.11) in vector form:
dn - -
—=An+BF (5.16)
dat
where
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nm-‘
HMca
RNce
N

N

A=n“K+%G+g+%(H+Hu)+P;h (5.17)

£ Hd

The matrices used in parameter A above are of dimension 11x11 and are K, G, g, H, Has and
h.

Ner Mo Res  Npm M Ne nm M Nrs N, N,
nal|—ka 0 0 0 0 0 0 0 0 0 0]
niee| O -k« O 0 0 0 0 0 0 0 0
nee| O 0 k. 0 0 0 0 0 0 0 0
naa| 0 0 0 ke 0 0 0 0 0 0 0
ne| 0 0 0 0 0 0 0 0 0 0 0

K=ns|0 0 0 0 0 0 0 0 0 0 0
nrs | K 0 0 0 0 0 0 0 0 0 0
nea| 0 ) 0 0 0 0 0 0 0 0 0
nrs| O 0 Koo 0 0 0 0 0 0 0 0
Ni-k: ~kn —ke -k O 0 0 0 0 0 0
N, | ks ks Kes 0 0 0 0 0 0 0 0]

K is the propagation matrix. It contains the kinetic rate constants and selects the gaseous
species taking part In the formation of polymer from monomer.
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CHAPTER S

N,

Hca Nce Nz Ny No Nrr Nnr Nrs

Jicr

-1

0

Ha| -1

ne| 0

Nen 0
iy 0
Ny 0

G =nes

na| 0
Mra 0

M

N|O

N,

The G malrix selects the fraction of each gaseous species leaving the reactor via the vent.

N;

Nca Nce N Ny N nex Nin New

ne

0

-

nes| 0

Nca o

nei 0

| O

Nua 0
H=ns|0

ne| 0

Nre O
nw| O

N O

Nyo

H selects the mole fractions of each monomer in the polymer leaving the reactor with the

product,

MNrs N f] A’r

o4

N Hce Na: Ny N nri

Her

Nne 0

Nca 0

N 0

nm| 0

nu| 0

=n«s|0

H

nm 0

T 0

nrs| O

ALY

N,

Has is similar to H but selects the fraction of active sites leaving the reactor with the product.
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ne e Mee  Mm b ) Hs  Nr M4 Mrs N, N,
1| 0 0 0 0 0 0 0 0 0 0 0]
n] 0 0 0 0 0 0 0 0 0 0 0
Yice| O 0 0 0 0 0 0 0 0 0 0
mn) 0 0 0 -gn 0 0 0 0 0 0 0
1| 0 0 0 0 0 0 0 0 0 0 0
g=n«|0 0 0 0 0 —k 0 0 0 0 0
nn |0 0 0 0 0 0 0 0 0 0 0
ned| 0 0 0 0 0 0 0 0 0 0 0
| 0 0 0 0 0 0 0 0 0 0 0
M| 0 0 0 -gn O 0 0 0 0 0 0
N; [0 0 0 0 0 0 0 0 0 0 0]

This matrix accounts for site deactivation (kg) and for uncertainties in the hydrogen mass
balance (gu).

Her Me< Mea My M Mo Niy M Nra N, N,
ne=si 0 0 0 0 0 0 0 0 0 0]
ned 0 =5 0 0 0 0 0 0 0 0 0
ne«| 0 0 —8s 0 0 0 0 0 0 0 0
x| O 0 0 0 0 0 0 0 0 0 0
e 0 0 0 0 0 0 0 0 0 0 0

h=n«|0 0 0 0 0 0 0 0 0 0 0
nea| O 0 0 0 0 0 0 0 0 0 0
nea 0 0 0 0 0 0 0 0 0 0 0
nee| 0 0 0 0 0 0 0 0 0 0 0
N:| -5 —5 -5 0 0 0 0 0 0 0 0
N[0 0 0 0 0 0 0 0 0 0 0]

h selects the moles of monomer and comonomer dissolved in the product copclymer leaving
the reactor.
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Ng=nca+ Neg+ nes + Nz + Nz
Np = Npa + Dps + Npg

The matrices K and g contain the parameters Kpz, kps, kps. kn. Gn, kg that will be identified by
recursive least squares. To do this, first consider that the matrices K and g and the scalar
parameter nag consist of some "original” part K,, go, Nage and a small deviation from this, AK,
Ag, Anas. Then

A0=HASOK0+&G+gO+B(H+HA5)+FPh (5.18)
Ng Np

A= A, +n 4 5,0K + K, An 45 + Ag {5.19)

dn

—={A4d +n, AK+K A .+Agyn+BF
dt {41, Artys + A} 7 (5.20)

= A, n+BF+{nsAK+K,Mn g +Ag}n

Assuming that the deviation portion makes only a small contribution to the integral, use it to
obtain an "Euler" contribution only:

R = €7, +[I- ™ |4 BF +{ng 0K +K,0n,+Ag)T, At
(5.21)
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Now
{ n45,0K + KyAn 45 + Ag}iias =
—dkpanca, )
—8kpgnca
-Akpgnce,
—8kyngya
0
n (5o 0 +4n 15,0
Akpancy,
Akpance,
Skpgnce
—&kpangy, — Akpanca — Mkpgneg - Akynyz,
Qkpanea, + Skpancy, + Skpance,
(-1 450nC 21 0 0 0 0
0 ~P4507C4r 0 0 0
0] g =N 4507C8¢ 0 0]
0 0 0 —nASaiy2 My
0 0 0 0 0
= Af 0 0 0 0 0
nf‘SD"CZl 0 0 0 0
0 nas,n04 0 0 0
0 0 n45oNC61 0 0
“ASs"C21 TNASONCAr TN ASoTC8:  TNASoMH2r TNH2¢
naSoMC2r  MASeTCAl  TASoTCE: 0 0

The large matrix is G|y and the vector following it is ; (as seen in equation {3.42)). Thus

/7 N
P2

Ade
Akl-"é
ﬁl-er.l =A.7_1‘ +B.F +G}D AkH

/

ie. ¥y = Go ;

with  y=7,, — AR - B.F

—kpaonca ¢
—kpaancas 0
—kpeance: 0
~kyon2 ~Agy N2
0 0
0 + N _kd"AS
kF?o"CZJ 0
kpsonica 0
kpeotice: 0
=kp2o71c2 — kpsaicas — Kpeohcer — KHotH2 -dgyNy2
kpagnca +kpagncar + kpeonce, . O
(5.22)
0 —kpaonca 1
0 —kpgonca;
0 —kpgolices akpp
0 =k pon 124 Akpg
0 0 Akpg
Y 0 Aky
0 kp2oncay Agg
0 kpaohcas Aky
0 kpasncor An g
0 ~kp2onic2s = kpaoncar — kpeancer = knol 2
0 kpaoncar + kpapncas + Fpsance, ]

(5.23)

(5.24)

The polymer molar inventories cannot be observed, so an 8x11 selection matrix is used to

restrict to measurable states;
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Setting
y' =Cn,, — CAR - CB. F
=n', —AA - B F
with 4. = C 4. C
Then
y' =G'n 12 (525)

Now the right-hand-side above can be evaluated on each step to give a “measured” ). The

caiculation sequence, in which an optimal gain K is calculated on each time-step, is as
foltows:

K‘-I = M‘_‘ Gm;,_l‘ [Gml-l [MI-I GID:_.I + R]—I (526)
p=p.+K_ [.;‘ - Gu,_, ﬁ:-a] (5.27)
M, =[I~ K Gu, | M, +0 (5.28)

Here the error covariance matrix Q determines the rate at which the parameter vector
changes, whilst the R matrix expresses the expected error covariance in the measurements
of ). The filter covariance matix M, is initialised with small diagonal terms. In this case the
parameters found on each step are incremental adjustments to the kinetic rate constants.

The RLS identification of the kinetic parameters kps, Kps, kps, Ku, @n, ke @nd ngg is represented
graphically below in figure 5.3.

- Ra1l Process = r
. Plant
Computar
n_ |
Ky
. K.
n., RLY i
| gt Tyl identifieation | = » k"-
of xH
2 Mode! O
vy » —+ fas
K

Figure 5.3: RLS Identification procedure for parameters kez, Kps. Kps. Kn, @a. Nas and kg

The kinetic parameters identified from the above procedure are now used in a state
estimation scheme In the form of an extended Kalman filter. The filter is based on the full
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state equations, which include the three polymer composition terms (mofar inventories), as
well as the gas molar inventories.

R, = €7, «[1-e* ]| 4'BF,
ie. i, = An, +BF

The calculation sequence Is

K = MGL[G, M,G, +R]" (5.29)
B = A7 + B F+K][),-Gen] (5.30)
M, =4 [1-KGu|MAT+ 0 (5.31)

The Gy matrix, consisting of 0’s and 1's in this case, selects the measured variables from the
full state # for comparison with the actual measurements ~. Notice that varying A" and B’
matrices have been specified (EKF) to accommodate the RLS parameter updates.
Specification of high values in the model error covariance matrix Q forces the filter to foliow

observations more closely, whilst high measurement errors in R force it to follow the model
more closely.

This filter runs on a smaller time step (20s) than the parameter estimator, and asynchronously
with it. 1t takes the present flows and measured gas inventories (composition x Ng) as inputs
(selected by Gy from the full state) and uses these to obtain a full state description that
recognises to some extent the mass-balance. The filter acts as an observer and is useful for
fault detection. An instrumentation fault will be revealed as an excessive difference between
original and filtered signals. The identifier runs in the background, providing new parameters
for the A and B matrices of the model. These kinetic parameters are only updated every

time 2 GC update is detected (approximately every 180 s). This overall scheme is iliustrated
in figure 5.4 below.

B Plant inputs " Lumped Present plant n .
process outputs >
- PLANT
COMPUTER
Identifier plant
[MEedsurenients
I y
1
! [ ! metedIcled
Kalman = _ ura outptis
H ey DeaTAM+BE+K[y-Gn)
1 ’

—1sd |

z

Figure 5.4: The State Estimator configuration — discrete Kalman Filter with the RLS Identifier

A" and B’ as seen in the state estimator and A. and B. and as seen in the RLS
parameater estimator are discrete forms of A and B. In order to get the discrete system for
integration the matrix exponential is used. This is in effect a zero-order hold (ZOH) that
allows samples to be taken at discrete sampling time Intervals ‘At. The sampling interval for
the filter will be 20s whereas for the identifier it will be governed by the interval between
successive GC update detections (mentioned above and in section 6.2.2).

For exampte, for the Kalman filter, the system goes from:

43



CHAPTER S CONTROL ALGORITHM FORMULATION AND OPERATION

dn_ 4n+BF (5.32)
di

to:

mi=Am+B Fi (5.33)
A‘ =eA.AI

B =[e™ -NA"'B

Therefore:

na=e* ni+fe™ ~I)A7 BF (5.34)

5.3 Analysis of Historical Data

The purpose of this procedure Is to arrange historical plant data in a format in which it can be
visually inspected with the intention of gaining a 'feel’ for the plant characteristics. The
procedure used in formatting raw plant data is as follows. The section of data to be analysed
was selected, all the series adjusted to a simllar scale and all the relevant data series plotted
on the same set of axes. From the adjusted plot the following important aspects were noted.

e The relationships between the plots illusirate the basic dependencies between the
variables. This assists one in understanding the dynamics of the system.

s The rates of change of the curves give a very important indication of the time dynamics of
the process. This is important for choosing the data-sampling rate to be used for the
model. The required sampling rate should be short enough to properly define changes in
the curves, but not too short so as to cause unnecessary calculations.

For the purposes of running the original site-based off-line model it was necessary o
determine a set of average operating conditions, during which the plant behaviour was stable
and representative of standard plant conditions. This serves as a base condition from which
to run the models and test the effect of disturbances. These average conditions were chosen
from the plots during a period when all the series on the plots showed little change, indicating
that there were steady conditions on the plant.

After formulating the simpler non site-based model, actual plant data was used. During the
first visit to Sasolburg, the tags (e.g. a flow process variable FC_5080.PV) that were thought
to be relevant were noted. A logger was then set up to log these tags at the desired interval.
These were periodically sent to Durban via e-mail. A complete description of all the raw plant
signals logged is given, in the order logged, in table A.2.
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Parameter Description Units Logged [Units used in sottware
ETHFLO R1 ethylene tiow control kg/h kmol/s
BUITFrLO R1 butene tlow control kg/h kmol/s
HEXFLO R1 hexene flow control ka/h kmol/s
H2FLO R1 hydrogen flow control kag/h kmol/s
N2_FLO Cat feeder support flow Nm=/h kmol/s
CAT_FDR1 Catalyst flow rate - feeder 1 ka/n Kg/s
CAT_FDR2 Catalyst flow rate - feeder 2 kg/h kg/s
R1VENT_FLO |R1 reactor vent Nm>/h kmol/s
Prod Rate Production Rate t/h ka/s
ReacTemp R1 Bed Temp. Control °C °C
RT1PRESSURE |[RT pressure control KPa-g bar-abs
ANAL_1_on A tlag for which analyser 1s on - -
ETH_T Ethylene analyser 1 % %
eElH_O Ethylene analyser 2 Yo %
sUT Butene analyser 1 % %
sUT Butene analyser 2 Y% Yo
HEX Hexene analyser 1 % %
HEX Hexene analyser 2 % Y%
HYD Hydrogen analyser 1 % %

D Hydrogen analyser 2 % Y%
NIT Nitrogen analyser i Yo Yo
NIT Nitrogen analyser 2 % Y%
ETHANE Ethane analyser 1 % %
ETHANE Ethane analyser 2 % %
{SO 1-C5 anatyser 1 Y% %
SO i-C5 analyser 2 Yo %%
C4_INERTS C4 inerts analyser 1 o o
C4_INERTS C4 inerts analyser 2 % %o
Co_INERTS Co Inerts analyser 1 % %
C6_INERTS C6 inerts analyser 2 Y% Y
BED_WEIGHT |RT bed welght t kg

Table 5.2: Plant data used in the software

Some of the points logged were not required for use in the software, A list of the tags that
were however used is given above in tabje 5.2. The logger was eventually amended to reflect

only the above variables.

Original plant data were sent in a comma-delimited text format. Then data were manipulated
in a spreadsheel, extracting only the 31 relevant columns of data listed in fable 5.2 above.
The off-line software requires that this data be stored in a text format for it to be read during a
run of a program.
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CHAPTER 6

Off-line Applications

MATLAB?® is a program by MathWorks Inc. The code was first written in this language since it
is easy to use and code is easy to read and understand. It also handles matrices extremely
well (MATLAB is short for MATrix LABoratory) and these are present throughout the proposed
control algorithm. Another feature of the package is that graph plotiing and annotating is
extremely simple. This was vital for both debugging and analysis of results.

6.1 The Site-based Model

Two researchers, Guillard and Mulholland had already done some programming work in this
area in 1998. The code followed the paper by McAuley, MacGregor et al. (1990). The
system modelled was a 2-site, 3-monomer system.

The Poly 2 plant has a 3-site Ziegler-Natta catalyst, a monomer (ethylene) and a comonomer
(either 1-butene or 1-hexene - onty one is used exclusively). The work by Gulllard and
Mulholland was thus altered to match this. Furthermore, it was found that the kinetic
parameters used by McAuley, MacGregor et al. (1990) above had since been updated in a
later paper {((Shaw, McAuley et al. 1998). These were incorporated as well {o update the
code. The rate constants used can be found in table A.1. Note that the model used by Shaw,
McAuley et al. (1998) only caters for a 2-site catalyst. Hence, as no further kinetic data were
available, the same parameters as for site 2 were used for site 3.

Parameter |Value Units

MW oinyiene |28 kg/kmol

MW uiene 56 kg/kmol
Mwhaxene 84 kg/kmol
VPnax 40 m°

R 0.08314 |bar.m’/kmol.K
p 920 kg/m*~

Table 6.1: Fixed parameters used in the sited-based model simulation

Table 6.1 gives some parameters that were used in the simulation model. The normal
operating temperature and pressure of the Poly 2 reactor have been withheld for
confidentiality reasons. The volume of the reactor vessel itseif was found among equipment
specifications. Due to the fact that there is so much cycle gas in the recycie loop, the volume
of the loop was added to this initial volume. An estimate of the lengths, beights and
diameters of the lines was obtained by pacing out the loop on-site. The density of polymer
was set at 920 kg/m°.
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Initialisation

Yes No
Freq>07?
Vent Add N2
)
N
Yes No
Polymer outflow No polymer outflow
(open slide valve) (close slide valve)

| |
Evaluate:
- Moles
- Mole fractions
- Step moles
- Concentrations
- Pseudo-rate constants
- Site balances
- Moment balances
- Step site and moment balances
- Consumptions, polymer volume
- Molecular welght parameters

Store for plotting

Plot

Figure B.1: Organogram of the Site-based Model's Software

Figure 6.1 shows the basic flow of information in the site-based model. No historical plant
data were used in the running of this software. Steady plant flows were used as inputs. After
initialisation, 'Freq’ (the flow required) was calculated using a pressure set point and the ideal
gas faw. If the flow was positive, the vent was opened and if negative, nitrogen was added.
This was an attempt to simulate the split-range control mechanism: addition or venting. A
VVpmax’ was set ang if the volume of polymer in the reactor exceeded this maximum, product
was allowed out. Following these steps, many parameters and balances were updated.
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6.2 The Simpler Model

Figure 6.2 below iliustrates the logic used in the simpler software developed. It is analogous
to the control diagram in figure 5.4. After initialisation, new readings are scanned from the
logged historical pfant data stored in text files. Data is iogged at 20-second intervals from the
plant. These new data are then compared with old data to test whether the GC has been
updated. If it has (usually detected every 180 seconds), the identifier uses these new
readings in order to update the kinetic parameters. The Kalman filter then runs, using these
new parameters. Should there not be a GC update, the Kalman filter will still run, using the
last set of kinetic data.

‘ Initialise

Scan New ‘
Readings

| \;—-

A
Yes No

[ Identify and |
— Update
Parameters

Step Kalman |
Filter

Figure 6.2: Organogram of the Simpler Model's Sofiware
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6.2.1 Project Stages

Below is a schematic that shows the various blocks of code that were written for the project.
A block of code is denoted by the inner rectangles.

@ Model —|— Identifier

Update

Maded Detection

Identifier

» GC Updates

Update

ifi
Detaction ldentifier

Real Process Data >

Update .
Real Process Data " Defection Identifier —Jl ModelFilter

On-line implementation at Polifin

§ Update P
@ Model |——» GC Updates Detection »  ldentifier » ModeVFiiter

Figure 6.3: Dlagram of the blocks of code used in bullding the on-line algorithm

Stage 2 simulates a GC update on the plant so that the measured output variables can be
synchronously compared with the model predictions at the time of update. Thus the 'GC
Updates' block and the ‘Update Detection' block were built into the code in stage 1 to simulate
this timing aspect

Stage 3 is merely the same code as in stage 2 but with the Polifin process data being passed
through it instead of fixed flows and arbitrary mole fractions.

The next step (stage 4) required the attachment of the state estimator (extended Kalman
Filter). This uses the parameters estimated in the RLS algorithm above, and predicts the gas
compositions. It also has the ability to predict additional properties, namely ngy, nes and nps.

The fifth stage involved the passing of real process data through the model in order to test
whether the algorithm was ready for on-line implementation.

In an on-line sifuation, fault detection would be simple: deviations from the identifier kinetics
will be easily observed if for example an impurity causes n,g to decrease. Faulty gaseous
measurements will also be detected since there will be predicted trajectories corresponding to
these measurements. Significant deviations from this trajectory will alert the operator to the
possible source of a fauit.
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6.2.2 Why are all results scaled?

A secrecy agreement with POLIFIN Ltd. was signed at the beginning of the project. This was
so that all plant operating data is protected from the public. This is also common practice by
most pofymerisation researchers. For this reason, all results were scaled from 0 to 100.
Dividing a data point by the maximum of the range of data and converting the result to a
percentage did this. The scaling may cause some confusion in certain areas but,
understandably, the agreement must be honoured.

6.2.3 GC Update Detection
An array called 'buffer was created, 'Nbuffer’ rows, (100) long by 'Nm'’ columns, (20) wide.

‘Nm’ is the number of measurements obtained from the plant (see fable 5.2).
Nm

Nbuffer buffer

Figure 86.4: lllustration of the ‘buffer’ array, showing dimensions

This array is loaded with historical plant readings on each time step. The first five entries are
process inputs and are flows. The sixth entcy is the total fresh catalyst feed rate and is used
for the active site flow. The next two entries are vent fiow and production rate, which are
followed by operating temperature and pressure. The following nine entries are outputs from
the GC analysers, used for update detection. The final column sequired is the bed weight,
which is used in calculating the volume of polymer in the reactor.

A line of data is written into the buffer array with every time step (20s). Once the buffer array
is sufficiently full, computation begins. When data have filled the entire array, the oldest data
are overwritten (i.e. in position 1) with the current data.

For detecting updates, the current and previous rows, '‘DatalLine’ and 'LastLinelndex’ are
compared. If any of the entries from the two rows differs, a GC update Is signalled. A
tolerance can be set on this though.

The gas phase compositions from the GC are only updated every 180 seconds at POLIFIN.
Thus updated gas compositions are always as a resuit of the corresponding input flows 180
seconds ago. Therefore it is necessary to search back 180 seconds in the buffer array for the
flows that correspond to the current GC compositions. The flow corresponding to the last GC
update is also read and the two are combined to form an average. This is more clearly
illustrated In the cyclic file extract and XL graph (fable 6.2 and figure 6.5 respectively). in
order to calculate the GC update inferval, the difference between 'buff_pointer and the last
GC update, ‘pointerlastupdate’ is calculated. If this gap is less than 4, ‘Nbuffer' is added to
'‘gap’. The interval, ‘dtGC' is then this gap multiplied by the logging interval, 'dt'. The
parameter ‘pointerlastupdate’ is made equal to ‘buff_pointer’ for use the next time an update
is detected.
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The interval between GC updates at Poly 2 is 180s. The updates detected by the software
are generally between 140-180 seconds but it is not important to get the exact time of update,
provided that the correct corresponding flow is used. When a GC update is not detected for
1000s, one is forced, simply to get an update on kinetic data.
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- 0 “?: Gl

ETH_1 BUT

ETHFLO C6_ BED_WEIG
(kmol/s) kg
18912 100.0 100 100 100 99.53 100 100 100 100 99
2 89.19 100.0 100 100 100 9953 100 100 100 100 99
flowread2 3 98.88 100.0 100 100 100 ©€9.53 100 100 100 100 89
4 098.96 100.0 100 100 100 909.53 100 100 100 100 09
5 98896 — 1000 100 100 100 99.53 100 100 100 100 100
flowread1 6 9868 100.0 100 100 100 ©8.53 100 100 100 100 100
7 98.68 100.0 100 100 100 99.53 100 100 100 100 100
98.58 100.0 100 100 100 99.53 100 100 100 100 100
100.0 100 100 100 ©9.53 100 100 100 10D 99
10 98, 100.0 100 100 100 99.53 100 100 100 100 99
11 89,07 100.0 100 100 100 $©9.53 100 100 100 100 100
pointerlastupdate 12 98.82 100.0 100 100 100 99.53 100 100 100 100 100
13 08.82 100.0 100 100 100 ©9.53 100 100 100 100 100
14 09.14 100.0 100 100 100 9953 100 100 100 100 100
buff_pointer 99.38 100.0 100 100 100 9953 100 100 100 100 100
16\ 99.08 100.0 100 100 100 99.53 100 100 100 100 99
A 50,53 100 93
gap
v

LastLineindex

Datatine 99
98
98
| (] 98
37 99.70 89.5 100 100 100 100.00 100 100 100 B89 et}
38 99.65 99.5 100 100 100 100.00 100 100 100 89 98
32 939.94 995 100 100 100 100.00 100 100 100 89 98
40 99.68 g9.5 100 100 100 100.00 100 100 100 89 88
49 99.68 985 100 100 100 100.00 100 100 100 89 98
42 99.68 985 100 100 100 100.00 100 100 100 jE8S 98
43 9968 : o e e a8
44 99.68 g8
45 99.36 28
46 99.10 28
47 98.35 98
48 99.30 9%
49 89.30 100" 100 ' 100.00 100" FHE ; 99
50 99.31 995 100 100 100 100.00 100 &8N 100 100 it}
|
100

Table 6.2: An example of the buffer and its role in update detection
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Figure 6.5: lustration of the buffer function
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6.2.4 Results

The code was tested off-line on numerous historical data sets. These included six different
industrial grades, both butene and hexene-based, and a wide range of Ml and p. Trial-and-
error tuning (section 6.2.5) of the model error covariance matrix, Q was carried out to achieve
a standard set of values that was used for all grades.

All results presented in this section have been given a code. These differ from the codes
used on the plant and are:

A: A hexene film grade, low density, low Ml

B: A hexene film grade, fow density, lower M|

C: A hexene rota-moulding grade, high density, medium MI
D: A butene grade, medium density, high Ml

The keywords low, medium and high are simply comparisons made between the grades and
do not relate to those mentioned in seclion 1.3.1 in any way.

6.2.4.1 RLS Identifier

The RLS algorithm has been given earller in the previous chapter and is laid out using
equations (5.26) to (5.28). The first equation evaluates an optimal gain, K for use In
determining the new parameter vector, p, (equation (5.27)). This vector contains the kinetic
parameters to be identified, kez, kes, kps, Kn, GH. kg @n3 ngs and is evaluated by using

measured input flows and output compositions. Equation (5.28) evaluates a new M matrix for
use In calculating another updated K matrix.

A real strength of the algorithm lies in the RLS parameter estimation. Published values of the
pseudo-kinetic rate constants are of limited use as they are specific to catalyst and conditions.
Figure 6.6 illustrates the abillity of the identifier to reach a relatively constant value when no
initial estimates are available.

o NG
7 gt

¢

70 f

&0 [

Scoled kP2 (m(kmdl.5)

umets) x 10"
Figure 6.6: kpy as eslimaled by the RLS identification

Once approximate values for each grade had been obtained, better initial estimates were
included. The identifier was tested on various grades and graphs 6.7 through 6.10 show the
results. Grades A, B and C are hexene grades whereas grade D is a butene grade. In all the
cases it was demonstrated that it is possible to obtain a vzlue for pseudo-kinetic rate
constants.
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Grade A:
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Figure 6.7: ke for ‘Grade A’ as estimated by the RLS Identification

The above results for grade A are perhaps not conclusive. The graph does not remain as
constant as in the case of grades B, C and D. This probably relates to the fact that the inputs
(flows) or other plant variables were frequentiy altered.

Grade B:
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Figure 6.8: ke2 for ‘Grade B' as estimated by the RLS identification
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Grade C:
100 -
S0 | L ,." A
4!-}" ‘J- 1##5 11 |
_ ke DU
g ® M i -’1'.[‘ ikl |
#
5 700
3
o €J
(%3
60
“5 ] 2 3 s 5 8 7 8
umeis) < 10"
Figure 6.9: kp2 for 'Grade C' as estimated by the RLS identification
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Figure 6.10: kpz for ‘Grade D' as estimated by the RLS identification

What should also be noted from the above plots is that different grades exhibit different rate
constants. This is due to the different hydrogen and comonomer ratios in the system. The
incorporation of more or less hydrogen and/or comonomer in the polymer will affect the rate at
which the chain propagates.
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Figure 6.11: kez as estimated by the RLS identification, for a grade change from C to D

Figure 6.11 demonsirates the identifier's ability to easily find a new kg, after a hexene-butene

comonomer change.
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Figure B.12: kps as estimated by the RLS identifier
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Figure B.14: kn as estimated by the RLS identifier
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Figure 6.13: kps as estimated by the RLS Identifier
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Figure 6.15: gn as estimated by the RLS identifier

Although the above graphs are for a hexene grade (A), a very smali rate constant for butene
(kp4) ts estimated in figure 6.12. This is due to the fact that a small, step-like analyser reading
for butene Is logged when running hexene grades (figure 6.17). The same phenomenon does
not cccur when butene grades are run as the hexene analyser reading is always zero.
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[t can be seen that the shapes of the graphs for ke, (figtre 6.7) and kps {figure 6.13) are the
same, but of different orders of magnitude. The same can be noticed for ky (figure 6.14) and
gn (figure 6.15), This can be readily explained. Referring to section 5.2, one notices that ke,
and Kps depend on nss and N,. When nas was held constant over the run time, there seemed
to be no effect. However, sefting N, constant, the graphs both moved with the same shape.
It can be concluded that these parameters are strongly corretated with nag.

Both the parameters ky and gy depend on nag, npe and Ng. The graphs are also of similar
shape but are not exact, as above, since gy has no dependence on n,s.

The rate constant for deactivation, ky remains zero, which is of some concem as it is well
known that deaclivation of active sites occurs. A possible explanation Is that there are simply
not enough active sites avallable to cause death of the sites as well.

6.2.4.2 Kalman Filter

The results given below stem from the Kalman filter algorithm laid out in equations (5.29) to
(5.31) in the previous chapter.

A full set of graphical results from the Kalman fitter for grade A is given below.
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The above results are varied. One notices for figure 6.16 and figure 6.25 that the prediction
trend is very noisy as opposed to filtered. The predictions are also someswhat different in

shape to the measured trends. This arises from the input flows 17; that are frequently
changed on the plant. The smoother, more sustained responses (figures 6.19, 6.20 and 6.26)
arise from the fact that predicted outputs 77, are fed back in order to predict future states

n.

i+l

6.2.4.3 Spikes and NaNQ’s

Suspect raw plant data may impact on the guality of the results. This commoenly affected
logged readings for bed weight and production rate and the way in which they were affected
Is described below.

Bed weight is calculated via a differential pressure over the reactor. Typical bed weights are
of the order of 31 tons but both negative and uncharacteristically high or tow readings are
often recorded (observed in almost one in every two sets of historical data). The effect of this
on ny,; can be seen in figure 6.27. Large spikes in the measured data are present. However,
the prediction trend does not follow the measurement closely in this case. It was found that
this was also the case for ny; and Ng. However, slight disturbances (spikes) in measured ne,,
Nes, Nee @and Ny resulted in the predictions following the measured values. This phenomenon
is not only as a result of the tuning but also as a result of the components attempting to
simultaneously satisfy the mass balance In the system.
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Figure 6.27: niz showing spikes as a result of faulty plant date

Production rate is calculated by equation (4.1). It is common that a code ‘NaNQ' (Not a
Normal Quantity) Is logged for this parameter. A division by zero in the formula is normally
the cause. The result during off-line runs is that data simply cannot be read in and the
program aborts. During on-line testing, the effect was that matrices would not invert due to
singularity problems. To remedy this, raw data protection criteria were Included in the
software.

6.2.4.4 Noisy Results

Figures 6.28 and 6.29 for grade D below appear very noisy compared to earlier figures
presented (6.19 and 6.25 respectively). A possible reason for this is that an M-resin is being
produced. For M-resins, temperature as a control variable has very little effect; thus the gas
ratios are controlled. n¢, (not shown here) has the biggest influence on the total gaseous
moles, Ny. This (and comonomer and hydrogen to a lesser extent) gives rise to the noisy
effect below, The effect of the comonomer changeover is illustrated in the figure 6.30
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following. It combines grades C and D and the effect of controlling the gas ratios for grade D
is clearly Illustrated after 80000 seconds.
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Figure 6.30: Ng from Grades C and D

6.2.4.5 Comonomer changeover

The unmeasurable states for the C to D grade change cope well with the comonomer change,
as illustrated in figures 6.31 and 6.32 below. Soon after 80000 seconds, the moles of
ethylene in the polyrmer are reduced by 10. This is caused by a marked increase in the
butene incorporation in the polymer chain.

100 . 100
i! h §
sl 1t )8 !"1‘\".'-, -
v i Oty :
o0 feert 80 by Wy
- - ' v L'
[N ! g 0 !
i ! H /
- i, &0
:-‘: ® - ..-!l % 1
50
| 38 : x 5
: | e 5 :
7 ! ,'u\I,F“ Abi
! T I ;
6 I.' ! it 20 !
| I = T
! \ 10 e
- ‘1
5 [ = 4
D 2 £ [ ] 10 12 [ 2 4 13 8 10 12
Gmale) r 10° tme(s) x 10
Figure 6.31: ne2 from Grades C and D Figure 6.32: ne4 from Grades C and D
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6.2.4.6 Response time

The lengthy response time present in the system is shown below. Figure 6.33 shows that
after 20000 seconds the hexene gaseous inventory was zero. The result of this is no further
incorporation of hexene in the polymer chain. This is only registered some 40000 seconds
(11 hours) later when npg becomes zero in figure 6.34. This is in agreement with the earlier
discussion in section 4.1.7.
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6.2.4.7 Fauit detection possibilities

Figure 6.35 below shows moles of hydrogen as predicted by the Kalman filter. An offset error
was inserted into the measurement data, and this is revealed in Figure 6.36. Correct tuning of
the EKF will make it responsive to changes in operating conditions, yet also to follow such
fauits sfowly enough to reveal a sustained error for faulf detection.
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Figure 6.35: EKF nz showing a possible fault Figure 6.36: EKF measured-predicted error for
Ne2

6.2.5 Kalman Filter Tuning

This is a very important stage in the implementation of any Kalman fitter. [t is also by no
means simple, especially In the case of polymerisation, where complex interrelationships
between control variabtes occur.

The matrix R represents the measurement error covariance mateix. It contains the error
covariances for each of the corresponding measurable variables. Q is the model error
covariance matrix. Similarly, it holds the expected error covariances corresponding to the
predicted states. A high Q relative to R Is equivalent to a high error in the mode! prediction
(and good confidence in measurements) and the result is that the predictions follow the
measurements very closely. On the other hand a high R relative to Q represents a large error
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in observations and the consequence is a smoother prediction line relative to the noisy
measured output.

These matrices are usually treated as design parameters rather than measurable constants,
They are changed in order to achieve better state estimates In relation to the measured states
(Wilson, Agarwal et al. 1998). This causes one to be suspicious of the predicted states being
generated from the filter. Crowley and Choi (1998) were able to determine values for the
measured error covariances (R) for sensors from repetitive experimental measurements. For
thermocouple measurements and conversion measurements, the values were estimated from
experiments. The values for Q were then used as tuning parameters as these parameters
are not easily quantifiable.

Due to the complexity of the system the tuning of the off-line filter was achieved by trial-and-
error. Initially all elements in both Q and R were set fo unity. All of the prediction trends
followed the measurements very closely except for slight offsets in ng; and ngg. Increasing all
elements in Q to 1000 caused the ng; offset to be eliminated but had no effect on ngs. Any
further increase in Qaa (corresponds to ngg) did not eliminate this offset.

The converse, that is Q values were left at unity and R values were set at 1000, was also
tested. The result was much smoother predictions in general. Good state estimations were
observed for ny, and ny,. However, large errors (measured-predicted) were observed for ne,
(8%) and n¢g (26%). Therefore R¢y (the error covariance matrix element corresponding to
Nca), Raz (ngs) and Ras (ngs) were set back to 1 in order to track these measurements more
closely. The predictions were brought closer to the measurements, but the important
unmeasurable states, np;. Nps and nps, predicted by the filter were adversely affected. These
curves all seemed to tend towards zero as opposed to the more likely result shown in figure
6.22.

Model efror covarlance |Comresponding variable |Value |Measurement arror covariance Corresponding variable |Valye
Qq, N 1E-02|Rqy Ne2 1
Qs Ny 1E-01(|R22 Nees 1
Qx Nes 1E-01|Rx Nes 1
Que Nz 1E-03|Res Nio 1
Qss Mgz 1E-03|Rss Mg 1
Qe Nag 1E-03|Res Ng 1
Qr Npz 1E-06|R# Np 1
Qap Npy 1E-06
Qoo Npg 1E-08
Qoo Ng 1E-02
Qyin Np 1E-06

Table 6.3: Final off-line tuning values used in error covariance matrices

The final tuning values used are above in table 6.3. It was noliced that the values in each of
the matrices complement each other. For example if Rgs (Ny) has a value of 8.01 and Q10
(also Ng) has a value of 1x107°, the Rez may be equivalently increased by 100 to 1 and the
Qior10 May be reduced by 100 to 1x10™. For this reason, and the fact that measurement
device errors are difficult to quantify, all R elements were left at unity and Q was used as a
tuning parameter.

The tunings listed appear to give the best and smoothest possible predictions for ng;, Ncs, Nes
and Ng. A passive offset between measured and predicted may be present. This is caused
by an apparent imbatance between gas supply and consumption. Although the results are
stil} satisfactory, this offset is difficult to reduce without compromising on other predictions.
Improvements can be achieved by increasing Ry7, but this causes some of the detail in
unmeasurable states (polymer fractions) to be lost.
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6.2.6 Other Important Points
6.2.6.1 Problems with Matrix [nversions

There was a problem with the discretisation of B during the testing of the software. This was
due to the fact that the matrix A would not invert due to its singular nature. It was suggested
that the expansion of €*™ be used:

w_ g, ] LR
e —]+ﬁ(Az)+2!(At) +3!(At) A

[e = 114" =ﬁ+(%)(m)+(é)(m)2 o,

This can be evaluated to any given tolerance.
6.2.6.2 Which Comonomer is being Used?

POLIFIN produces either a butene or a hexene grade at any given time. As a result only one
comonomer is used exclusively for any particular recipe, whilst the flow of the other
comonomer is kept zero. However, when examining logged flows of butene and hexene, one
finds that both flows are identical because the same flow meter / control valve is shared. One
of the flows must be selected to zero for use in the software. Thus one requires some
knowledge of which resin recipe is in use. The first letter of the grade code stamp normally
tells the user this at a glance. This method was employed initially until it was discovered that
there is often a substantial lag before the new grade code appears. This is demonstrated
below in figure 6.37. The graph shows the analyser readings during a2 comonomer change
from hexene to butene. One notices that after 2500 seconds there is more butene present
than hexene. However, the grade code stamp is only changed some 57500 seconds (16
hours) later (where labelled). Therefore the criterion in the code was changed. A check on
analyser compositions is now performed — the greater of the two comonomer compositions
determines the correct comonomer used.

Change in grade
code anly shown
hera!

6 — %Butena
—%% Hoxeno |

% Comonomer

[« 10000 IOC.IDO 30000 40000 50000 60000 70000 80000
Timo (8)

Figure 6.37: Graph showing analyser results for comonomer during a hexene-butene changeover
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6.3 Conversion to C Code

Before travelling to Poly 2 to begin commissioning of the code, it was necessary to convert all
of the MATLAB code to C code. The code itself is similar. Among other differences, in C the
structures of a loop is slightly different and all variables used require a declaration. The main
hurdle was to write routines to perform matrix arithmetic. Some of these are readily available
from the Internet and the newer ones make use of overioaded operators. However, it was
decided to construct new routines using ANSI C for use at Poly 2. Prof M. Mulholland wrote
the routines for the program based on his knowledge from previous routines programmed in
MODULA 2 for control of a multi-component distillation column.

6.3.1 In Durban: Using Visual C++

Visual C++ 4.0 using Microsoft Developer Studio was used to create the first rough version of
C code. Figures 6.38 and 6.39 lllustrate results from the identifier for kp; from MATLAB and
C++ respectively. The basic shape is the same but the two were maltched exactly during the
conversion to ANS] C during the on-line implementation (chapter 7). Figures 6.40 and 6.41
are ny, as predicted by the Kalman filter. The shapes are very similar in this case.
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Figure 6.41: C++ version of ny2 measured and predicted

6.3.2 In Sasolburg: Using ANSI C

ANS| C is a version of C standardised In 1989 in the United States, through the American
National Standards [nstitute (ANSI), and around the world through the International Standards
Organisation (ISQ). Full details of this conversion can be found in chapter 7.

66



CHAPTER 7

Real-time Application at Poly 2

7.1 Introduction

When writing the software using MSVC++, mentioned in section 6.3.1, care was taken so as
to use ANSI C. This would minimise the effort during on-line commissioning.

The conversion to ANSI C and on-line implementation was a lengthy procedure. The code
was reconstructed and re-written using object-oriented code. The structure is outlined in
section 7.2 below. For debugging purposes, the MATLAB code was run alongside the C
version. Results were compared at various key stages of the algorithm (initialisation,
identifier, Kalman filter, and matrices) until the results matched.

7.2 The Program Structure

The ANSI C code is stored in five different C files along with four corresponding header files.
They are listed below with a general description of the function of each module.

Dblnterface.c: Software written 50 that one can read from and write to the database
easily.

Dblinterface.h: Header file for the above (RTAP database access functions and
APACS access functions).

KalmanCalc.c: Main program source code.

KalmanCalc.h: Header file for controller program

KalmanControl.c: Links with RTAP database. It also sets up the timekeeper (an RTAP

function) to read every 20s. Sends a message to a message handler
and It is tested to see if it is a timekeeper or an event driven
message. The message will execute functions if it is a timekeeper
message.

KalmanControl.h: Contains general structure and function definitions that are needed
by all other modules.

PointsDef.c: RTAP database points are defined in this module. Each point to be
read from the database has a structure with corresponding attributes.
One of these attributes is an identity number, which is all the main
program needs to link with the database.

nrutil.c: Contains downloaded numerical recipe functions for vector and
matrix manipulation (Trevelyan 1996).

nrutil.h: Header file for the above.

7.3 Results

Examples of on-line results from Poly 2 are shown in figures 7.1 to 7.6 below.
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7.3.1 RLS ldentifier

Figure 7.1 below again illustrates the strength of the identifier. Upon startup of the algorithm
with a new butene grade, the pseudo-kinetic rate constant ke4 fast approaches a constant
{scaled) value of 96.
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Figure 7.1: On-line results on atgorithm start-up for a butene grade for kps
7.3.2 Ethylene vs Hydrogen Results

On comparison of figure 7.2 and 7.3, taken from the same on-line data set as figure 7.1
above, one finds that the hydrogen prediction (figure 7.3) is much slower than the ethylene
(figure 7.4). The ethylene's response to measurement changes is quite rapid in comparison
with the hydrogen, which takes almost 5000 seconds (83 minutes) to respond, and displays a
large overshoot. This is in agreement with the findings of McAuley and MacGregor (1992)
who also encountered slow hydrogen dynamics during large transitions in MI.

68



CHAPTER 7 REAL-TIME APPLICATION AT POLY 2

95 {M —
Y- 0 I
maasurea nC2 |
= pradictad nC2 |
o
E
S [ O F—
g
e
©
Q@
LY e
53
as
[ 8000 10000 1600 20000 28000 10000 15500 40000 153005

Time {s)

Figure 7.2: On-line results on algorithm start-up for a butene grade for nc2
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Figure 7.3: On-line results on algorithm start-up for a butene grade for np2
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7.3.3 A Comparison of Hexene and Butene Runs

Below (figures 7.4 and 7.5) are results from the EKF for a hexene and a butene grade. One
can see that the trends are similar in that they both provide a very smooth prediction in
contrast to the noisy plant data. These plots were also achieved with a universal tuning set,
used for both butene and hexene grades. This is encouraging. Of some concemn is that the
predictions are clearly following the measured values, as opposed to predicting in advance.
As mentioned above in section 6.2.3.7, correct tuning of the EKF should improve the situation
and provide some opportunities for fault detection.
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Figure 7.5: On-line results for a butene grade for Ny
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7.3.4 Unmeasurable States

One of the strengths of the EKF Is its ability to provide unmeasurable state estimates from a
few measurable measurements. The unmeasurable states in this study were np,, npy and ngg.
In addition to off-line results (figures 6.24 to 6.26) these parameters were successfully
predicted on-line as well. Figure 7.6 below is an example of np,.
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Figure 7.6: On-line results for a butene grade for unmeasurable ng>

Similar graphs were obtained for np; for butena grades and for ngs for hexene grades. When
one compares the nps and npg plots (not shown here, since scaled values cannot be used for
compartson purposes), it is interesting to note the differences in comonomer incorporation in
the polymer chain for hexene grades and for butene grades. The degree of comonomer
incorporation varies according to the grade that Is being manufactured.

7.3.5 Operator Interfacing

A schematic of the algorithm was buiit, using the RTAP Schematic Builder. This allows
operators easy access to the key results from the control algorithm. A copy of the schematic
is given in figure 7.3 below. The plant version uses a range of colours though. It not only
displays the measured and predicted values, it allows the vser access to the identifier and
Kalman filter trends. Should there be a suspected fault, (excessive difference between the
predicted vector, nbar and the measured vector, nhat) the Kalman filter error (KFerror) trend
can be accessed easily.
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Kalman Filter Results

Reactor Grade DGM1810
L

'L CLOSE

NAS 0.000000e-00

identifier Katman Filter
xfbar nhat nbar KFerror
kP2 0.000000e-00 nC2 0.000000e-00 nC2 0.000000e-00 nC2 0.000000e-00
kP4 0.000000e-00 ] nC4 0.000000e-00 nC4 0.000000e-00 nC4 0.000000e-00
| kP8 0.000000e-00 nC8 0.000000e-00 NnCE 0.000000e~00 nC$ 0.000000e-00
kH 0.000000e-00 nH2 0.000000e-00 nH2 0.000000e-00 nH2 0.000000¢-00
|
gH 0.000000e-00 NNZ 0.000000e-00 nN2 0.000000e-00 nN2 0.000000e-00
kd 0.000000e-00 Ng 0.000000e-00 Ng 0.000000e-00 Ng 0.000005e-00
nAS 0.060000e-00 Np 0.000000e-00 Np 0.000000e-00 Np 0.000000e-00
P2 0.000000¢-00 |
xibar {rend KF trend 1 P 0. 0600 KFerror trend
nP& 0.000000e-00
e
KF trend 2

Figure 7.7: Results Schematic at Poly 2
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CHAPTER 8

Conclusions and Recommendations

8.1 Conclusions

There are major gains {o be made in precise polymer property control, control through grade
changes to minimise off-specification product, and early detection of instrumentation faults.
As a result, numerous researchers around the world have tackled these issues in ethylene
polymerisation. The kinetic modelling, if it proves reliable, will offer the advantage of insight
into the process, and allow monitoring of significant intermediate parameters such as reaction
rate constants.

The algorithms described in this thesis were developed off-line in MATLAB, and tested on
long records of plant data in this form before being translated inte guite different code on a
plant computer for the application. The program is running continuously at Poly 2. Basic
range checking of input plant data has improved the robustness of the scheme. Results are
similar to the off-line experiments. Bearing in mind the long response times of the process,
the tuning of the algorithms is easier off-line, where long plant records can be processed quite
rapidly. Since the on-line and off-line computations have been shown to be equivalent, there
should be no difficulty in the near future in improving the tuning of the on-line algorithms.

This thesis presents an industrial application of an EKF in the polymerisation field. On-line
tuning may stll need some attention due to the complexity of the system. A RLS parameter
estimator calculates pseudo-kinelic rate constants for POLIFIN's Ziegler-Natta catalyst
system. These are updated with every detected GC update and are used to improve an EKF
model that runs on a smaller time cycle (samples every 20s). This mode! provides smoothed
estimates for some plant data and allows prediction of unmeasurable sfates, such as the
polymer composition. There is also scope for a fault detection scheme to be implemented via
the EKF.

8.2 Recommendations
Areas for possible improvement of the code are:
. For the polymer density, a constani, ro is used as a2 typical average taboratory value.

. Henry's Law can possibly improve the ‘solubility factors’, s1, s2 and §3. This would
require some literature research.

. The use of sparse matrix methods to eliminate wasted space arising from the zero-
based matrices.

. The parameters ky and nag play an integra! role in the polymerisation process yet the
results achieved are not as satisfactory as was anticipated.

POLIFIN now has the required groundwork completed and has suggested that the code be
used as follows:

] The schematic wili allow monitoring of reaction rate constants via the RLS parameter
estimation scheme. Graphical results from the EKF, in addition to providing operators
with additional information, should be linked to a fault detection/alarm system, where
possible instruments errors could be deltected early.

) Special attention must be paid to the tuning issues and the complexity in this area.

Tuning should be continued, bearing in mind that it may be different for the two
comonomer grade types.
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APPENDIX A

Pseudo-kinetic Rate Constants used in Site-based Modelling

Parameter|Units Site1 [Site2 |[Site 3

ky m~/(kmol.s) 1 1 1
Kis m~/(kmol.s) 1 1 1
Kia m~/{kmol.s) 0.14 0.14 0.14
Kpss m>/(kmol.s) 85 85 85
Kps2 m°/(kmol.s) 2 15 15
Kpa1 m>/(kmol.s) 64 64 64
Kp22 m>/(kmol.s) 1.5 226 226
K1 m>/(kmol.s) | 0.088 0.37 0.37
Kz m /(kmol.s) | 0.088 0.37 0.37
Keps1 m>/(kmol.s) | 0.0021] 0.0021] 0.0027
Kna12 m°/(kmol.s) [ 0.006] 0.11] 0.11
Kiv21 m>/(kmol.s) | 0.0021] 0.0021] 0.0021
Kz m~/{(kmol.s) 0.006 0.11 0.1
Keay m/(kmol.s) | 0.024] 0.12] 012
Kz m(kmol.s) | 0.048| 0.24] 024
Kest 3 £.0001| 0.0001| 0.0001
Kys2 s 0.0001| 0.0001| 0.0001
Kas s 0.0001| 0.0001| 0.0001
Kai m>/(kmol.s) 2000 2000 2000
k' s 0.0088( 0.037] 0.037
Kit m>/(kmol.s) 1 1 1
Knz m>/(kmol.s) 0.1 0.1 0.1
Kr+ m™/(kmol.s) 0.1 0.1 0.1
Kr2 m°/(kmol.s) 0.01 ©0.01 0.01
Ka s 0.0003] 0.0003| 0.0003

Table A.1: List of kinetic values used in the site-based model (Shaw, McAuley et al. 1998)
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Raw Signals Logged for Possible use in the Software

APPENDIX B

Parameter Description Units
Time - S
Grade Code -
BedAvDE Bed average density kg/m™
InstDE Instantaneous densily kg/m*
BedAvMi Bed average melt index g/10min
InstMI Instantaneous melt index a/10min
Mifab Laboratory melt index g/10min
DElab Laboralory density kg/m*
ReacTemp R1 Bed Temp. Control °C
C4/C2 Butene Gas Ralio -
C6/C2 Hexene Gas Ratio -
H2/C2 Hydrogen Gas Ratio -
C2PP Ethylene pariial pressure control kPa-g
BTR Bed turnover raie h
Prod Rate Production Rate th
ANAL_1_on A flag for which analyser is on -
ETH_1 Ethylene analyser 1 %
ETH_O Etlhylene analyser 2 %
BUT Butene analyser 1 %
BUT Butene analyser 2 %
HEX Hexene analyser 1 %
HEX Hexene analyser 2 %
HYD Hydrogen analyser 3 %
HYD Hydrogen analyser 2 %
NIT Nitrogen analyser 1 %
NIT Nitrogen analyser 2 %
ETHANE Ethane analyser 1 %
ETHANE Ethane analyser 2 %
1SO i-C5 analyser 1 %
1ISO i-C5 analyser 2 %
C4_INERTS C4d inerts analyser t %
C4_INERTS C4 inerts analyser 2 %
C6_INERTS C8 ineris analyser 1 %
CB6_INERTS C6 inerts analyser 2 %
VENT_MR DUPLICATE OF MONREC_VENT Nm>/h
VENTFLOW DUPLICATE OF R1VENT_FLO Nm°th
LEVELSP SP for bed leve! ft
LEVELPV corrected bed level ft
RT1INLETT R1 reactor inlet temp. °C
R1PRESSURE R1 pressure controf kPa-g
UBED_DEN R1 upper bed denslly kg/m*
LBED_DEN R1 lower bed densily kg/m*
ETHFLO R1 ethylene flow control kg/h
REC_COMON_FLO Recovered comonomer flow I/h
BUTFLO R1 butene flow control kg/h
HEXFLO R1 hexene flow control kg/h
TEAL_FLO R1 Teal flow control kg/h
H2FLO R1 hydrogen flow control kg/h
HP_DEOXO_FLO R1 HP deoxo nitrogen injaction Nm>/h
I-C5_FLO R1 isopentane flow control kg/h
MONREC_VENT Monomer recovery vent Nm*/h
R1VENT_FLO R1 reactor vent Nm>/h
CYCLE_GASFLO R1 cycle gas flow Nm>/h

BED_WEIGHT

R1 bed welight
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APPENDIX B RAW SJGNALS LOGGED FOR POSSIBLE USE IN THE SOFTWARE

CAT_FDR1 Catalyst flow rate - feeder 1 kg/h
CAT_FDR2 Catalyst flow rate - feeder 2 kg/h
N2_FLO Cal feeder support flow Nm®/h

Table A.2: Raw signals logged for possible use in the software
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APPENDIX C
Extracts of ANS! C Source Code used at Poly 2

KalmanCalc.h

/&-mri‘ﬂ TAAAE A & T e /

I* sources/KalmanCalc.h 2000/04/11 N Narotam */

r =/

I+ Copyrght (¢) N Narotam 1899, 2000 */

7 All Rights Reserved */

/1 Y/

/* DESCRIPTION =/

I* Header file for controller program 4/

/N-mwiﬂMPM'-MQmm'Hmimmﬁ/

* COMPILITATION CONTROL )

/* 2000/04/11 N Narotam conceived “/

P */

r—. Wi @ 9 @ WIS ENVW & AW Al Tl W /

extem void InitKalmanCalc (int); [” Sets up debug status i

extern int KalmanCalclnilialize (void); 1~ Main initialisation routine */

extern rtUInt8 ControiDataBuffer (void); /" Routine for GC update detection in buffer >/

extern int MainidentLoop (void); f* Main RLS loop run whenever the GC updates i

extern int UpdateldentDala (void); I Rouline containing writes back to the database */

extem int MainKalmanLoop (void); /* Main Kalman filter loop run on every time cycle i

extemn int UpdateKalmanData (void), /* Routine containing writes back to database “/

extern int IdentPlotData (void); /* Routine fo store dentifier data in DataBase for plotting */

extemn int KalmanPlotData (void); /* Routine o store Kalman filter data in DataBase for */
/* plotting */
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APPENDIX C EXTRACTS OF ANSI C SOURCE CODE USED AT POLY 2

KalmanCalc.c

/&-a.-ﬁ-i—rnﬂttﬁ b—o—t—-—nt—-‘-m.q.—mﬂﬂ’ﬁ‘a.-malmﬂ‘mm.&ml

I sources/KalmanCalc.c 2000/04/11 N Narotam,R Thomason */

I M.Mulholland, C. van der Merwe */
I Copyright {(c) N Narotam 1899, 2000 >/
' Al Rights Reserved “/
r ¢/
/* DESCRIPTION */
/*  Source file - Main program source code i
rﬂrﬁwiim-i m.-mmm.-/
/* COMPILITATION CONTROL */
1~ 2000/04/11 N Narotam Conceived */
/" Vi

/hi---l—lr--- s w s

ohrw war -Mi-m.nmﬂ..n/

#include <cr/crStandards.h>
#include <rtap/riap.h>
#include <math.h>

#include <time.h>

#include <sys/time.h>

#include "KaimanControl.h"
#include "KalmanCalc.h"
#include “Dbinterface.h”
#include "nrutil.h”

I" local function prototypes */

void PrintBufferLine (int);

void DataLineRead (void);

int HexeneMode (void);

int PartMatExpKF (double **,double **,double **,doubfe **,int,int);
int PartMatExpldent (double **,double **,double *~.double **.int,int);

/* local data storage */
static int thisDebug;
static int firstident;

I* Data History Stack */

stalic BufferControl bc;

static bufferTable buffes{100);
stalic bufferTable DataLine;
static HDouble “r1;

stalic Double *r2:

/" Model Data storage area */
static fDouble **8;

static nDouble ~G;

slatic riDouble **H;

static ntDouble **HAS;

static fDoubte “*h;

/* RLS (identifier} data storage area */
siatic tDouble *xfbar;
static TypicatDala x(Typ;
static rtDouble *Kid;

static rtDouble *nobs;
slalic tDouble “nobs_pred;
static nDouble *nobs_tm1;
static iDouble **Q;

static tDouble **C;

static fDouble **M;

static tDouble **Gir;

static tDouble **R;

static tDouble **tid;

static tDouble **1i;
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static Double *xfbarmin;
static nDouble “xfbarmax:;

I~ Kalman filter data storege area */
static tDouble **Gkf;
static tDouble **Qkf;
static tDouble **Rkf;
stalic ntDouble **Mkf;
static tDouble **Ikf;
static iDouble **KKkf;
static iDouble “nbarmin;
static nDouble *nbarmax;
static rtDouble *nbar;
static rtDouble *nhat;
static rtDouble *KFerror;

I general data storage area */
static FixedParam fp;

static riDouble *x_typical_hex;
statlc tDouble *x_typical_but;
static rtDouble *x_typical;
static tDouble "MW,

,‘-‘.‘fﬂn‘ WS AT W R AEEE A S AT w bt v A A/
I InitkatmanCatc: Initialisation routine for this */
r funclion. Cucrenly sets up */
rr debug status only. =/
r type: externat */

/ﬁi‘l.‘ﬂ.nﬁﬁi WA A dre el afeddoleanden ok a--tvmtnttbﬂaunbn,

void InitKalmanCale (int GlobDebug)
{
thisDebug = GlobDebug & 0x04;

if (thisDebug)
printf ("KalmanCalc is in Debug mode\n™);

/*h-di LA L R e R e s e e L T e R T e m‘mﬂﬂ.biﬂ*ﬂ",

r KalmanCalclnilialize: Main initialization routine. */
" Must be called at the start of “/
" application and is done once only or by */
r operator action on demand */
r type: external *
i Retum Codes: 0if no errors *
Il 1 if there were errors */

/ﬁa-nﬂﬂitAHAHNM.AHa-o-mm.Am m-:.a.mlmm/

int KaimanCalclInitialize (void) {

bufferTable zerobuffer[100] = {0};
rtDouble smallnumber = 0.001;
xfbarHist xfbarhist, xibarzero = {0});
nhatHist nhathist, nhatzero= {0};
nhatHist KFerrorhist, KFerrorzero = {0};
nbarHist nbarhist, nbarzero = {0},

inti;

" Allocate memory - general data*/

MW = dvector (0,2);

B = sdmatrix (11,8);

G = sdmatrix (11,11);

H = sdmatrix (11,11);
HAS = sdmatrix (11,11);

h = sdmatrix (11,11);
X_typical_hex = dvector(0,2);
x_typical_but = dvector(0,2);

x_typical= dvector(0,2);
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r1 = dvector(0,8);
r2 = dvector(0.,8);

/> Aliocate memory - Kalman Filter */

Gkf = sdmatnx (7,11),
Qkf = sdmatrix (11,11);
Rkf = sdmatrix (7,7);
Mk = sdmatrix (11,11);
tkf = sdmatrix (11,11);
Kkf = sdmaltrix (11,7);
nbarmin = dvector (0,10);
nbarmax = dvector (0,10);
nbar = dvector (0,10);
nhat = dvector (0,6);

KFerror = dvector (0,6);

I* RLS Memory Alloc “/

Kid = sdmatrix (7,8);

C = sdmatrix (8,11);

R = sdmatrix (8,8);

Q = sdmatrix (7,7);

M = sdmatrix (7,7);

Gir = sdmatrix (8,7),;

lid = sdmatnx (7,7);

li = sdmatrix (11,11);

xfbar = dvector (0,ROWIDENT-1);
xfbarmin = dvector (0,ROWIDENT-1);
xfbarmax = dvector (0,ROWIDENT-1);
nobs = dvector(D,7); .
nobs_pred = dvector(0,7),

nobs_tmt = dvector(0,7);

/* general program initialisation */
if (thisDebug) printf {"*~* Start General Program Initialisations *=*\n");
firstident = 1;

I” initialize global identity matcices */
deyes (7,7.1ig);

deyes (11,11.%i);

deyes (11,11 1kf);

SingleRead ( (MUIntB *) &fp,43):
SingteRead ( (rtUInt8 *) x_typical_hex,44);
SingleRead ( (rtUInt8 *) x_typical_but,45);
SingleRead ( (rtUInt8 =) MW,46);

fo.dt=DT;
SingleWrite ( (tUInt8 *) &fp,43);

!I* Fixed Matrices Initialisation */
if (thisDebug) printf (== Fixed model matrices initialisation **~"\n"});

SingteRead ( (rtUInt8 ~) *B,42);
SingleRead ((tUInt8 *) *G,38);
SingleRead ( (tUInt8 =) *H,39);
SingleRead ( (HUInt8 *) *HAS,40):
SingleRead ( (rtUInt8 *) “h,41):

/-

if (thisDebug) {
printf ("~ MW" ""\n");
show_dvector (MW,0,2);
orntf ('**B**"\n");
show_dmatrix (8,0,10,0,7);
printf ('~ G*"\n"Y;
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show_dmatrix (G,0,10,0,10);
printf "™™™H"™"\n");
show_dmatrix (H,0,10,0,10);
printf (“***HAS**\n");
show_dmatrix (HAS,0,10,0,10);
printf (“™*h*\n"),
show_dmatrix (h,0,10,0,10);

)

4

/= set up h (depends on the grade) "/

h[0)[0) = -1.0*fp.s2;

h(9)[0) = -1.0%p.s2;

if (HexeneMode()) {
h[2][2] = -fp.s6:;
h[1)[1] = 0.0;
h[8}[2] = -fp.s6;
h[8)[1] = 0.0;

}else {
h[2}(2) = 0.0;
h[1)[1) = -fp.s4;
R[9)[2] = 0.0;

\ h[9)[1] = -fp.s4;

SingleWrite ( (MUINB *) *h,41);

/* Kalman Filter specific initialization */
if (thisDebug) printf(***=* Initializing Kalman filter ***"\n");

SingleRead ( (nUInt8 *) *Qkf,55);
SingleRead ( (nUInt8 *) *Mkf.56);
SingleRead ( (rtUIni8 *) *Rkf,57);
SingleRead ( (rtUInt8 =) *Gkf,58);
SingleRead ( (rtUInt8 *) *Kki,65);
SingleRead ( (tUInt8 *) nbarmin,53);
SingleRead ( (MUInt8 *) nbarmax,54);

zero_dvector (nbar,0,10);

/* initialize MKf */
dmsmy (Ikf,11,11,smallnumber,Mkf);
SingleWrite ( (rUInt8 *) “Mk(,586);

/)

if (thisDebug) {
printf (" Qkf"\n");
show_dmatrix (Qkf,0,10,0,10);
printf {">*tkf""\n");
show_dmatrix (1f,0,10,0,10);
printf {"~**Mkf*n");
show_dmatrix (Mkf,0,10,0,10);
printf ("“**Rkf**\n");
show_dmalrix (R«f,0,6,0,6);
printf ("*Gkf™*\n");
show_dmatrix (Gkf,0,6,0,10);
prntf ("™ Abarmin***-\n");
show_dvector (nbarmin,0,10);
printf (" *nbarmax~\n");
show_dvector (nbarmax,0,10);

)
*

/* RLS (ident) Specific inltialization */
if (thisDebug) printf ("**** Initializing RLS Identifier ****\n");

SingleRead ( (nUInt8 *) xfbarmmin,51);

84



APPENDIX C EXTRACTS OF ANS] C SOURCE CODE USED AT POLY 2

SingleRead ( (rtUIn\8 *) xtbarmax,52);
SingleRead ( (rtU!nt8 *) “M,35);
SingleRead ( (MUint8 *) *Kid,34);
SingleRead ( (MUInt8 *) &xiTyp,33);
SingleRead ( (rtUInt8 *) *C,48);

I* Initial values for kinetic parameters to be identified */
xfbar[KP2] = xfTyp.kP2i_typical;

DatalLineRead(); /* so that HexeneMade function is active */
if (HexeneMode Q){

xfbar[KP4)] = xfTyp.kP4i_typical_hex;
xfbar[KP6] = xfTyp.kP6i_typical_hex;

Yelse{
xfbar[KP4] = xfTyp.kP4i_typical_but;
xfbar[KP8] = xfTyp.kP8i_typical_but;
)
xfbar[KH) = xfTyp.kHi_typical,
xfpar[GH] = xfTyp.gHi_typical;
xfoar[KD] = xfTyp.kdi_typical;
xfoar[NASI] = xfTyp.nAS_typical;

I write xfbar to the DataBase */
SingleWrite ( (rtUInt8 *) xtbar,32);

f* Initialize M =/
dmsmy (li,7,7,.smallnumber,M);
SingleWrite ( (MUIRt8 *) “M,35);

zero_dmatrix (R,0,7,0.7);

R(0)(0] = 1.0e15 / pow(30,2); fnC2
R[1][1] = 1.0e12/ pow(1,2); rnCa *
R[2])[2) = 1.0e12 / pow(1.2); ~nC6 */
RI[3)(3) = 1.0e6 /pow(1,2); f~nH2 */
R[4](4) = 1.0e15 / pow(50,2); /AnN2 Y/
R[5][5] = 1.0e14 / pow(8,2); f*nAS ¢/
R[6](6] = 1.0e14 / pow(100,2); " Ng */
R[7](7) = 1.0e14 / pow(100,2); " Np

SingleWrite ( (UInt8 *) *R,37);

zero_dmatrix (Q,0,6,0,6);
Q[0)[0] = 1.0e-10 / pow(xfTyp.kP2i_typical,2); " kP2 -~/

if (HexeneMode () {
Qf1][1]=1e-20;
Qf2][2]=1e-13 / pow(xfTyp.kP6i_typical_hex,2);

etse {
Q[1](3]=1e-12 / pow(xfTyp.kP4i_typical_but,2);
Q[2][2]=1e-20;

Q[3)[3} = 1.0e-17 / pow(xTyp.kHI_typical,2); /* XH was a bit jumpy */

Q[4)[(4] = 1.0e-14 / pow(x{Typ.gHi_typical,2}; /~ gH was 2 bit jumpy */

Q[5)[5) = 1.0 / pow(xfTyp.kdi_typical 2); I kd : minimise kd vanations to fit data until we
/" understand it befter */

Q[6](6] = 1.0e-10 / pow(xfTyp.nAS_typical 2);/* nAS : minimise nAS variations to fit data until we
/* understand It better */

SingleWrite ( (rtUInt8 ") *Q.47);
/h

if (thisDebug) {
printf ("===~C=**"\n");
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show_dmatrix (C,0,7,0,10);
printf ("***"xfbarmin**~*\n");
show_dvector (xfbarmin 0, ROWIDENT-1);
printf (*****xfbarmax™"\n");
show_dvector (xfbarmax,0, ROWIDENT-1);
printf (“**~*Q™™\n");
show_dmatrix (©,0,6,0,6);
printf (" "R™™n";
show_dmatrix (R,0,7,0,7);

}

*/

I* Initialize the data history points for plotting (KalmanHist) ¢/
if (thisDebug) printf (" Inltializing history stacks *“"\n");

SingleRead ( (rtUInt8 *) &xfbarhist,68);
SingleRead ( (MUInt8 *) &nhathist,69);
SingleRead ( (rtUInt8 *) &nbarhist,70);
SingleRead ( (tUInt8 *) &KFerrorhist,71);

for (i=0;i<MAXIDHIST;I++) {
ChangePtRecord (68,i);
SingleWrite ( (tUInt8 *) &xfbarzero,68);

}
for (i=0;l<MAXKFHIST;i++) {
ChangePtRecord (88.i);
SingleWrite ( (tUIni8 *) &nhatzero,69);
ChangePtRecord (70.1);
SingleWrite ( (MUInt8 *) &nbarzero,70);
ChangePtRecord (71,1);
SingleWrite ( (RUInt8 *) &KFerrorzero,71);
}

/™ Data History Staci initialisation */

SingleRead ( (MUInt8 *) &bc,59);

bec.buff_pointer = bc.Nbuffer - 1;
be.pointergap_GCdeadtime = fp.GCdeadtime / fp.Gt;
be.pointerlastupdate = be.pointergap_GCdeadlime;
bc.Nstored =0;

SingleWrite ( (rtUInt8 *) &bc,59);

if (thisDabug) printf ("Reading buffer table... \n');
SingleRead ( (MUInt8 *) &Datal.ine,60);
SingleRead ( (MUInt8 *) &buffer,61);

li-

if (thisDebug) PrintBufferLine (0);

L]

/

/* Initialize buffer to zero */

SingleWrite ( (tUInt8 =) &zerobuffer,61);

if (thisDebug) printf ("*** Finilshed main initialisation routine =**\n");

return (0);
} /* end of KalmanCaiclnitialize */
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Fﬂiﬂhm"mmmﬂ-‘h‘lAWHl-nﬂ.“N-‘ mmwmmw-‘gimﬂtmtﬁi‘,

r PriniBufferLine: Prints the desired quantity of the current line of plant data *!
I (that has been appropriately manipulated for “/
r use in the code) directly from the buffer =
r Type: Local */

,kﬁlll'h 2 orEsiew A A A A IO @ A v & driroa ek & Atk e ol oo o & At A bk e ke de l—-—i—t—q—rﬁ-’/

void PrintBuffert.ine (int line)

{

printf ("DataLine: %d\n" line);

printf "ETHFLQO: %If\n",buffer[line}.ETHFLO);

printf ("BUTFLO: %If\n" bufferline).BUTFLO);

printf ("CATEDRTOT: %If\n" buffer|ine). CATFDRTOT),
}

[vhr«di"- AEHIOTENCA B SR NI R AT TR & @ 44 NI R AP F W R A 65 AW AR R TR AN @ e lmnnltm—tﬂm/

r HexeneMode: Telis the user which comonomer is being used “/
r for the current recipe by checking which composition. )
r from the analysers is greater. Cannot Jook at the grade =/
r code string as the new code often appears only long after Wi
r an actual grade changeover. i
r Type: Local */
I Return codes: 0 if 1-bufene is being used *l
r 1 if 1-hexene is being used =/

,H"Ml'ﬂﬂﬁ.ﬁlﬂ.iﬁi--h AMBRAATNEPAGEAA NirewRAtAAGAAT A b Abbadbitadisdoanabappfniase thﬂhﬂhiiﬂi-tﬂi/

int HexeneMode (void)

if (DalaLine.BUT > Dataline.HEX) /* base on composition */

{
return(0);

}

else

{

return(1);

}
}
,f-invmmh-.tn-atn-—mn—-A----—.-.—Hﬁ'h--A---—.—ﬂ-—-;a;t—i-i—-t-“ﬁﬁ*hﬂhplm-rrr-ﬁttﬂimﬁtnh-hiﬁ/
" DataLineRead: Reads raw plant data and manipulates it into a form suitable  */
r for the model. Also checks which analyser is being used and */
r selects appropriate GC values. Butene and haxene flows are */
/* logged as identical so one is selected to zero, using Hexenemode() */
r Type: Local . */
Plﬂmmttnﬁm"nm.lr“mmii w r e » e Aard- + b /
vold DataLineRead (void)
{
ApsPV PVPoint;
ApsAnalog AnalogPoint01,AnalogPointd2;
UniPV PVUni;
ApsBOOL BOOLPoiInt;
f* read the curreni dala il

SingleRead ( (rtUInt8 *) &AnalogPoint01,62);
DatalLine.BEDWEIGHT = AnalogPoint01.value*1000.0;

SingleRead ( (ntUInt8 *) &PVPoint,2);
DatalLine.ETHFLO = PVPoint.value / (MW[0}*3600.0);
SingleRead ( (RUInt8 *) &PVPoint,3);
Dataline.BUTFLO = PVPoint.value / (MW[1)*3600.0);
SingleRead { {nYInt8 *) &PVPoint,4);

DatalLine. HEXFLO = PVPoint.vatue / (MW[2]"3600.0);
SingleRead ( (nUInt8 *) &PVPoint,5);
DataLine.H2FLO = PVPoint.value / (2*3600.0);
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SingleRead ( (tUInt8 *) &PVPoInt,B);
DataLine.N2FLO = (PVPoint.value *1.013)/ (0.08314 * (20.0 + 273.15) * 3600.0);

SingleRead ( (tUInt8 *) &AnalcgPoint01,7);
SingleRead ( (rtUInt8 *) &AnalogPoint02,8);
Dataline.CATFDRTOT = (AnalogPointO1.value + AnalogPoint02.value)/3600.0;

SingleRead ( (nYInt8 ") &PVPoint,9);
DatalLine.R1VENTFLO = (PVPoint.value*1.013)/(0.08314 * (20.0 + 273.15) * 3600.0);

SingleRead ( (tUInt8 *) &PVUni, 10);
DataLine.PRODRATE = PVUni.value”1000.0/3600.0;

SingleRead ( (ntUint8 =) &PVPoint,11);
Dataline. REACTEMP = PVPoint.value;

SingleRead ( (nUInt8 *) &PVPoint,12);
DatalLine.R1PRESSURE = (PVPoint.value+101.325)*0.01;

SingleRead ( (ntUInt8 *) &BOOLPaint,13);

if (BOOLPoInt.value == 1) {
SingleRead ( (tUInt8 *) &AnalogPoint01,14);
DataLine.ETH = AnalogPoint01.value;
SingleRead ( (rtUInt8 ) &AnatogPoint01,16);
DatalLine.BUT = AnalogPoint01.value:
SingleRead ( (tUInt8 *) &AnatogPoint01,18);
DatalLine.HEX = AnalogPoint01.value;
SingleRead ( (1tUInt8 *) &AnalogPoint01,20);
Dataline.HYD = AnalogPoint01.value;
SingleRead ( (MUInt8 *) &AnalogPointd1,22);
Dataline.NIT = AnalogPoint01 .value;
SingleRead ( (MUInt8 *) &AnalogPoint01,24);
Dataline.ETHANE = AnalogPoint01.value;
SingleRead ( (nUINt8 *) &AnalogPoint01,26);
DataLine.ISO = AnalogPoint01.value;
SingleRead ( (rnUInt8 ) &AnalogPoint01,28);
DataLine.C4INERTS = AnzlogPoint01.value;
SingleRead { (nMUInt8 *} &AnalogPoint01,30):
DataLine.C6INERTS = AnalogPoint01.value;

} else {
SingleRead ( (tUInt8 *) &AnalogPoint01,15);
DatalLine.ETH = AnalogPoint01.value;
SingleRead ( (MUInt8 *) &AnalogPoint01,17);
DatalLine.BUT = AnalogPoin101.value;
SingleRead ( (fUInt8 *) &AnalogPoinld1,19);
Dataline.HEX = AnalogPoint01.value;
SingleRead ( (rtUin18 *) &AnalogPoint01,22);
Dataline.HYD = AnalogPoint01.vatue;
SingleRead ( (tUInt8 *) &AnalogPoint01,23);
Dataline.NIT = AnatogPcint01.value;
SingleRead ( (rtUInt8 *) &AnalogPoint01,25);
DataLine.ETHANE = AnalogPolnt01.value;
SingleRead ( (nUInt8 *) &AnalogPoint01,27);
Dataline.ISO = AnalogPoint01.valus;
SingleRead ( (rtUInt8 *) &AnalogPoint01,29);
Dataline.C4INERTS = AnalogPoint01.value;
SingleRead ( (tUInt8 *) &AnalogPoint01,31);
DatalLine.CSINERTS = AnalogPoint01.value;

}

if (HexeneMode())
DataLine.BUTFLO = 0.0;
else
Dataline.HEXFLO = 0.0:
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EXTRACTS OF ANSI C SOURCE CODE USED AT POLY 2

i T T 2 A i A 1

/" end of DataLineRead */

ControlDalaBuffer; Checks for GC updates by comparing current angd
previous lines of data. Also allows one to look

back in historical data for input flows for the

identifier and filter. Evaluates interval that

the identifler runs on.

Type:

External

Retumn Codes: 0 to 7 (See retumn statement at end of function)

/..w-m.nuwa-ﬂmmunf-—nﬁm # & Srdrersr drdrars drarbrh - drdedd A dddetriede 4 O it e tiih/

tUInt8 ControlDataBuffer {void)

{

static int lastupdate_tempstore;

static Int firstioop = 1;

tUInt8 returncode = 0;
nuint32 gap;

rtUInt16 Lastlineindex;
bufferTable LastLineValues;
int i

if (thisDebug) printf ("= ControlDataBuffer ****\n"):

if (firstloop 1= 1) bc.pointerfastupdate = lastupdate_tempstore;
firstioop = 0;

bc.buff_pointer = be.buff_pointer + 1;
if (be.buff_pointer >= bc.Nbuffer)
bec.buff_pointer = 0;

if (thisDebug) {

printf ("buff_pointer is %d\n" bc.buff_pointer);
printf ("pointerlastupdate is %d\n®, be.pointerlastupdate);

DatalineRead ();

/* do validity checks on raw data */

F* set reactor up bit if the production rate Is a valid number */
printf(’l'IDataLine.PRODRATE is %IAn",DataLine. PRODRATE);
if (DataLine.PRODRATE > MINPRODRATE)

returncode += REACTORBIT; /* reactor is up */

{* update the history stack with the latest information */

ChangePtRecord (60,bc.buff_pointer);
SingleWrite ( (tUInt8 *) &Dataline,60);

/* set Nstored bit if the buffer is full */

be.Nstored = be.Nstored + 1;
if (bc.Nstored >=bc.Nstored_criterion) {

[* set Nstored bit if the bufferis full */
relurncode += NSTOREDBIT; /* buffer full */
if (be.buff_pointer == 0)

LastLinelndex = be.Nbuffer - 1;
else

LastLinelndex = be.buff_pointer - 1;

* read the data from the buffer for the last and current readings */
ChangePtRecord (60,LasiLineindex);
SingleRead { (NUInt8 *) &LaslLineValues,&0);

if (thisDebug) printf ("LastLinelndex is %d\n" LastLinelndex);
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r1[0] = LasiLineValues.ETH; /* the previous line of readings */
r1[1} = LastLineValues.BUT;

r1[2} = LastLineValues.HEX;

r1[3) = LastLineValues.HYD;

r1[4) = LastLineValues .NIT;

r1[5] = LasiLineValues . ETHANE;

r1[8) = LastLineValues.ISO;

r1[7] = LastLineValues.C4INERTS;

r1(8] = LastLineValues.CEINERTS;

r2[0] = Dataline.ETH; /™ the current line of readings */
r2[1) = Dataline.BUT; :
r2[2] = Dataline.HEX;

r2[3] = DataLine.HYD;

r2[4] = DataLine NIT;

r2[5) = DataLine.ETHANE;

r2(6) = DataLine.ISO;

r2[7] = DataLine.C4INERTS;

r2[8) = DataLine.C6INERTS;

/i
if (thisDebug) {
printf ("~***LasiLineValues*™™\n");
show_dvector (r1,0,8);
printf ("™ *DataLine***\n");
show_dvector (r2,0,8):
'/ }

bc.changecount = 0;
for (i=0;i<=8;i++)

if( fabs(r1][i] - r2[i]) > fp.tolerance_conc_change)
{
bc.changecount = be.changecount + 1;
}

if (bc.pointerfastupdate > be.bufi_pointer )

gap = be.Nbuffer + be.buff_pointer - be.pointerlastupdate;
else

gap = be.buff_painter - be.pointerlastupdate;
be.dtident = (rtUInt32)(gap * fp.at);

if (thisDebug) {
printf("gap is %d\n",gap);
printf("bc.dlident is %d\n".be.dtident);
}

/* set the GC update bit if an update occurred */
if{(bc.changecount >= be.changecount_criterion) | (bc.dlident >= fp.dt_forced_ident))

lastupdate_tempstore = be.buff_pointer; I~ Cannot update directly yet, */
/* store for fulure use */
relumcode += GCUPDATEBIT,;
}
if (thisDebug) printf (“ControlDataBuffer retumcode: %d\n" returncode);

raturn (returncode);

/* returmncode = 0: Reactor down */
/* retumcode = 1. Reactor up */
* returncode = 2: > Nstored, reactor down */
/* refurncode = 3: > Nstored, reactor up */
/" returmncode = 4: GC update, < Nstored, reactor down )
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I* returmcode = 5: GC update, < Nstored, reactor up *

/* returncode = 6: GC update, > Nstored, reactor down */

/* retumcode = 7: GC update, > Nstored, reactor up *
} ™ end of ControlDataBuffer */
rm-..mmm---."n * -i.—h-—--—i—t-—i—r-—i—t-—-ﬂ-t/
r MainldentLoop; The Recursive Least Squares (RLS) parameter estimator. *f
r” Only runs when a GC updates (returncodas 6,7). “f
r Uses ‘dlident’ and calculates an improved set of */
r pseudo-kinetic rate constants in ‘xfbar'. *
™ Type: External */
r Retumn Codes:  Qif no errors */
I 1 If there were errors */

/mnuaannmnn- AV RATA A CE S oA A e oy wir ¥ dowiemriney rtnk T iS¢ dh bbb d i d S A SRR e 0da mﬁ"wlwlﬂ'rrrﬂhntn/

int MainldentLcop(void) 7 RLS loop */

{
int k; /* Counter for clipping*/

riDouble Fin Fout,percent_error;
riDouble Bed_Mass, Vp, Vg, T, P, Ng.mMMp,Np;

riDouble *flowread+t; I* vector of flow readings corresponding to the last GC update */
riDouble *flowread2; I* vector of flow readings corresponding to the current GC update */
rtDouble *flowread; I* vecior of average readings of flowread? and flowread2 */
rntDouble kP2j;

rtDouble kP4i;

rtDouble kP§6I;

riDouble kHi;

rtDouble gHi;

rtDouble kdi;

nDouble Fvi;

riDouble Fpi;

rtDouble nC2i;

riDouble nC4i;

riDouble nC6i;

rtDouble nH2i;

rtDouble nN2J;

rtDouble nASI;

rtDouble Ngi;

riDouble Npi;

rtDouble ~Kayi;

rtDouble **gi;

rtOouble **Al;

rtDoubte **8i;

rtDouble =*Gi;

rtDouble ~*Alstar;

riDouble “*Bistar;

nDouble “Aisr

rtDouble “*Bisr;

riDouble *Fbar,;

/* Temporary storage arrays (used by both identifier and filter) */

riDouble **tm01; /* temporary storage matrix 1 - used in mairx computations =/
rnDouble “*im02; /* temporarsy storage malrix 2 - used in matrix computations */
rtDouble **tm03; I* temporary storage matrix 3 - used In matrix computations */
tDouble “*tm04; f* temporary storage matrix 4 - used in matrix computations */

nUint16 DTIndex1;
rnUint16 DTIndex2;
bufferTable DTValuest;
oufferTable DTValues2;

if (thisDebug) printf ("**** MainidentLoop **™\n");
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I allocate memory for our local dala */

Fbar = dvector (0,7);
flowread = dvector (0,7);
flowread1 = dvector (0,7);
flowread2 = dvector (0,7);

Kayi = dmatrix (0,10,0,10);
gi = dmatrix (0,10,0,10);
Ai = dmatrix (0,10,0,10);
Bi = dmatnx (0,10,0,7);
Gi = dmatrix (0,10,0,6);
Ailstar = dmatrix (0,10,0,10);
Bistar = sdmatnix (11,8);
Alsr = dmatrix (0,7,0,7);
Bisr = dmalrix (0,7,0,7);
tmO1 = dmatrix (0,10,0,10);
tm02 = dmatrix (0,10,0,10);
tm03 = dmatrix (0,10,0,10);
tm04 = dmatrix (0,10,0,10);

I~ Read from the DataBase */
if ((nt) (bc.pointertastupdate - be.pointergap_GCdeadtime) < 0)

DTIndex? = be.Nbuffer + be.pointerlastupdate - be.pointergap_GCdeadtime;
else

DTIndex1 = be.pointerlastupdate - be.pointergap_GCdeadtime;

if (int) (bc.buff_pointer - be.pointergap_GCdeadlime) < 0)
DTIndex2 = bc.Nbuffer + be.bufi_pointer - be.pointergap_GCdeadtime;
else

DTIndex2 = be.buff_pointer - be.pointergap_GCdeadtime;

* read (he data from the buffer for indices DTIndex1 and DTIndex2*/
ChangePtRecord (60,0TIndex1);

SingleRead ( (nUIni8 *) &DTValues1,60);

ChangePtRecord (60,DTIndex2);

SingleRead ( (iUint8 ) &DTValues2,60);

if (thisDebug) {
printf "DTIndex1 is %d\n",DTIndex1);
printf ("DTIndex2 is %d\n",DTIndex2);

}

I flows for the last GC update */

flowread1[FR1FC2] = DTValuesi.ETHFLO;
flowread1{FR1FC4] = DTValuest.BUTFLO,;
flowread1[FR1FC6} = DTValues1.HEXFLO;
flowread1[FR1FH2) = DTValues1.H2FLO;
flowread1[FR1FN2] = DTValues1.N2FLO;
flowread1[FR1FAS) = DTValues1.CATFDRTOT,;
flowread1[FR1FV) = DTValues1.R1VENTFLO;
flowread1[FR1FP) = DTValues1.PRODRATE;
/* flows for the current GC updale */
flowread2[FR2FC2] = DTValues2.ETHFLO;
flowread2[FR2FC4] = DTValues2.BUTFLO;
flowread2[FR2FC6] = DTValues2.HEXFLO,;
flowread2(FR2FH2] = DTValues2.H2FLO;
flowread2[FR2FN2] = DTValues2.N2FLO;
flowread2{FR2FAS} = DTValues2.CATFDRTOT:
flowread2[FR2FV] = DTValues2.R1VENTFLO;
flowread2[F R2FP) = DTValues2.PRODRATE;

/* average flows for the last 2 GC update ¥/

flowread[FRFC2] = (flowread1[FR1FC2} + flowread2[FR2FC2]) / 2.0;
flowread[FRFC4] = (flowread1[FR1FC4] + fiowread2{FR2FC4]) / 2.0;
flowread[FRFCB] = (flowread1[FR1FCB) + flowread2{FR2FC8]) / 2.0;
fiowread[FRFH2] = (lowread1[FR1FH2] + flowread2[FR2FH2]) / 2.0;
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flowread[FRFN2} = (flowread1{FR1FN2) + flowread2(FR2FN2]) / 2.0;
flowread(FRFAS] = (flowread1[FR1FAS] + flowread2[FR2FAS]) / 2.0,
flowread(FRFV] = (flowread1[FR1FV] + flowread2[FR2FV]) / 2.0;
flowread(FRFP] = (flowread1[FR1FP] + flowread2(FR2FP]) / 2.0;

Bed_Mass = Dataline. BEDWEIGHT; I* kg polymer */

Vp = Bed_Mass / fp.ro;

Vg = fp.Vreactor - Vp;

T = DataLine.REACTEMP; I* temperature (0C) </
P = Dataline.R1PRESSURE; f* pressure (bar-abs) */
Ng =P *Vg/ (fp.Rgascons( * (T +273.15)); " ideal gas law */

x_typical[0] = nbar[NP2)/(nbar{Nf2]+nbar[NP4]+nbar[NP8]};
x_typical(1) = nbar[NP4)/(nbar[NP2]+nbar[NP4)+nbar[NP8]);
x_typical(2] = nbar{NP8]/(nbar[NP2]+nbar{NP4]+nbar[NP6]);

mMMp = MWI[0]"x_typical[0] + MW]1]"x_typical[1] + MW[2]*x_typical[2];
Np = Bed_Mass/mMMp;

/™ Gas inventories */

nobs{ONC2] = 0.01 * DataLine.ETH * Ng;

nabs[ONCA4] = 0.01 * Dataline.BUT * Ng;

nobs[ONCS8] = 0.01 * Datallne.HEX * Ng;

nobs[ONH2] = 0.01 * Dataline.HYD * Ng;

nobs[ONN2) = 0.01 ® Dataline.NiT * Ng;

nobs[ONAS) = xfbar[NAS!};

nobs(ONG] = Ng;

nobs{ONP] = Np;

I~ Flow readings this {ime slep (Set up vector Fbar) */

Fbar[FC2} = flowread(FRFC2); /* readings from interface (kmol/s) */
Fbar[FC4) = flowread[FRFC4); f* readings from interface (kmol/s) */
Fbar[FC6] = flowread(FRFC6]); I~ readings from interface (kmol/s) */
Fbar[FH2) = flowread(FRFH2); /* readings from Interface (kmol/s) */
Fbar[FN2] = flowread(FRFN2); /* readings from interface (kmol/s) */
Fbar[FAS] = flowread|FRFAS]; I* total catalyst flow (kg/s) - will affect k parameters */
Fbar[FV] = flowread[FRFV]; /* readings from interface (kmol/s) */
Fbar(FP) = flowread|[FRFP] / mMMp: I* readings from interface (kmol/s) */

I Rough Mass Balance Check - will be a bit off as vent to MonRec is not included */
Fin = Fbar{FC2) + Fbar[FC4] + Fbar{FC6] + Fbar[FH2} + Fbar[FN2J;
Fout = Fbar[FV] + Fbar[FP];

if (Fin>0.0)

percent_error = 100 * (Fin - Fout) / Fin;
else

percent_error = 100.0:;

if (firstident)
{

dveopy (nobs,8,nobs_tm1); I* steady state for the first step */
firstident = 0;
}
nCZ2i = nobs_tm1[OM1NCZ2];
nC4i = nobs_tm1[OM1NCA4],
nC6i = nobs_tm1[OM1NC8]:
nH2{ = ncbs_tmi[OM1NH2];
nN2i = nobs_tm1[OM1NN2];
nASi = nobs_tm1[OM1NAS];
Ngi = nobs_tm1{OMTNG);
Npi = nobs_tm1[OM1NP]);
kP2i = xfbar[KP2];
kP4i = xfbar{KP4];
kP6i = xfbar[KP§];
kHi = xfbar{KH);
gHi = xfbar[GH]:

93



APPENDIX C EXTRACTS OF ANSI C SOURCE CODE USED AT POLY 2

kdi = xfbar{KDJ;
Fvi = Fbar|FV]
Fpi = Fbar[FP];

zero_dmatrix (Kayi,0,10,0,10);
Kayil0](0]=-kP2i;
Kayi[1]{1]=-kP4i;
Kayi[2]{2]=-kP8&i;
Kayi[3][3]=kHi:
Kayi[B][0)=kP2i;
Kayi[7][1}=kP4i;
Kayi(8][2]=kP6;;
Kayi[S)[0]=-kP2i;
Kayi{S)[1}=-kP4i;
Kayi{9)[2]=-kP8I;
Kayi[9)[3]=-kHI;
Kayi[10](0]=kP2i
Kayi[10){1]=kP4i;
Kayi[10][2)=kP&};

zero_dmatrix {gi,0,10,0,10);
gi(3)(3] = -gHi;
gi(5][5] = -kdi;
gi(9)(3] = -gHi;

/* Fpi*th = tm01*/

dmsmy (h,11,11,Fpi tm01);

" H+ HAS = tm02*/

dmadd (H,11,11,HAS,tm02);

f~ (Fpi/Npl) “ (H+HAS) = tm03*/

dmsmy (tm02,11,11,(F p¥/Npi),tm03);

£ (Fpi/Npl) * (R+HAS) + Fpi*h = tm02 */

dmadd (im03,11,11,tm01,tm02);

/7 (FvilNgi) * G = tm01 ¢/

dmsmy (G,11,11,(Fvi/Ngi),tm01);

/* (FviNgi) * G + gi =tm03 */

dmadd (tm01,11,11.gl,tm03);

1* (FvilNgi) * G + gi + (FpUNpi) * (H+HAS) + Fpi*h = tm01 */
dmadd {tm03,11,11.tm02,tm01);

I* nASi*Kayi = tm02 */

dmsmy (Kayl,11,11,nASI tm02);

[* nASi*Kayi + (Fvi/Ngl) * G + gi + {Fpi/Npl) * (H+HAS) + Fpi*h = Al */
dmadd (Im01,11,11,tm02,Ai);

dmeopy (8,11,8,Bi);
PartMatExpldent (Ai Bi,Aistar,Bistar,11,8);
zero_dmatrix (Gi,0,10,0,6);

GI[0)[0) = -nASi * nC2i;
Gi[0)[6} = -kP2i * nC2i;

Gi(1)(1] = -nASi * nC4i;
Gi{1]{6] = -kP4i * nC4i;

Gi[2][2
Gi[2][6

-nASi * nC6i;

] =
] = -kP8i * nCB6i;

GI[3)[3] = -nASI * nH2i;
Gi(3](4) = -nH2i;
Gi[3](6) = -kHi » nH2i;

GI{5){5] = -nASi;
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GI[6]{0] = nASi “ nC2i;
GI[6][6] = kP2i * nC2i;

Gi[7)[1] = PASI * nCA4i:
Gi[7)[6) = kP4i * nCAl;

Gi[8](2] = nASi * nC8I:
Gi(8](6] = kP6i * nCi;

Gi[9]{0] = -nASi * nC2I;

Gi[9][1] = -nASi * nC4l;

Gi[9][2] = -nASi * nCBI;

Gi[9][3] = -nASi * nH2i;

Gi[9}(4) = -nH2i;

Gi[9)(6] = -kP2i * nC2i - kP4 * nC4i - kP6i * nC6I - kHi * nH2i;

Gi[10)[0) = nASi * nC2i;
Gi[10)(1] = nASi * nC4i;
Gi(10)(2) = nASI * nC8i;
Gi[10)(6) = kP2i * nC2i + kP4l * nC4i + kP6i * nC6l

l‘l

if (thisDebug) {
printf ("~ Kayi"™"\n");
show_dmatrix (Kayl,0,10,0,10);
printf ("****gi****\n");
show_gmatrix (gi,0,10,0,10);
printf (““AP*An");
show_dmatrix (Ai,0,10,0,10);
printf("*~~~Alstar***n");
show_dmatrix (Aistar,0,10,0,10);
printi("****Bistar‘*""\n");
show_dmatrix (Bistar,0,10,0,7);
prntf (" Gi“"*\n");
show_dmatrix (Gi,0,10,0,6);

}

*/

/* Set up reduced matrices */

/* Aisr*/

dmtranspose (C,8,11,tm01);  C' = tm01

dmmult (Aistar,11,11,tm01,11,8,tm02); /" Alistar * C' = tm02
dmmult (C,8,11,tm02,14.8,Aisr); I* G * Aistar * C = Aisr

/* Bisr~/
dmmult (C,8,11,Bistar,11,8,Blsr); /* C * Bistar = Bisr

rGie*/
dmmuilt (C.8,11.Gi,11,7,Gir); rrC*Gl=Gir

* Prediction in identifier */

/* nobs_pred=Aisr*nobs_tm1 + Bisr*Fbar */

dmvmult (8isr,8,8,Fbar,8,°tm01); /* Bisr*Fbar=tm01
dmvmult {Aisr,8,8,nobs_tm1,8,*tm02); /* Aisr*nobs_tm1=tm02

dvadd (*tm01,8,“tm02,nobs_pred); /* Aisr*nobs_tm1 + Bisr*Fbar=nobs_pred

/* Patch in nAS “"observation” */
nobs[ONAS] = nobs_pred[ONAS];
xfbar|[NASI] = nobs_pred[ONAS];

I* Kid=M*Gir*(Gir"M*Gir +R)(-1) */

*
*/
~

)

Vi

dmtranspose (Gir,8,7,tm01); I* Gir=tm01

dmmult (M,7.7,tm01,7,8,tm02); " M*Gir'=tm02

dmmult (Gir,8,7, tm02,7,8 {m01); " GirtM=Gir=tmn1

dmadd (tm01,8,8 R.tm02); I* Gir*M*Gir+R=tm02
dinverse (im02,8,tm01); I (GIrrM*Gir+R)* (- 1)=tm01

dmtranspose {Gir.8.7,im02); I Gir={m02
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dmmult (M,7,7,tm02,7,8,1m03);  MGir=tm03
dmmult {tm03,7,8,tm01,8,8,Kid); I MEGir'* (Gir*M*Gir'+R)*(-1)=Kid
I* xfbar=xtbar+Kid*(nobs-nobs_pred) */
dvsub (nobs,8,nobs_pred,*tm01); /* nobs-nobs_pred=tm01
dmvmult (Kid,7,8,*tm01,8,*1m02); I~ Kid*(nobs-nobs_pred)=tm02
dvadd (xtbar,7,“im02 xfbar); I* xfbar+Kid*(nobs-nobs_pred)=xfbar
7 M=(lid-Kid*Gir)*M+Q */
dmmutt (Kid,7,8,Gir,8,7 tm01); /* Kid*Gir=tm01
dmsub (1id,7,7,tm01,1m02); / lid-Kid*Gir=tm02
dmmult (tm02,7.7,M,7,7 1m01); f* (lid-Kid*Gir)*M
dmadd (tm01,7,7,Q,M); r (lid-Kid*Gir)*M+Q=M
* clip*/
for (k = 0; k < ROWIDENT; k++)
{
if(xfbar[k]<xfbarmin]k])
xfbarlk]=xfbarmin(k];
else
if (xtbar[k]>xfbarmax[k})
xfbar[k]=xfbarmaxfkj;

}

if ( thisDebug ) {

I pAntf(*****nobs***“\n");
show_dvector (nobs,0,7);
printfC"*~“*nobs_pred**™n");
show_dvector (nobs_pred,0,7);
printf("“**Kid“**n");
show_dmatrix (K1d,0,6,0,7);

“/ printfC*~**"xfbar* < “\n");
show_dvector (xibar,0,6);
r prntf(*=**"M=*=~\n");

show_dmatrix (M,0,6,0.6);
‘f
}

dvcopy (nobs,8,nobs_tm1);

* free up allocated local Identifler memory */
free_dvector (Fbar,0.7);
free_dvector (flowread,0,7);
free_dvector (flowread1,0,7);
free_dvector (flowsead2,0,7);
free_dmatrix (Kayi,0,10,0,10);
free_dmatrix (gi,0.10,0,10);
free_dmatrix (Ai,0,10.0,10);
free_dmatrix (Bi,0,10,0,7);
free_dmatrix (Gi,0,10,0.6);
free_dmatrix (Aistar,0,10,0,10);
free_dmatrix (Bistar,0,10,0,7);
free_dmatrix (Aisr,0,7,0,7);
free_dmatrix (Bisr,0,7,0,7);
free_dmatrix (tm01,0,10,0,10);
free_dmatrix (im02,0,10,0,10);
free_dmatrix (tm03,0,10,0,10);
free_dmatrix (tm04,0,10,0,10);

return (0);
} /* end of MainldentLoop */
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/\-—mm*‘- ek o m-AnﬂHmﬂWh&ﬂlal
r UpdateldeniData: Parameters updated by the Identifier are *f
I written back to the DataBase. */
f Type: External */
I Return Codes: 0 if no errors */
" 1 if there were errors “/

/amﬁabwmam’mﬁ-.mntnﬂimimn arupdpprnedd mﬁ-glmw"mﬁthi/

int UpdateldentData (void)
{

if (thisDebug) printf("**** UpdateldentData **~\n");

/* write xfbar to the DataBase */
SingleWrite ( (rtUInt8 *) xfbar,32);

/* write nobs back to the DataBase */
SingleWrite { (tUInt8 *) nobs,48);

I* write nobs_tm1 back to the DataBase */
SingleWrite ( (tUInt8 *) nobs_tm1.67);

/* write nobs_pred o the DataBase “/
SingleWrite ( (tUInt8 *) nobs_pred,50);

/* write Kid to the DataBase */
SingleWrite ( (rtUInt8 *) *Kid,34);

" write M to the DataBase */
SingleWrite ( (rtUInt8 *) *M,35);

return (0);

} /™ end of UpdateldentData =/

r—(-(mt“-m‘ﬁmnnﬂh - wdrery - .-1-—--—1—-(‘“1/
/7 IdentPlotData:  Creates a history table for recording the i
I results of the identifler, 'xibar in the DataBase. */
d When the maximum lines are exceeded, values in the */
fid table are shifted up one place. Presently not used i
/* for trending. */
/" Type: Local */
/” Retumn Codes: 0if no errors */
r 1 if there were errors */

F‘h‘hn.mm cttewrraaeaa

L X e 2 PPy Hm-—t—n—t—n—ﬂl

int IdentPlotData {(void)

{

xfbarHistxfoarhist, xfbarshif;
static int xfbarindex = 0:
struct timeval now;

Int shiftindex;

if (thisDebug) printf ("**** IdentPlotData “™*\n");
now.tv_sec = time(NULL):

I* generate xfbar historical data */
SingleRead ( (nUInt8 *) &xibarhist, 68);

xfbarhist.timestamp = now;
xfbarhist.kP2i = xfbar(KP2];
xibarhist.kP4i = xfbar{KP4]);
xfbarhist.kP6i = xfbar{KP8];
xfbarhist.kHi = xfoar[KH]);
xfbarhist.gHi = xfbar|GH];
xfbarhist.kdi = xfbar[KD]J;
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xfbarhist.nASi = xfbar[NASI);

if (xfbarindex < MAXIDHIST) {
ChangePtRecord (68,xtbarindex);
SingleWrite ( (rUInt8 *) &xibarhist, 68);
xfoarindex++;

}
else {
for (shiftindex = 1; shiftindex < MAXIDHIST; shiftindex++) {
ChangePtRecord (68,shiftindex);
SingleRead ( (tUInt8 *) &xfbarshift, 68);
ChangePtRecord (68,shiftindex-1);
SingleWrite ( (nUInt8 *) &xfbarshift, 68);
}
ChangePtRecord (68 MAXIDHIST-1);
SingleWrite ( (tUInt8 *) &xfbarhist, 68);
retumn (0);

} 7* end of IdentPlotData */

/*-nwm-:-ﬂ-n"ma-mm-— > /
r MainKalmanLoop: The main Kalman filter algorithm. Executed */
T every time step but only If the reactor is up “/
I (returncodes 1,3,5,7). Calcuiates state estimates */
r in the farm of mole fractions (nbar) from measurable ¥
r states nhat. */
r Type: Extemnal */
/- Return Codes: 0 if no erors “/
r 1 If there were errors =/

/*-M.na:nana-.i—-—l—-h—-—t—-mnﬁmi—nAmm..bnmn.mtﬁﬁtﬂamﬁ.m/

int MainKaimanLoop (void)

static firstFllt = 1;
static firstLoop = 1;

int k: /* countes for clipping nbar */
rtDouble Ngkf;
rtDouble Npkf;

ntUInt16 DTIndex3;
bufferTable DTValues3;
rntDouble “Fbarkf;
rtDouble “*Kay;
tDouble ™.
rtDouble A;
riDouble Fv:
rntDouble Fp;
rtDouble kP2;
rtDouble kP4;
nDouble kP6;
rtDouble kH;
rDouble gH;
rtDouble kd;
rtDouble nAS;
rtDouble P;

rtDouble T;

rtDouble Vp;

rtDouble Vg;

rtDouble Ng;

rtDouble mMMp:

rtDouble Np;

rtDouble “np;

rtDouble *ng;

rtDouble Bed_Mass;
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rtDouble “*Astar;

rtDouble “*Bstar;

/" Temporary storage arrays (used by both identifier and filter) */

nDouble **tm01; I* temporary storage matrix 1 - used in matrix computations */
rtDouble **tm02; /* temporary storage matrix 2 - used in mairix computations */
rtDouble **tm03; /* temporary storage matrix 3 - used in matrix computations */
rtDouble “*{m04; /* temporary storage matrix 4 - used in matrix computations */

if (thisDebug) printf("*~ MainKalmanlLoop “~*™"\n");

I* allocate memory for our local KF data */

Fbarkf = dvector (0,7);

np = dvector (0,2);

ng = dvector (0,4);

Kay = dmatrix (0,10,0,10);
g = gmatrix (0,10,0,10);
A = dmatrix (0,10,0,10);
tmo1 = dmatrix (0,10,0,10);
tm02 = dmatrix (0,10,0,10);
tmo03 = dmatrix (0,10,0,10);
tmo4 = dmatrix (0,10,0,10);
Astar = dmatrix (0,10,0,10);
Bstar = sdmatrix (11,8);

I* kinetic constants initialisation (until identifier gives betier estimates) */

kP2 = xfTyp.kP2I_typical; /* propagation pseudo-rate constant for ethylene
/" kP4 DEPENDS ON GRADE - SEE BELOW 7~ propagation pseudo-rate constant for butene
/* kP6 DEPENDS ON GRADE - SEE BELOW /* propagation pseudo-rate constant for hexene

kH = xfTyp.kHi_typical; I transfer rate constant for reaction with H2
gH = xfTyp.gHI_typical; I* hydrogen balance mismatch factor

kd = xfTyp.kdi_typical; I* spontaneous deactivation (kds)

nAS = xfTyp.nAS_typical; I* activated sites

if (HexeneMode () {
kP4 = xfTyp.kP4i_typical_hex;
kP8 = xfTyp.kP6i_typical_hex;

else {
kP4 = xfTyp kP4i_typical_but;
kP8 = xfTyp.kP6i_typical_but;
}

/* KALMAN FILTER IS RUN ON EVERY STEP.UI.SING TEMPORARY KINETIC DATA AT THE
BEGINNING */

Bed_Mass = Dataline.BEDWEIGHT; /" kg polymer */

Vp = Bed_Mass / fp.ro;

Vg = fp.Vreactor - Vp;

T = Datalne.REACTEMP; I* temperature (0C) */

P = Dataline.R1PRESSURE; I* pressure[bar abs]=2070kPag */
Ng =P * Vg / (fp.Rgasconst * (T + 273.15));

if (firstFilt) {

nbar[NC2] = 0.01 * DataLine.ETH * Ng;
nbarfNC4] = 0.01 * DataLine.BUT * Ng;
nbar[NC6] = 0.01 ~ DataLine.HEX * Ng;
nbar[NH2] = 0.01 * DataLine.HYD * Ng;
nbar(NN2] = 0.01 * Dataline.NIT * Ng;
nbar{NAS) = xfTyp.nAS_typical;

if (HexeneMode ())
dvcopy {x_typical_hex,3x_typlcal);
eise

dvcopy (x_typical_but,3,x_typical);
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I mMMp = MW * x_typical */
mMMp = MW[O}*x_typical[0) + MW[1]*x_typical{1] + MW[2]*x_typical[2):

Np = Bed_Mass / mMMp; /" moles of gas in polymer */

2
if (thisDebug) printf ("Bed_Mass: %AtVp: %AVg: %NT: %AP: %AtNg: %f\tmMMp: %MNp: %fn®,
Bed_Mass, Vp, Vg, T,P.Ng mMMp,Np);
*

nbar[NP2] = x_typicai[0) * Np; I Polymer inventories as C2 */
nbar[NP4] = x_typical[1] * Np; /* Polymer Inventories as C4 */
nbar[NP8§] = x_typical(2) * Np; /* Polymer inventories as C6 */
nbar(NG] = Ng;
nbar{NP] = Np;
firstFilt = 0,

} else {

SingleRead ( (rtUIni8 *) nbar,63);
x_typical(0] = nbar[NP2)/(nbar[NPZ}+nbar[NP4]+nbar[NP8]).
x_typlcal{1] = nbar[NP4)/(nbar[NP2}+nbar[NP4]+nbar[NP6));
x_typical(2] = nbar[NP8)/(nbar[NP2}+nbar[NP4}+nbar{NP8));
mMMp = MW[O]"x_typical{0] + MW[1]*x_typical{1) + MW[2]"x_typical(2);
Np = Bed_Mass/mMMp;

I3
if (thisDebug) printf ("Bed_Mass: %ftVp: %MVg: %AT: %NP: %ANg: %AtmMMp: %AMNp: %f\n",

Bed_Mass, Vp, Vg, T,P.Ng mMMp,Np);
“/
)

Npkf = nbar[NP};
Ngkf = nbar[NG];

be.pointergap_GCdeadlime = (int) fp.GCdeadlime/(fp.dt);

if { (Int)(bc.buff_pointer - bc.pointergap_GCdeadtime) < 0)

DTindex3 = bc.Nbuffer + (be.buff_pointer - be.pointergap_GCdeadtime);
else

DTindex3 = (be.buff_pointer - bc.pointergap_GCdeadtime);

if (thisDebug) printf ("DTIndex3 is %d\n*,DTIndex3);

I" read the data from the buffer for index DTindex3 */
ChangePtRecord {60,DTIndex3);
SingleRead ( (MUInt8 ) 8DTValues3,60);

Fbarkf (FC2] = DTValues3.ETHFLO;

Fbarkf [FC4) = DTValues3.BUTFLO;

Fbarkf {FC6) = DTValues3.HEXFLO;

Fbarkf [FH2) = DTValues3.H2FLO;

Foarkf [FN2) = DTValues3.N2FLO;

Fbarkf [FAS] = DTValues3.CATFDRTOT:;
Fbarkf [FV] = DTValues3.R1VENTFLO;
Fbarkf [FP] = DTValues3.PRODRATE/mMMp;
Fv = Fbarkf[FV];

Fp = Fbarki]FP];

I* set to identified values if identifier has run */
if (firstident I= 1) {

kP2 = xfbar[KP2):

kP4 = xfbar[KP4];

kP6 = xfbar[KP6};

kH = xfbar[KH];

gH = xfbar{GH];
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kd = xfbar{KD];

nAS = xfbar[NASI):
}
zero_dmatrix (Kay.0,10,0,10);
Kay[0](0)=-kP2;
Kay[1](1]=-kP4;
Kay[2]{2]=-kP8;
Kay[3){3)=-kH;
Kay[B)[0]=kP2;
Key[7)[1]=kP4;
Kay(8)[2]=kP85;
Kay[9)[0]=-kP2;
Kay[9)[1]=KkP4;
Kay[9}[2]=-kPS§;
Kay[9)[3]=kH;
Kay([10][0]=kP2;
Kay[10][1]=kP4;
Kay(10)[2}=kP6.

zero_dmatrix (g.0,10,0.10);

g[3){3] = -gH:
g[5)I5] = -kd;
gol{3] = -gH;

I* set up h (depends on the grade) */
if (HexeneMode()) {
h[2)[2] = -fp.s6;

h(1)[1] = 0.0;

h[9)[2] = -fp.s6B;

h(S)[1] = 0.0;
}else {

h[2)[2] = 0.0;

h[1)(1} = -fp.s4;

h(8)[2] = 0.0;

h(S)(1] = -fp.s4;
}

" Fp*h =tm01¢/

dmsmy (h,11,11,Fp tm01);

" H+ HAS =tm02~/

dmadd (H,11,11,HAS tm02);

* (Fp/Npkf) = (H+HAS) = tm03*/

dmsmy (tm02,11,11,(Fp/Npkf),tm03);

I* (Fp/Npkf) * (H+HAS) + Fp*h = tm02 */

dmadd (Im03,11,11,tm01,tm02);

/* (FVINgkf) * G = tm01 %/

dmsmy (G,11,11,(Fv/Ngkf),tm01);

I* (Fu/Ngkf) * G + g = tm03 ¢/

gmadd (tm01,11,11,g.A1m03);

/* (FVINgKS) * G + g + (Fp/Npkf) “ (H+¥HAS) + Fp*h = tm01 /
dmadd (im03,11,11,tm02,tm01);

” nAS*Kay = tm02 */

amsmy (Kay,11,11,nAS tm02);

" nAS"Kay + (Fv/Ngkf) " G + g + (Fp/Npkf) * (H+HAS) + Fp*h= A */
dmadd (tm01,11,11,tm02,A);

PartMatExpKF (A.B,Astar,Bslar,11,8);

/7 Shaw vectors and matrices for debug */

/.

if (IhisDebug) {
printf ("™ ~Kay“~™\n");
show_dmatrix (Kay,0,10,0.10);
prntf " g™"\n®);
show_dmalrix (g,0,10,0,10);
printf (***A™™\n");
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show_dmatrix (A,0,10,0,10);
printf ¢ Fbarkf™*"\n");
show_dvector (Fbarkf,0,7);
printf (">*Astar™""\n");
show_dmatrix (Astar,0,10,0,10);
printf ("~“"*Bstar*“*~\n");
show_dmatrix (Bstar,0,10,0,7):

}
Y

I Load nhat (measurements) from Dataline for the Kalman Filter */

nhat{HNC2) = 0.01 * DatalLine.ETH “ Ng;
nhat{HNC4] = 0.01 = DataLine.BUT “ Ng;:
nhat{HNC6] = 0.01 * DataLine.HEX * Ng;
nhat[HNH2] = 0.01 * Datatine.HYD ~ Ng;
nhat{HNN2] = 0.01 * DataLine.NIT = Ng;
nhat[HNG] = Ng;

nhat[HNP] = Np;

/* Kalman Fiiter Atgorithm */

1* Kkf=Mkf*Gkf~(Gkf*Mkf"Gkf+Rkf)*(-1) =/
dmtranspose (Gkf,7,11.tm01);

dmmult (Mkf,11,17,tm01,11,7,tm02);
dmmult (Gkf,7,11,tm02,11,7 im01);
dmadd (tm01,7,7 Rk{,tm02);

dinverse (tm02,7,tm01);

dmtranspose (Gkf,7,11,tm02);

dmmuit (tm02,14,7,im0%,7,7,tm03);
dmmuit (Mkf,11,11,tm03,11,7 Kkf);

I* KFemor=nhat-Gkf*nbar */
dmvmult (Gkf,7,11,nbar,11,°tm01);
dvsub (nhat,7,*tm01,KFerror);

I Gkf=tm01

I* Mkf*GkP=tm02

/* GKI*MKf*GkP=tm01

I* Gkf*MKf*Gkf+Rkf=tm02

I* (GK*MKf*GKkP+Rkf)A(-1)=1m01

* GkP=tm02

I* GkP(GkF*MKMGkP+RKf)A(-1)=tm03

I* MKf*Gkf*(Gkf*Mkf*GkP+Rk)M-1)=Kkf

/* Gkf*nbar=tm01
/™ nhat-Gkf*nba=KFermor

I nbar=Astar*nbar+Bstar’Fbarkf+Kkf*"KFerror */

dmvmult (Kkf, 11,7, KFerror,7,*tm01);
dmymult {Bstar,11,8,Fbarkf,8,*tm02);
dvadd (*tm01,11,*tm02,*tm03);
dmvmult (Astar,11,11,nbar,11,"tm01);
dvadd (*tm01,11,"tm03.nbar);

I» Mkf=Astar* (Ikf-Kkf~Gkf) “Mkf*Astar'+Qkf */
dmmult (K&f,11,7,Gkf,7,11,tm01);

dmsub (ikf,11,11,tm01,tm02);

dmmult (tm02,11,11,Mkf,11,11,tm01);
dmtranspose (Astar,11,11,im02);

dmmuit (tm01,11,11,4m02,11,11,tm03);
émmult (Astar,11,11,tm03,11,11,tm01);
dmadd (tm01,11,11,Qkf,MKkf):

/* clip */
for (k = 0; k <NKF; k++)

if (nbarfk]<nbarmin[k])
nbar[k]=nbarmin[k];
else
if (nbarfk]>nbarmax[k])

/" Kkf*KFerror=tm01

/* Bstar*Fbarkf=tm02

/* Bstar*Fbarkf+Kkf*KFerror=tm03

/* Astar'nbar=tmo01

I* Astar'nbar+Bstar Fbarkf+Kkf*KFerror=nbar

" Kkf*Gkf=tm01

I Ikf-Kkf*Gkf=tm02

I* (Ikf-Kkf*Gkf)“Mkf=tm01

/* Astar=tmo02

I (Ikf-Kkf*Gkf)*MkfAstar'=tm03

I+ Astar®(Ikf-KkfF*Gkf)*Mkf*Astar=tmag3

r* Astar®(Ikf-Kkf*Gkf) "Mkf*Astar+Qkf=Mkf

nbark)=nbarmax[k];

)

if (thisDebug) {

r printf ("**““Kkf***\n");
show_dmatrix (Kkf,0,10,0,6);
printf (****“*KFerror™**“\n");
show_dvector (KFerror,0,6);

“/ printf (***“*nhal*>“"\n"};
show_dvector (nhat,0,6);
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printf ("****nbar***"\n");
show_dvector (nbar,0,10);

r printf ("™ "Mk{™"\n");
show_dmatrix (Mkf,0,10,0,10);

)

}

I* free up allocated tocal KF memory */
free_dvector (Fbarkf,0,7);
free_dvector (np,0,2);
free_dvector (ng.0,4);
free_dmalrix (Kay,0,10,0,10);
free_dmatrix (g.0,10,0,10);
free_dmatrix (A,0,10,0,10);
free_dmatrix {tm01,0,10,0,10);
free_dmatrix (tm02,0,10,0,10);
free_dmatrix (tm03,0,10,0,10);
free_dmatrix (tm04,0,10,0,10);
free_dmatrix (Astar,0,10,0,10);
free_dmalrix (Bstar,0,10,0,7);

return (0);

} I end of MainKalmanLoop */
/Hﬁi*i‘t-‘-h*‘MAl‘ihﬂﬂ‘Nmﬂ*ﬂmhm'nm“wtﬂﬂmﬂmtﬂiﬂa“-hmﬁ./
r UpdaleKalmanData: Parameters estimated by the filter are “/
r written back to the DataBase. *
7 Type: External *
r Return Codes: 0 if no errors *
r 1 if there were emors */

/MHI‘W’IA—--QWMMM mﬁmmmm-omwmh/

inl UpdateKalmanData (void)

{
I” update the BufferControl point */

SingleWrite ( (rtUInt8 *) &bc,59);

f* write nhat to the database */
SingleWrite { (rtUInt8 *) nhat,64);

I write nbar to the DataBase */
SingleWrite { (rtUInt8 *) nbar,63);

I write h to the DataBase 4/
SingleWrite { (tUInt8 *) *h,41);

/" write MKf to the DataBase */
SingleWrite ( (rtUInt8 *) “Mkf,56);

7 write Kkf to the DataBase */
SingleWrite ( (tUInt8 ~) “Kkf,65);

» write KFerror to the DataBase */
SingleWrite ( (rtUInt8 *) KFerror,66);

return (0);
} I* end of UpdateKalmanData */
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Wﬁl‘htﬂ*ﬁﬂ*ﬁ-ﬁ-ﬂ-&b‘-ﬁlﬁlllh" nianmnmmﬁ.nhﬁmhl

r~ KalmanPiotData: Creates a history table for recording the results *
I of the filter, ’nbar’ and 'KFerror' as well */
r as 'nhat’ in the DataBase. When {he maximum lines */
r are exceeded, values in the table are shifted “/
I up one place. Presently not used for trending. -/
I* Type: Local */
/" Retun Codes: 0 if no errors f
r 1 if there were errors “

,m—mﬁ el Rl Y o e Y e N R e T e e e e ] A-a--—m--—.—n—.-.l

int KalmanPlo\Data (void)

nhatHist nhathist, nhatshift, KFerrorthist, KFerrorshift;
nbarHist nbarhist, nbarshift;

static int nhatindex = O;

static int nbarindex = Q;

static int KFerrorindex = 0;

struct timeval now;

int shiftindex;

if (thisDebug) pantf "~ KalmanPlotData ~™™\n");
now.tv_sec = time(NULL);

I* generate nhat historical data */
SingleRead ( (itUInt8 *) &nhathist, 69);

nhathist.timestamp = now;
nhathist.nC2 = nha{HNC2);
nhathist.nC4 = nhat{HNCA4);
nhathist.nC8 = nhat[HNCS8];
nhathist.nH2 = nhat[HNH2];
nhathist.nN2 = nhat[HNN2];
nhathist.Ng = nhat(HNG};
nhathist.Np = nhat[HNPJ;

if (nhatindex < MAXKFHIST) {
ChangePtRecord (69,nhatindex);
SingleWrite ( (tUInt8 *) &nhathist, 69);
nhattndex++;

else {
for (shifIndex = 1; shiftindex < MAXKFHIST; shiftindex++) {
ChangePi{Recaord (69,shifiindex);,
SingleRead ((RUInt8 *) &nhatshift, 69);
ChangePtRecord (69,shiftindex-1);
SingleWrite ( (MUINt8 =) &nhatshift, 69);

)

ChangePtRecord (69, MAXKFHIST-1);

SingleWrite ( (rtUInt8 *) &nhathist, 69):
}

I™ generate nbar historical data */
SingleRead ( (nUInt8 *) &nbarhist, 70);

nbarhist.timestamp = Now;
nbarhist.nC2 = nbar[NC2];
nbarhist.nC4 = nbar[NCA4]J;
nbarhist.nC6 = nbar(NC6};
nbarhist.nH2 = nbar{NH23;
nbarhist.nN2 = nbar[NN2J;
nbarhist.nAS = nbar[NAS];
nbarhist.nP2 = nbar[NP2);
nbarhist.nP4 = nbar[NP4];
nbarhist.nP6 = nbar[NP6];
nbarhist.Ng = nbar[NG];
nbarhist.Np = nbar[NP]J;
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if (nbarlndex < MAXKFHIST) {
ChangeftRecord (70,nbarlndex);
SingleWrits ( (tUINt8 *) &nbarhist, 70);
nbarlndex++;

else {
for (shiftindex = 1; shiftindex < MAXKFHIST; shiftindex++) {
ChangePtRecord (70,shiflindex);
SingleRead ( (rtU!ni8 *) &nbarshift, 70);
ChangePtRecord (70,shiftindex-1);
SingleWrite ( (rtUInt8 *) &nbarshift, 70);

}

ChangePtRecord (70, MAXKFHIST-1);

SingleWrite ( (nUInt8 *) &nbarhist, 70);
}

I* generate KFerror historical data  */
SingleRead ( (MUInt8 *) &KFerrorhist, 71);

KFerrorhist.timestamp = now;
KFerrorhist.nC2 = KFamor{HNC2];
KFerrorhist.nC4 = KFermor[HNCA4];
KFerrorhist.nC6 = KFerror[BNGC6];
KFerrorhist.nH2 = KFerror[HNH2};
KFerrorhist.nN2 = KFerror{HNN2};
KFerrarhist.Ng = KFerroar[HNG);
KFerrorhist.Np = KFerror[HNP];

if (KFerrorindex < MAXKFHIST) {
ChangeftRecord (71 ,KFerrorindex);
SingteWrite ( (NUInt8 *) &KFerrorhist, 71);
KFerrorindex++;

}
else {
for (shiftindex = 1; shiftindex < MAXKFHIST; shiftindex++) {
ChangePtRecord (71,shiftindex);
SingleRead { (MUInt8 *) &XFerrorshift, 71);
ChangePiRecord (71,shifindex-1);
SingteWrite ( (tU(nt8 *) &KFerrorshift, 71);
}
ChangePtRecord (71 MAXKFRIST-1);
SingteWrite { (tU(nt8 *) &KFemorhist, 71);
}
return (0):
} I* end of KalmanPlotData */
Y Adiaie as ke e Ao - - ..“mr—«Anm‘&“onwimeﬂmﬂ“"-/
r PartMatExpKF: Gelts the discrete form of A and B (A* and B*) */
~ for the Kalman filter by using a matrix exponential. */
”~ This is in effect a zero-order hold (ZOH) that allows */
/ samples to be taken at discrete time intervals */
~ 'at. Uses a truncated Taylor series of e*t to avold */
r singularity problems. *
r Type: Local i
r Return Codes:  0if no errors =/
" 1 if there were errors (serles gets too long and won't truncate) 4

,itlﬁn L R T 2 s Y 3 Lol mmnmnmin.ﬂh*ﬂ‘nmml

int PartMatExpKF (double ““a_rnat,double ~b_mat,double ™Astar,double **Bstar,int rowB,
int colB) /* scan interval ¢/

{
double expmAdt_idivA;
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double "*changemat;

double “*Adt;

double *"tmKF;

double change = 10000.0;

intk =1,

int j;

inti; /* loop counter ¢/

I allocate memory for PartMaltExpKF function */
expmAdt_IdivA = dmatrix (0,rowB-1,0,rowB-1);

changermat = dmatrix (0,rowB-1,0.rowB-1);
Adt = dmatrix (0,rowB-1,0,rowB-1);
tmKF = dmatrix (0,rowB-1,0,rowB-1);

/= dt * Ikf = expmAGgdt_IdivA */
dmsmy (Ixf.rowB,rowB, fp.dt.expmAdt_[divA);

/* 8t Ikf = changemat */
dmsmy (Ikf,rowB,rowB, fp.dt,changemat);

MACdtY
dmsmy (a_mat,rowB,rowB, fp.dt,Adl);

while ( (change > TOL) && (k<=MAXEXPIT) ) {
k =Kk+1,

" tmKF = (changemat * Agt) */

dmmult {(changemat,rowB,rowB, Adt,rowB,rowB, tmKF);
[~ changemat = (changemat * Adt)* 1/k */

dmsmy (tmKF,rowB,row8,(1.0/(doubie)k),changemat);

change = 0.0;

for (i = O;l<rowB;i++)

for (j = 0;j<rowB;j++)
change = change + fabs (changemat[i[]);

dmadd (expmAdt_IdivA rowB,rowB,changemat,expmAdt_|divA);
/* Astar = expmAdt_IdivA * A + Lkf*/
dmmull (expmAdt_IdivA.rowB,rowB,a_mat,rowB,rowB,tmKF);
dmadd (tmKF,rowB,rowB, Ikf,Astar);

/* Bstar = expmAdt_ldivA * B ¢/

dmmult (expmAdt_ldivA,row8,rowB,b_rmat,rowB,rowB,Bstar);
I* free up allocated memory for PartMatExpKF function */
free_dmatrix (expmAdt_IdivA,0,rowB-1,0,cowB-1);
free_dmatrix (changemat,0,rowB-1,0,rowB-1);

free_dmatrix (Adt,0,rowB-1,0,rowB-1);

free_dmatrix ({mKF,0,rowB-1,0,rowB-1);

if (k>MAXEXPIT)
retum (1);

retum (0):

} I~ end of PartMatExpKF */
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/t-rt-ﬂ-l—» A e A A AR A Arwrh e e * “‘-"—,
r PartMaiExpident: Gets the discrele form of A and B (A and B”) Wi
r” for the Identifier by using a matrix exponential. */
r This is in effect a zero-order hold (ZOH) that allows *
I samples to be taken at discrete time intervals 'dtident’. *!
" Uses a truncated Taylor series of &t to avoid singularity *
r” problems. ~/
/* Type: Local */
r* Retum Codes: 0 if no errors */
r 1 if there were errors (series gets too long and won't truncate) */

/h Adra- AR WIS # Sy & € A A EE R AR e @

—eea e “'\l‘m‘fl/

int PartMatExpldent (double ““ai_mat,double **bi_mat,double “*Aistar,double **Bistar,int rowB,
int coiB)

{

double *"expmAldtident_|divAl;
doubte **changemat;

double **Aidtident;

double **tmID;

double change = 10000.0;

intk=1;

intj;

inti; " loop counter */

* allocate memory for PartMatExpldent function */
expmAldtident_|divAl = dmatrix (0,rowB-1,0,rowB-1);
changemat = dmatrix (0,rowB-1,0,rowB-1);
Aldtident = dmatrix (0,rowB-1,0,rowB-1);

tmiD = dmatrix (0,rowB-1,0,rowB-1);

 dtident ~ li = expmAidtlident_IdivAi */
dmsmy (li,rowB,cowB be.dtident,expmAidtident_[divAt);

f* dlident * li = changemat */
dmsmy (li,rowB,rowB bc.dtident,changemat);

/* Ai * dlident */
dmsmy (ai_mat,rowB,rowB,bc.dtident Aidtident);

while ( (change > TOL) && (k<=MAXEXPIT) ) {
k= K+1;

/ tmiD = (changemat * Aidtident) */

dmmuit (changemat,rowB,rowB, Aidtident,rowB,rowB,tmlD);
/ changemat = (changemat * Aidtident)* 1/k */

dmsmy (tmlD,rowB,rowB,(1.0/(double)k),changemat);

change = 0.0;

for (i = O;i<rowB;i++)

for () = O;j<rowB;j++)
change = change + fabs (changemat[i]f]);

dmadd (expmaAidtident_ldivAi,rowB.rowB,changemat,expmAldtident_IdivAl);
)

I* Aistar = expmAidtident_IdivAi * Ai + 1i ™/
dmmult (expmAidtident_ldivAi,rowB,row8,al_mat,rowB,rowB,tmID);
dmadd (tmID,rowB,rowB,li,Aistar);

/* Bistar = expmAidtident_IdivAl * Bi*/
dmmult (expmAidtident_LldivAi,rowB,cowB,bi_mat.rowB,cowB,Bistar);

I* free up allocated memory for PartMatExpldent function */
free_dmatrix (expmAldtident_|divAi,0,rowB-1,0,rowB-1);
free_dmatrix (changemat,0,rowB-1,0,rowB-1);
free_dmatrix (Aidtident,0,rowB-1,0,rowB-1);

free_dmatrix (tmID,0,rowB-1,0,srowB-1);
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if (k>MAXEXPIT)
retumn (1);

retumn (0);

} ™ end of PartMatExpldernt */
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KalmanControl.h

,‘Al ACh A bk o ke ddnd b b b A AR b e ek A dd e ey ti—.it.ih‘/

I’ sources/KalmanControl.h 2000/03/06 N Narotam  */

r */
/* Copyright (¢) N Narotam 1999, 2000 ¢/
Al Rights Reserved */
/ */
/* DESCRIPTION */
/*  Header file - contains general structuce and */
/*  function definitions that are needed by alt the i
/*  other modules 4
/.ianﬁhﬂa:ﬁamhﬂ:ﬁiﬂﬂmmﬂhpihﬂﬁ-&a-hh‘b—i—ﬂw,
" COMPILITATION CONTROL =/
/* 2000/03/30 N Narotam Ver 1.01 conceived Wi
" */

r.i‘nﬂt--i‘titﬂl—-—- R e e e e X ] ./

#include <rtap/database.h>

r calculation constants */

#define DT 20.0

#define MINPRODRATE 1.4

#define MAXEXPIT 100

#define TOL 1.0e-20 /™ tolerance for convergence */

I~ relumcode constants Wi
#define REACTORBIT 1

#define NSTOREDSBIT 2

#define GCUPDATEBIT 4

/ihttﬂ—-ﬂ‘hl-ttkam.ﬂ'- AR R A Al rd & W AWk sen @bk n/

I define the size of the data array =/
,h.l Hﬂpn‘w—-‘w--u--m-mw,
#define NALL 11

#define MALL 8

#define ROWIDENT 7

#define COLIDENT 8

#define NKF 11

#define MKF 8

/Qh Rhdddbpbowda kﬁkﬁ‘h“ih-‘lmnmﬁ"ilmﬂm‘wi&h/

r define the order of the data In the Identifier */

Wmﬁmmmmiwumn/

/- define the order of the data in the identification vector */
#define KP2 0

#define KP4 1

#define KP8 2

#define KH 3

#define GH 4

#define KD 5

#define NASI 6

/* The input vector for the ldentifier */
fidefine FC2 0

fidefine FC4 1

#define FC6 2

fidefine FH2 3

fidefine FN2 4

#define FAS 5

#define FV 6

#deline FP 7

* vactor of flow readings comesponding to the last GC update */
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#define FR1FC2 O
#define FR1FC4 1
#define FR1FC6 2
#define FR1FH2 3
#define FR1FN2 4
fdefine FR1FAS 5
#define FR1FV 6
#define FR1FP 7

/* vector of flow readings corresponding to the current GC update */
#deflne FR2FC2
#define FR2FC4
#define FR2FC6 2
#define FR2FH2 3
#define FR2FN2 4
5
6
7

- Q0

#define FR2FAS
#define FR2FV
fdefine FR2FP

f* vector of average readings of flowread1 and flowread2 */
#define FRFC2
#define FREC4
#define FRFC6
#define FRFH2
#define FRFN2
#define FRFAS
#define FRFV

#define FRFP

NOoOOhAhWN 2O

/* nobs (measurable states) */
#define ONC2
#define ONC4
f#idefine ONC6
#define ONRH2
#define ONN2
#define ONAS
#deflne ONG

#define ONP

NOOAE WN-=2O

/" nobs_tm1 (measurable states) */
Hdefine OMINC2 0
#define OM1INC4 1
#define OM1INCS 2
#define OMTNH2 3
#Hdefine OM1NN2 4
#define OMINAS 5
#define OMING 6
fidefine OMINP 7

/IAII"-. AR MY ek A —--I

/* define the order of the vectors for the Kalman Filter */

e v s vans rcewrae -k isiaiiohia b

/* nbar (Predicted states) */
fidefine NC2 0
#Hdeflne NC4 1
fidefine NC6 2
#define NH2 3
#define NN2 4
#define NAS 5
#defina NP2 8
#define NP4 7
#define NP6 8
#define NG 9
#define NP 10

/* nhat (measurable states) */
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#define HNC2 0
#define HNC4 1
#define HNC6 2
#define HNH2 3
#define HNN2 4
#define HNG 5
#define HNP 6

/* np (Plastic vector) */
fidefine NNP2 0
fidefine NNP4 1
#define NNP6 2

I" ng (Gas vector) */
#idefine NNC2 O
ftdefine NNC4 1
#define NNC6 2
#define NNH2 3
#define NNN2 4

I* y_typical (Typical gas composiltion vector) */
#define YC2 0
#define YC4 1
#define YC6 2
#define YH2 3
fidefine YN2 4

/\Al('ll'l"h'rrrwm'i h-‘m.-”ﬁ-‘l“m/

/™ define the history stack sizes *
,A--t.t-ir-ﬂti‘“wnﬁnthnlnﬂmtmnl
#define MAXIDHIST 360
#define MAXKFHIST 360

/" application status structure /
typedef struct {

riBytes8 env;

nint16 Debug;

rtint16 OnlLine;
} AppStatus;

extem int OnLine;

typedef struct {

riFloat dt; I* basic sampling time Interval (20 sec.) Wi
nfFloat GCdeadtime; I* time gap between sample entering GC and outputs being updated =/
rtFloat di_forced_ident; /" if GC update not found within this time, force an update 4
rtFloat tolerance_conc_change; /* for detection of GC update "/
rtFioat Rgasconst; /™ universal gas constan! [bar.m3 / kmol.K] *
rtFloat ro; /* polymer densitylkg/m3polymer} )
rtFloat Vreaclor; I* volume of reactor (276m3) + cycle gas loop (48m3) */
rtFloat s2; I moles C2 lost from gas per total moles C2+C4+C6 in product /
rtFloat s4; I* none present in this case (dissolved) 4
tFloat s6; " moles C6 lost from gas per total moles C2+C4+C6 in product */

} FixedParam;

typedef struct {
nDouble kP2i_typical;
riDouble kP4i_typical_but;
riDouble kP4i_typical_hex;
rtDouble kP6i_typical_bui;
nDouble kPBi_typical_hex;
rDouble kHi_typical;
rtDouble gHi_typical;
rtDouble kdi_typical;
rtDouble nAS_typical;

} TypicalData;
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typedef struct {
rtUInt32 buff_painter;
rtUInt32 pointerlastupdate;
tUInt32 Nstored;
rtUInt32 Nstored_criterion;
rtUInt32 Nbuffer,
rtUInt32 changecount_criterion;
rtUInt32 changecount;
rfUInt32 dtident;
rntUInt32 pointergap_GCdeadtime;
} BufterControl;

typedef struct {
rilDouble ETHFLO;
riDouble BUTFLO;
rilDouble HEXFLO;
rtDouble H2FLO;
rtDouble N2FLO;
rtDouble CATFDRTOT;
rfDouble R1VENTFLO;
rfDouble PRODRATE;
nDoublje REACTEMP,
riDouble R1PRESSURE;
rtDouble ETH;
rtDouble BUT;
rtDoubie HEX;
riDouble HYD;
nDouble NiT;
rtDouble ETHANE;
nDouble ISO;
rtDouble C4INERTS;
rtDouble CBINERTS;
rtDouble BEDWEIGHT;
rtDouble SPARE_T;
rtDouble SPARE_2;
rtDouble SPARE_3;

} bufferTable;

typedef struct {
struct timeval timestamp;
riDouble kP2i;
rtDouble kP4i;
rtDouble kPS6i;
rDouble kHi;
rtDouble gHi;
rnMDouble kdi;
rtDouble nASI;
} xfbarHist;

typedef struct {
struct timeval timestamp;
riDouble nC2;
riDouble nC4;
riDouble nC6;
rtDouble nH2;
riDouble nN2;
rtOouble Ng;
rtDouble Np;
} nhatHisy;

typedef struct {
struct timeval timestamp;
riDouble nC2;
rtDouble nC4;
rtDouble nCH6;
rtDouble nH2;
rtDouble nN2;
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riDouble nAS;

rDouble nP2;

rtDouble nP4;

rtDouble nP6;

rtDouble Ng;

rtDouble Np;
} nbarHist;
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nrutil.c

/btmﬂiﬁ‘-—‘nli Wrprw bk & A & drd Wiy L 3 X s ﬂ"l“i’*ﬁ‘!‘i.m'lil
/" nrutil.c file for use with KalmanControl ~/
" N Narotam, C van der Merwe - Polifin ¢!
r R Thomason, M Mulholland - University of Natal */
" version 1 March 2000 ~/
Fﬁiﬂ.ﬁﬁaihlh-m-nnnnﬁt* T &aaa e ...4.“-r--+---r-—-m/

#include <malloc.h>
#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include "nrutil.n”

vold nrerror(char error_text[])

{
fprintf(stderr,"Numerical Recipes run-time error...\n");
fprintf(stderr,"%s\n",error_text);
fprintf(stderr,"...now exiting t¢ system...\n");
exit(1);

}

float *vector(Int nl,int nh)

{
float *v;
v=(float *)malloc{(unsigned) (nh-nl+1)*sizeof(float));
if (Iv) nrecror("allocation fallure in vector()");
retumn v-nl,

}

Int “ivector(int nl,int nh)

{
int “v;
v=(inl Mmalloc((unsigned) (nh-nl+1)*sizeof(int));
if (Iv) nrerror("allocation failure in jvector()"):
return v-nl;

}

double ~gvector(int nl,int nh)

{
double *v;
v=(double *)malloc((unsigned) (nh-ni+1)*sizeof(double));
if (Iv) nreror("allocation fallure in dvector(}");
retumn v-nl;

}

float *“matrix(int nrl,int nrh,int ncl.int nch)

{
intf;
float *"'m;

m=(float ™) malloc((unsigned) (nrh-nri+1)“sizeof(floal*));
if (lm) nrerror("atlocation failure 1 in malrix()");
m -= orl;

for(i=nn;i<=nrh;l++) {
m{l]=(float *) malloc((unsigned) {nch-ncl+1)*sizeof(float));
if (\m(i)) nrerror("allocation failure 2 in matrix(™);
mli] -= ncl;
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return m;

}

float **smatrix(int m, int n)

{

inti;
float **a;
float *p;

p = malloc{m=n“sizeof(float));
a = malloc(m*sizeof(float®)),

for (i=0i<m;i++) {
afi] = p + (*n);

return a;

}

double “sdmalnx{int m, int n}

{

int i;
double **a;
doubte “p;

p = malloc(m“n*sizeof(double));
a = malloc{m*sizeof(double*®));

for (i=0;i<m;i++) {
ali] = p + (i*n);

refurn 2;

}

void zero_dmatrix (double **matr,int nrl,int nrh,int nct,int nch)
{
intij;
for (i=nrl;i<=nrh;i++)
for (J=ncl;j<=nch;j++)
matrfij) = 0.0;

}
void zera_dvector (double *vec,int nrl.int nrh)
intl;
for (i=nrlii<=nrh;i++)
vecfi] = 0.0;
}
void zero_matrix {float **matfr,int nel.int nrh,int ncl,int nch)
intij;
for (i=nrl;i<=narh;i++)
for (j=ncl;j<=nch;j++)
matrfi]g] = 0.0;
double ““dmatcix(int nri,Int nrh,int ncl,int nch)
{
inti;
double **m;

m={double =*) malloc{(unsigned) (nrh-nfi+1)“sizeof{double"));
if (!/m) nrerror{"allocation failure 1 in dmatrix()");
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m -=nrl;

for(i=nrii<=nrh;i++) {
m[i]=(double *) malloc((unsigned) (nch-ncl+1)“sizeof(double));
if (imi]) nrerror("allocation failure 2 in dmatrix{()");
m[i] ~= ncf;

}

retum m;

}

int *“imatrix(int nrl,int nrh,int ncl,int nch)

{

int i,**m;

m=(int **)malloc((unsigned) (nrh-arl+1)*sizeof(int*));
if ('m) nrerror("allocation failure 1 In Imatrix()");
m -= nrl;

for(l=nrl;i<=nrh;l++) {
mfi]=(int Ymalloc((unsigned) (nch-ncl+1)*sizeof(nt));
if (Im[l]) nrerror("allocation failure 2 in imatnx()");
m[i] -= ncl;

)

retumn m;

}
float *"submatrix(float **a,int oldrl,int oldrh,int oldcl,int oldch,int newrt,int newc!)
{

int j;
float **m;

m=(float **) mailoc((unsigned) (cldrh-oldri+1)“sizecf(float));
if (Im) nrerror("allocation failure in submatrix()");
m -= newrl;

for(i=cldrl J=newrl;i<=oldrh;i++,j++) m[j]=a[]+oldcl-newcl;

relurn m;
}
void free_vector(floal *v,int nl,int nh)
{

free((char*) (v+nl));

void free_ivector(int “v,int nl,int nh)

free((char*) (v+nl));

vold free_dvector(double *v,int nl,int nh)
{
free{(char*) (v+nl));
void free_matrix(float ™m,int nrl,int nrh,int ncl,int nch)

{

inti;

for(i=nrh;i>=nrl;i-) free((char*) (m(iJ+nch));
free((char*) (m+nn));
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}
void free_dmatrix(double “*m,int nrii,int nrh,int ncl,int nch)

{

int i

foc(i=nrh;i>=nrl;i-) free({char®) (m[i}+ncl));
free((char*) (m+nr));

void free_imatnx(int **m,int nr,Int nrh,int ncl,int nch)

{ - »
int i,
for(i=nrh;i>=nrl;i-) free((char*) (m[f}+ncl});
free((char”) (m+nrl));

}

void free_submatrix(float =~b,int arl,int nrh,int ncl,Int nch)
free((char”) (b+nrl));

float ™conven_matrix(float *a,int nrl,int nrh,int ncl,int nchk)

{
int i j,nrow,ncol;
float =m:;

arow=nrh-nri+1;

ncol=nch-nci+1;

m = {float **) malloe((unsigned) (nrow)“sizeof(float™));
if {!Im) nrerror("allocation faifure in convert_matrix()");
m -= nrl;

for(i=0 j=nf;i<=nrow-1;t++ j++) mfj]=a+ncol’i-ncl;
retum m;

)

void free_convert_matrix(floal **b,int nr,int nrh.Int ncl,int nch)

free((char®) (b+nrh));
)

void show_ivector (int *vect,int ni,int nh)

int |;
for (i=nl;i<=nh;l++)
printf(” Yad\n™ vect[i));

void show_dvector (double *vect,int nl,int nh)

inti;
for (i=nl;i<=nh;i++)

printf(” %e\n" vecti));
}

void show_vector (float *vecl.int nlint nh)
{
int i
for (i=nl;l<=nh;l++)
printf(" %f\n" vect[i]);
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void show_matrix (float “*matr,int nrlint nrh,int ncl,int nch)

int 1,j;
for (I=nrl;i<=nrh;i++)

for (j=ncl;j<=nch;j++)
printf('%5.4f *, matr[i)[));

printf {\n");

}
}
void show_dmatrix (double *“matr,int nrl,int nrh,int ncl,int nch)
((nl iJ:

for (i=nr;i<=nrh;l++)

for (j=ncl;j<=nchj++)
printf(*%e ", matc[i][i});

printf ("\n");
}
void show_imatrix (int *“matr,Int nri,int nrh,int nclint nch)
i(nt [N

for (i=nd;i<=nrh;i++)
for {j=ncl;j<=nch;++)
printf('%d ",matr[i]{jl);
printf ("\n*};
)
}

void dmcopy( double a, int a_rows, int a_cols, double *"b) /* copy 2 matrix */
inti, j;
for ( i=0; I<a_rows; i++ )

for (j=0; j<a_cols; J++ ) b[i)(j) = a(i)():

vold dveopy (double *a,int a_els,double *y)  copy a vector */

int i

for (i=0;i<a_els;i++)
yli] = a[;

}

void dmmult ¢ double **a, int a_rows, int a_cols,
double “*b, int b_rows, int b_cols, double **y)
[* multiply two matrices a,b result In y. y must not be the same asa or b. */

{
inti)k;
double sum;
for (i=0; i<a_rows; i++)
for (j=0; j<b_cols; j++){
sum = 0.0;
for (k=0; k<a_cols; k++) sum +=a[i][k]“b[k](i];
) ylilj}=sum;

}

veid dmadd (double **a, int a_rows, Int a_cols, double “*b, double *y)
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I” add two matrices a,b, result iny. y can be sameasaorb */

{
intij;

for (i=0; I<a_rows; i++)
for (=0; j<a_cols; j++){

} y[0)=afli}+bA{:
}

void dmsmy ( double **a, int a_rows, int a_co!s, double r, double ™*y)
/ muitiply a by scalarr, resultiny. y can be same as a */

{

intij;

for (i=0; i<a_rows; I++)
for (J=0; j<a_cols; j++){

} ylilij=afilir:
}

void dmsub ( double **a, int a_rows, int a_cols, double **b, double **y)
/* subtract two matrices a,b, resultiny. y can be same asaorb */

{

int ij;

for (i=0; i<a_rows; i++)
for(j=0; j<a_cols; j++){

: yGlli3=alllj]-biilm;
}

void dmtranspose ( double *“a, int a_rows, int a_cols, double *"y)
/™ transpose a matrix a, result in y. y must not be same as a */

{

int i;

for (i=0; i<a_rows; I4++)
for (j=0; j<a_cols; J++){
} y(=ali}0;

}

void dmvmult{ double **a, int a_rows, int a_cols, double *b, int b_els, double *y)
I~ multiply a matrix a by vector b, result iny. y can be same as b */

inti, k;
double sum;

for ( 1=0; I<a_rows; i++) {

sum = 0.0;
for ( k=0; k<a_cols; k++ ) sum += ai]{k]*b{k]:
yli] = sum;
}
}
void dvadd( double *a, int a_els, double "b, double *y)
{
int j;
for (j=0; J<a_els; j++ ) {
yl] = a0] + bil:
}
}
void dvsub( dauble *a, int a_els, double *b, double ‘y)'
{
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int J;

for (j=0; j<a_els; j++ ) {

Y0l = afj] - b0);
}
}
void dvsmy( double *a, int a_els, double r, double *y)
in{ j;

for (]=0; j<a_els; j++ ) {
\ yll=al} " r.

}

void deyes (int row, int col, double **t )
{
inti,);
for (I=0;i<row;i++) {
for (j=0;j<col;j++) {
ID]=0;
if (i==))
iMG1=1.0;

}
}

/" malrix inversion routines */
#define TINY 1.0e-20;

void dludecmp { double **a, Int n, int *indx, double *d)
{

int I,imaxj.k;

double big,dum,sum,iemp;

double *wv;

vv = dvector (O,n-1);
*d=1.0;
for (I=0; i<n;i++) {
big=0.0;
for (j=0;j<n;j++)
if ({temp=fabs(afi](]))>blg) big = temp;
if (big == 0.0) nrercor ("Singular matrix in routine dludecmp*);
wv{i]=1.0/big;

}
for (j=0;j<n;j++) {
for (i=0;1<j;i++) {
sum=ali](J];
for (k=0:k<i;k++) sum -= afi)[x]*a[k]fjl:
afi]f]=sum;

}
big=0.0;
for (i=):I<n;i++) {
sum=a[i|(l;
for (k=0;k<jk++) sum = a(i](k]"a[k][j];
alilf]=sum;
if ({dum=vv{i]*fabs(sum))>=big) {
big=dum;
Imax=i;

}

}
If (j!=imax) {
for (k=0;k<n;k++) {
dum=alimax][k];

afimax][k)=a[l)(k};
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afjlfk]=dum;

)
*d=-(*d);
wimax]=vv(j.

indx[j]=imax;
if (a[f)f]==0.0) a[][)=TINY:
if (j1=n-1) {
dum=1.0/(a(10});
for (i=]+1;i<n;i++) a[i](] *= dum;

}
free_dvector{vv,0,n-1);
)
void diubksb ( double T“a, int n, int *indx, double b[] }
{
int i,it=0,ip.J;
double sum;
for (i=0;i<n;i++) {
ip=indxfi;
sum=o(ip);
b[ip)=bfi:
if (i)
for ( j=it-1;j<=i-1:j++) sum -= a(i)(] byl
else if (sum) ii = i+1;
b(i]=sum;
}
for (I=n-1;>=0;i-) {
sum=b[l];
for (j=i+1;j<n;j++) sum = a[i}[ij*b]];
bli]=sumva[il[i);
)
}

void dinverse( double "*a, int n, double **y )
/* Find inverse of 'a' (decomposed In process!) and retumn as 'y */
{

double d, *col;

int 1, I. *indx /* integer vector */,

indx = ivector( 0, n-1);
col = dvector( 0, n-1);
dludcmp( a, n, indx, &d);
for (j=0: j<n; j++) {
for (i=0; I<p; iI++ ) colfi) = 0.0;
colf] = 1.0;
dlubksb( a, n, indx, co) );
for (i=0; i<n; i++ ) Y[I{] = collily

free_lvector(indx, 0, n-1);
free_dvector( col, 0, n-1);

Y
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