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The paper meking industry requires intensive use

of automatic eontrol ot various stages to implement the

control of a paper machine even using on-line digital

ecomputer whenever possible, The work was undertaken to
develop a linear model snd then identifying the model
parameters for a given subsystem, Thg different phases
of the project are the following:

i,

2,
3.
b,

To suggest a state space discrete time model fox
a subgysten of paper making process,

To identify the parameters of the system,

To estimate the states of the process,

To investigate the effacts of the nevw control
variables on the states of tho process,

All these points are sovered in this work and the

results obtained are found in close agreeméent with the
experinantul data,
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ANIRODUCTION.

The paper making is aee of the most exciting precess
in vhioch assembling of individual fibers i1s done to make a
sheet of paper, Oneline automatic comtrols should be adopted
for the optimal preference of the process, Présently adaptive
control schemes are used for inerease in production,

The IInd chapter of this dissertation presents sn
introductory survey of the over all paper making process in
desoriptive fom, The purpose being to present in one place
the over all view of the pam making proces'a, '

In I1Ird chapter the emphasis is placed on major
control items that are relevent to the modal presented in thi
work., The mpblem of head box control and digester control is
discussed in detail, The basis wéight depends on the measure-
ment of waight per unit ares .nr the Bibkbr at the dry end ,
More wniform quality of paper is obtained through reduction
of variations in basis weight, moisture c¢ontent and cross
machine stretch, Thess variations are redused by more efficient
control of stock feed, wire and dryers. Variations in cross
machine stretch are reduced, by bettar control of drag @d
velocity differences in the dryer section,

In Chapter IV the previous work done in the modelling
of paper making process is revived, |



Chapter V contains the actual work done in this
thesis, The intent of the work being to present a state
space model of a‘ subsystem of paper making prossess, The
following points are kept in mind for the development of
the model, | |

1. Scope or boundary of the process under study

2, Depth of details

3. Physieal and safety constralnts

4, Steady state or dynamic control (frequency

components in variables)

'5_. ‘Accuracy required

6. State variables and available control varliables

7. Disturbances and other control variables

It 1s presentation of a physical process in the fom
of a mathematical model, So intution, judgement end classi-
eal scientific method of observation 1s adopted using well
lmown laws of physicald and chemistry to desoribe the process
in mathematical form, The key factors of the moddlare -

1, Development of the model in mathematical form

2, Identification of the varisbles of interest
3+ Determinagtion of extent of Wam:atim from existing
 doouments
" In the paper making praceés Putj,cnw,tha conpli-
- eations arise due to difficuliy in obtaining sccurate measure-
ments but such complications are however accurately handled



by the linear stochastic control thedry, For the on-line

control it is necessary that identification teohnique should

also be on-line so that the identifier receives the informa-
tion about the response of the system and feeds the identi-
fied values of the parameters to the controller continuously,

On line identification is gpproximate because -

1. The process has time varying dynamics, The variations
in dynamics 1s caused by such factors as changes in
the wire drainage characteristics degradation of dryer
\félt, ambient air properties and changes of welght an
composition from one grade of paper to another,

2. The accuracy with which the control parameters are
selected for molsture content and basis welght has a
strong influence on operating economy. ]

3. Selection of coptrol parameters by trial and error ,
methods 1s not practical hecause of the nomally strong
interaction between moisture content and basis weight
and begcause of high_ disturbance level,

The modelling and identification problem has been
considered initially by Beacher, Astrom Farmer, Hem, Sastry
and Votter ete, except for Astrom, others have not used basis
weight undoubtedly the most Important commercial varigble, as
the state varlable, Even Astrom has not considered other
commercially and physically important variables like moisture
content as the state variable,



The model presented in this thesis 1s in state
variable forn, The a@atea have been ch@sen carefully from
physical and commercial considerations, aAn on-line identi.
fication technique based on Kalman «Filtar theory has
been suggesied, |

The problem is,

1, To obtain a stoclastie, linear discrete time, time

| invarisnt state space model for an existing paper
making process from (fan pump onwards)

2. To choose proper state and control variables,

3, To identify various noises in the system,

4, To obtain optimal estimates of wimown elements of
plant matrix and ocontrol matrix, and eovariances of

v noises using real data collested from an actual paper

making process,

The correctness of tho esatimated parameters is Judged
by comparing the estimates of states with their measured
values, and from the magnitude of el¢mants of error covariance
matrix, The proposed model is iInvestigated with reference to
ths prosess at the Star Paper Mills, Saharanpur, (U.p.),
Indla, _

The study of the problem 4s started with a detaliled
analysis of the paper making process in general and a discu-
gsion of the spacific procass at Eaharanpur in pasticular,
The identification tecimigue based on Kalman filtering theory



and en adaptive suboptimal estimation algoritm of Sage

and Husa are given in detall, final idenfification algorithm
is stated in chapter V whereas the methodology of data
collection and model testing is given in chapters VI and
ViX respectively, The data collected from Ssgharanpur plant
are processed respectively for machine No, 2 and Machine Ko,
3. Chapter VIII gives the cone¢lusion of the work and scope
of the future work is also included, Results are given in
the end,

All the data collected from the Star Paper Mills
S8aharanpur, is given in Appendix I, The flow chart of
computer progratme along with 1ts listing is given in
Appendix II,
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CHAPTER-II

PAPER MAKING PROCESS

The wood 1s extremely hetrogensous consisting
of wvarious wood species, in all ocasez with a certain
individuality of each log, The felling tranaporting
barking and chipping of wood are important preliminary
steps to the pulping opsration, After the wood is ﬁlhd
it 1s cut into lengths and shijped to the aill where 4t
18 kept in a wood pile near the pulp mill or stored wnder
water, One of the most important operations in the wood
preparation is therefore egualising of wood by aixing
logs or ohips, producing a homogenous wood mixture in the
form of clean chips of the right asizs, preferably with a
fairly constant water eontent,

The trees are cut to size & to 8 feet andeome tines
even 10 to 60 feet in length and upto 40 inches in dismeter
depening on the cupacity at barker and chippers, Trucks and
rails are used for the transportation of these logs to pulp
mill, water transportation cun also be used if facility
exists, The modem trend is somewhat different as the pulp
mill is pow constructed near the forest as near as possidle
on the bank of a river and then pulp is transported by
trucks and rails to the paper milis,



2.3 BARKING OF WOOD

The bark and dirts are removed from the wood becauss
it is very hard for cooking, does not contain cellulose and
degrades the papsr quality, Barking is easy 4f the pulp wood
is storsd under water, For the wood which is not stored
undsr vatsr, pre-heat treatment with hot water about 80°C
or with saturated steam 1s essential to make barking easier,
Wood soaked in hot water for about two hours will bark only
in cne Xifth of the usual time with reduced power costs and
wood losses, ‘ |

We have two types of barkers

i) Hydraulic Barkers
11) Mechanical Barkers

In the modemn forestry barking is done primarily at the
pulp mill, which will also facilitate the identification of
various wood splees and a possible sorting out at interesting
groups of wood spices, The barking is usually carried out
elther in single log m/c or preferably in barking drums where
in with the rotation of drmm the logs are tumbled against one
another to loosen and rub off the bark that passes out
between the openings in the drm sections, After retention
time of 1/2 to 2 hours, the clean logs are &ontinually forced
out the end of the bdbarker,

2., CHIPPING OF WQOD .

The discharged logs from the barkers are ususlly
received on a wide conveyor sometimes 5 feet wide, By the
time of logs reach the chipper, they must be converged ' down



to the width of chipper spout preferably during the
transfer to the chipper feed conveyor,

There 1s a huge rotating disk with knives mounted
in its pockets, The logse for chipping are tsken on link
chain conveyors from flume and are fed in to spout of a
chipper,. The logs are pulled in to the chipper due to
gravity and the action of the knives on the log, The ‘
feeding of log depends on the speed of the belt conveyor
system which is driven by a feed motor, Chips from the
chippey are either blown to the storage or to the
screening tank,

2,5 CHIP SCHERNING

- Ocecasionaly wide sections are discharged from the
chipper along with fines and slivers of various sizes and
lengths depanding on knivss level angle, AS pwoper cooking
Mquiras' chips of reasonably uniform size, all chips must
be screened before entring to digesters. Chip screens can
be installe& sither between chipper and storage or betwaen
atorage and digester, The main advsnthga of the first |
arrangement is that oversized chips or cords, slivers,
strips, fines and dust are Kkept ouﬁ of stevage bins, In
most cases the screening rate is higher than the chipping
rato so the chips through belt conveyor systems are taken
to a big tanks from the chippers for screening, Whem the
tank is full the soreening starts, There are numerous



2,6

designs of ¢hip screens in use, e.g. vibrating, oscillae
ting and gyratory. In all cases it is necessgry to make
out two seperations, The first takes 611?. oversize chips,
which goes to a rechipper. The second seprates the fines
from accepted &hﬂ.ps, the fines usually going into a refuse
¢onveye:. |
COOKIRG

The cooking 13 a treatment ¢¢ the wood by chemicals
at falrly high temprature to dissolve lignin and make it
poSsible %o librate the individual vaoé fibers after
suitable mechanical treatment,

The chijsped wood wnder suitable conditions of
temprature and pressure is fed to digesters where different
chemiecals are added to 1t, Digester tampratm' and pressule
are controlled to given an ideal cook. As shown in the fig,
(3:9) has tvo main openings one at the top to recoive the
chlips and other at the bottom to discharge the cooked
maferial, Stosm is passed wither direet'ly'or indirectly
(intubes}, to pre~heat thes ehips,

Iignin 1s one of the mazor substances present in the
wood, occuring in smounts ranging from 17 to 32 '/. wolght
of the moisture fres wood, Lignin 1s not evsly aistributed
throughout the wood, Different parts of the same wood may
have lignin contents as different as 32 to 70 Y,. It is a
complex chemical insolubie in inert solvents, The cooking



rosult can be Judged fairly gccurately from pulp lignin
content determminations sush as kapa number, IThe KAPPA
NUMBER which is proportional to lignin content can be
considered as i:he determining variable (degree of dhlige
nification), Booking process is sometimes called as
delignification of the wood,
2.7 HASHING
The cooked wood goes to washers, vhich use serles

back washing principls for washing the wood ,mom amm:'a.
- The knotters remove uncooked and oversize wcod from the

cooked wood and the washers remove the chemiSals usas

during cooking as thess chemicals are soluble in hot water,
The flow of hot water at the last washing stage 1s controlled
here to have a soncentrated black liguor for the bntur\ |
~ recovery efficlency,. . \

2,8 PULP SCREENING \

The next prosess to pulp sereening and cleaning which

1s followed by dleaching, During screening and alcaning \th
overgsize wood and the Mpuritzes from the gooked wood m \e
removed] There are many types of materials introduced (or
created) that are considered to be undesirable by the ﬁapcr
moker, The ggquipment available to soparate wan ted tm
unwanted material is ealled screen. Soreens have a rend
chamber to contain the total material fed to the aﬁrqm, ‘
in liquid suspension this chamber i1s seperated from éccépt
chamber by the screen plate. The accept chamber cone{et;'*_\
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the material passing through the screen plats and discharges
it by pressure or gravity to the next operation in the

~ System, There 1s also the reject chamber or discharge point

' for clearing the screen of debris which has been separated
from the good fibre by screen plate,

2.9 BLEAGHING |

The main object of the bleaching process is the removal of

" coloring materials in the Bibres ad the production of white
-pulp of satisfactory propertus. During bleaching ngnm 1s
‘alao romoved as it is converted in to water goluble eompomda,
Both types of oxidising and reducing agents are uged for
Ijuoach:lng. Commonly used are chlorine compounds @,g. hypos
{xhlorous acid sodium hypochlorits, calcium hypochloritas,
chlorine dioxide and sodiuk chlorite ete, The other hyfirogen
_peroxide sodium per oxide (oxidizing agents), sulfur dioxide,
‘sodium bfsulphite, sodium hydrosulphite and sodimu borohydride

" (reducing agents) are also in use. Chlorine and its compounds

- containing available chlorine are commonly used for bleaahing-
because of their low cost,

When chlorine gas 18 dissolved in water a molecule each
of hypochlorous and hydrochloric acid is formed, The compo-
gition of a chlorine solution depends on PH., Below a PH of
7 hydrochloriec acid 1s present in the solution and prolonged
exposer of the fibres to hydrochloris acid will result in
degradation and loss of strength of fiber, Thus the PH of the
system is important factor, Free chlorine avallable alsc
depends on the temprature of the bleaching tower hence
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bleaching rate is governed by temprature of tower as well,
So adequate temprature regulation is a necessity for the
efficient use of the bleaching agent and the production of a
wmiform product, Conditions of temprature, pulp consistancy,
PH and concantration of bleaching agent must be controlled
to give the desired degree of purification and brightness
with a miz;imw attach on the fiber congtituents: considering
the above factors a mnlt:lstége ‘bleaching process is used,
A single stage bleaching process can also be used producing
a poor quality of papsr for rough use, In the single stage
praocaess variables which ares to be controlled mainly depends
on the quality of the pulp required, PH and temprature are
in general controlled,

2,10 PUIRPING

- The main objective of pulp making process is to seperate

~ wood into its individugl fibers of cellulose under such

\'\_cmditiona as to obtain the commercially desirable properties
in the fibre, The most important projerties from the paper
making point of view are (1) fibre morphology (2) The amount
of distribution of chemical constituents of pulp fibre (3)
The shape, size, distribution and physical conditions of the
pulp fibres,

. The rav material used as well as tho type of pulping
process, influences the firat two properties vhereas third
property is influenced by the fibre treatment process i.e, tht”‘
sfock prepration also in sddition to above two factors, The
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classification of paper making processes is done on tﬁe
basis of the manner in whiéh the pulp 1is obtained, Thus
we get three broad clzssifications, mechanieal, chemical
and aemiehémical. o | '

Mechanical pulp is obtained by grinding log or
black of wood against revolving abrasive stone in presence
of water, Mechanical wood pulp 4s prectically identi€al
with wood in composition, | |

In the chemiceal pulping the ba.rkad logs. are passed
through a ehipper, a huge rotatﬁg di_sk carrying some
nives, After seréenmg process which remove oversize and
undersize chips, the chips are carried to the digesters,
vhere these are cooked under pressure in a chemical solution
wvhich removes imwanted constituents of wood and leaves the
separated cellulose fibres - a pulp, There are three main
chemical process ast (1) soda process (2) sulphite process
(3) sulphate process, In soda process, the chips are digested
in caustic soda at high temprature. In sulphite process
wood chfipe are cooked with sulphurous acid and a base of
either ¢aleium, sodium, magnesium or ammonium, In case of
~ sulphate pr&eeas wood chips are digested in sodiwm sulphide
along with sodium hydroxide, Though the name of the woeeés'
is sulphate process sodium sulphide is used for cooking,

 In semi chemical process mechanical and chemical
methods are used to make the pulp, Any of the common pulpmg
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chemicals like sulfurous acid or bisulphite and conventional
cooking processes can be used for making the semichemical
pulp by reducing greatly chemical to wood ratio with lesser
cooking time, or the temprature of the cooking, By rubbing
and grinding action semichemieal pulp 4s obtained, It is
similar to chemical pulp, The result of the pulping stage
1s a mixture of wood fibres and water with a consistanoy
(fibre concentration)of 3 to 6 per cent,

This comes after pulping, The stock preparation stage
starts at the beaters and refiners wvhere the pulp is subjected
to additlonal mechanical treatment and in some cases chemieal
troatoent by the use of additives, and made ready for forming

into a sheet on paper machine, The beating and refining
changes the length and the structure of the fidbres and
influences the strength propsrties of the paper by bruising
and interngl loosening of the fibre, as well as by cutting
action, The fibres are subjected to much more mechanical
treatment in refining,

Beating and refining serve two objects (1) Blending
of various paper making materials and {(2) imparting th
them sush a properties that they will fomm into sheets having
the d#sirzd characteristiocs,

Beating 1s probably the most fundamentally importasnt
process in paper making, Well beaten fibres can be readily
formed into a uniform sheet of paper of high dénsity vhersus
Unbeaten ¥iBres cannot be formed,
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Beating effects are primarily physical., Jmong the
most important ones are fracture and partial removal of
wall of cellulose fibre, decrease in fibre length, inceease
in fibre flexibility, fornation of £ibries and increase in
external specific surface paper., After refining the pulp
is diiuteﬂ 80 that aonsistancy in the head box of the p-aper
m/c is 0,2 to 1,0 percent, | |

2,12 PAPER MACHINE
| The last stage of the paper mill i1s the paper machine,

The paper machine consists of a wire supported by table rolls
with suction boxes and couch roll, presses,-dryers, calandeprs
xouch and wire pit and pope reel. The purpose of the paper
m/c is to separate the ‘ﬁbres from the lwatar and to form a
sheet of paper from the fibres, The pulp flows out of the
head box through a slice on to the wire in a Jet, The velocity
of jet is determined by the headbox levai and is normally
chosen s0 as to mGch the wire speed, The amownt of water
removed bn the wire 13 determined by the properties of the
éulp,‘-the size and number of table rolis, the pressure of
suction boxes ete, | |

Two standard types of papor machines are used to
nanufacture many and varied grades of paper,

1) The fourdriener machine

2) The oylinder machine

The simplifled diagram of a kraft paper machine of
fourdriener &s shown in the fig, no, (3'/9),
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The fibres from the very low consistancy ¢lqueouns suse

pension deposit on to a relatively free woven screen. Over

. 95 percent of water is removed by drainage through wires,
This drained water is comoniy called as white water which
is generally remsed, (White water is life blood of the

. paper m/c and its use in all possible places to achieve
the absolute maximum recovery of fidbres, heat and chemicals

~ must be properly engineered and closely gaurded). The
‘paper web from the fourdrinier wire is taken to press and
then to dryers to produce a paper of 90 to 9% percent sé\l.id.
After passing through dryers the paper is smoothed in t.nh

¢alender and rolled up on the pope reel,

In the manufacture of commercial varieties of cy. : i\lndkr
papsr board the éteck' fed to the multicylinder m/¢ 3.5 lérkly
composed of cellulose fibres, These fibres are flexibié \ \

\

v \
elongated particles with large length to diameter ratio \\ \
forning loose three dimensional network structure, within a’
suspension at all consistancies greater than a particular

M,\
4

very low ?valne called Critical Consistancy or cuncmté,a;tion |

=
(0,05-0,2 percent) moreover the specific gravity, of . ' {\ |

cellulose fibres of varying purity can be assumed as 1,'
_ b
This fact sugfest that once the fibres are thoroughly dige
‘persed in water, they will not remain in this conditi )
Y
\

t\
a prolonged period of time, Actually fibre dis pers:_loq,&;n
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vater remalns §mpla.te for only a few seconds, after
which the forces existing in such a system starts moving
the fibres towards one another to create fibre floccum
lation commonly called floccing, This entanglement of
fibre occurs above the critical conaistaney.
The rate at which the flocculation of fibres ogcurs,
1. Increases with incraasmg temprature |
2. Increases with increasing consistancy
3. Increases with lower veloeity of the liquid flow through}
the various components
%, Increases with lov sloek froeness
5. Increases with length of fibres
6, Decreases, if the surface of the fibres coated by such
chemical addltives which reduce the frictional forces
between the fibres, | |
The valus of consistancy of diluted pulp in head
box is always more than eritical consistancy, this romix{g
a paper sheet on the wire, \
The baslc functions performed by the paper m/e wat
end or the sheet section are written below 1t 1is that sectinéa
whare the _raateat complications arise and the need for spcﬁdy,
control ltes, L
1. Dilute the incomming fibre stocks to a consistancy
low enough to permit easy roelative mohion betwwn
fibres, hence high degree of uniformity of Bibre "
sugspension, The uniformity of dilution d.trectly
influences the uniformity of the basis welght lhli,nmohim
direction,
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2, Distribute the diluted fibre suspension umiformly
on the forming wire screen, while maintaining the
fidres wmiformly dispersed, ‘

3 Deposite the individual fibres uniformly on to the

o forming wire screen as suspend ing water drains away
from the wire,

Iy, Compact the fibre mat while it 1s in plastic condition
to obtain cloge fibre to fibre contact and closing up
the pore structure of the web,

5, Remove as much of the entraped wator as possible
bafore transferring tre web to the wet press section,
The water removed from the wirse depends on the proper-

ties of pulp (fibre length distribution fibre structure

temprature ete), the number of table rolls and their dimene
- slons, the pressure in the suction boxes under the wire ete,

When the paper lesves the wire: The consistaney is about

20 to 25 percent, Water removal in the process-dapands'an 

the forces that keep the press rolls together, felt conditiams,

and the temprature of the paper sheet, The consistancy-artdf.
presses is 40 to 60 pereenﬁ,
2,1+ DRYING PROCESS
As the paper leaves the press section it contain from

35 to 40 percent solids, The dryors consists of a sequence

of steam heated cylinders, and the water removal is given by

the steam pressure which isset separately for different groups

at drying oylindors, agnd the ventilation of the dryer section
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The steam pressure required for drying the sheet depends
on the type and grade of the paper, the number of drying
eylinders, mﬁ"&"ﬁm machine ané& the efficiency of the
vantilating system. Apart from the pressure and temprature
of the steam the efficiency of dryer depands on the
efficiency to remove condensate from the drying oylinder,
'Bibre content after drying section is about 90 to 95 per |
cent and the moisture content is gbout 5 to 10 percemty
After passing through dryers the paver 1s smoothendd in |
calender, with the application of pressure and some degree
of friction, and rolled wpon the pope reel,
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CHAPTER ~IIX

MLYOR CONTROL ITEMS
(Quality Control of Paper)

Paper quality is controlled at different sections,
Firstly it depends on the quality of raw material used,
secondly on ecooking process, The pa;pér‘ quality also depend
upon thé degree of bleaching beating refining and cleaning
during bleaching and stock prepration stagae, At paper
machine sectlon the paper weight per unit area (grade’ and
noisture are cuntrolled, In this chapter the discussion
will be restréicted to that part of the paper m/c control
which improves the paper quality, The mainfactors vhiech
improve the paper quality are basis welzht eonirol,
moisture eontrol and temsion control, Tension is controlled

‘after dryers as up to that sectlon paprer runs on felts,

Tarjaion control also increases the rate of produection,

The oldest method of controlling the basis weight
(wt/!na) is to welight samples of paper taken Lrom the reel
and then by manually or remotely adjusting a stuff gate or
valve and the head box slice 1ip to correct variations frog
the weight specified in uraa:r, obviously, considerable off
welght paper could he produced in the interyhl hetvem the
prepration and testing of the samples and the corraciive
aetion,
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At present development of the B gauge has resultsd
in the direct measurement of the basis walght by means of
a radioactive source material. The principls of the
operation 1s based on B ray absorption. Low energy rays
rediated from a weak radio active source strikes the paper
as 1t passes the gauge, same of these rays are absorbed by
the sheat from the source, Varigtions in the weigut of the
sheet will vary the amount of absorption and thus by
measuring head basis welght can be directly dotormined,
When the sourfe and measuring haad ars on the: same side of
the shest, tho method 1s tormed as Back Seattering.

A f gauge consists of an holder for the ray source,
a means f‘or holding and positioning the sourca holder and
head, and the necessary recording and controlling instrument,
The maaéuring head 1s essentially an ionization chamber
supplied with constant voltoge. Az the smount of radiation
reaching the head varies, the amount of current through the
chamber varies, This measuremént 1s amplified and picked
up by the associated recording ad controlling instrument,
which position n stuff gatae or control valve. Traversing
gauges are available for scanning the entire width of the
sheet., Anxilary equipment iz avallable to indicate tolerance
1imits and to actuate addible or visual signals if thier
1imits are exceeded moisturc measuring md recording gauges
are also attached to the scanning mechanism, |



3.2 MOQISTURE CONIROL

Moisture in the paper sheet is measured by measuring
the different related variablss since 1t 1s difficult to
measure moisture directly. Some of the related variables
include, conductivaty, dielectric properties sbsorption of
radio activity and temprature difference between a dryer
and the sheet leaving, Moisture in the paper sheet can be
aceurately eontrolled by utilising the dielectric properties
of the paper, Changes in moisture of sheet change its die
alectric constant. Since electrical capacitince is directly
prdportional i‘a the dialectric»canstmt of the material in
the field of a capacitor, the sheet itself 1s used as the
dlelectric, The measuring head constitues the plates of a
condensar, The system using an electronic econtroller which
resets the dryer temprature controller to correet the
deviation resting of temprature controlier produce a trouble
when there is gradient change in temprature throughout the
whole dryer system, as temprature of all dryer oylinders
vill have to be reset., Considering this it is sugsested that
the prassuré of the heating stream should be changed,

One more scheme which can be much more frultful and
convenientv for santrolling the méistured.n paper sheect 1s
proposed !;ere +« For evanoration of water from the sheet flow o{ A
4D dryer should also be used, Evaporation of water from the
sheet will depend on the dryer cyiinder temprature and flow
of air as well, It would be easier to vary the flow of alr
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to the dryer system to control the mobsture contents
in the paper sheot instead of changing the temprature
of each cylinderp In this scheme the moisture in the
paper sheet can be eqntnolléd by controlling the water
evaporation rats through regulated flow of air, keeping
the same temprature gradtent of the dryers cylinders
systenm,
3.3 B 38U

A fourdrinier wire travelling fastor than the
veloelty of stock leaving the head box the temm used for
this condition 1s temmed as drag,., By co)nneeting the output
of the slice veloeity sguare root computer and the wire
speed transducer to the low and high pressure sides
respactively of a differential pressure relay, it is
possible to measure this drag. The output signal from the
relay is connected to a recording receiver the chart of
vhich may have a 50«00«50 scale to be read in feet per
minute valuss above 0 Indicate drag, values below zero
are the result of the reverse differance between the two
relay outputs and would repeat the reverse condition or
rushing of the stock on the wire.

In some installations slilcae velocity and m/¢c speed
are measured elther electronically or pneumatically and
tha two measurements are recorded in to single chart,

3.4 P _CONTROL,
' The PH of the stock to the paper m/c is usually
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eontrolled by admitting acid to the suction of the fan pump,

‘using the pH electrode in a Sample line from pump discharge.
Bave all water from which essentially all fibres have

been removed by strainers is sometimes used for scalling

water on pumps. If this water 1s excegsively acid, corrosion

may become a problem in which case At will be necessary to

correct the pH, This is accomplished by a control similar

to above, vhich ejacts soda ash or some other alkaline @orrér.

tive In to the line supplying the seals,

COUCH PIT AND SAVE AL CORTROLS |

It 1s customary to control the couch pit level by
positicning a contrel Valye in the digcharge of the couch pit
puup, Yhen the valve closes Que to low level in the couch pit,
a pressure switeh sfpps the pump, restarting on level rise,

Ag the level rises and the valve begins to open the pressure
switeh automatiecally restarts the pump,

The white water from the pit 4s pumped to the savealls,
vhere ugabls fidbres are recovered snd discharged by gravity
to a wet box chest while flltrate is drained to the white water
chest, There are several methods of controlling the seveaglls,
‘A common method 1s a varieble speed drive from level in the
vat. Increasing level will speed up the drive, decreasing level
will slow it down, Adtomatic Interlocks can be made to start
the saveall drive and turn on the white water showers, When-
ever thaere 1s sufficient level in the sgveall drive and turyn
on the white water showers, whenever thers is sufficent level
in the saveall, and to shut down the equipment and the showers

~



if the saveall level below a predetermined minimum,
346 SLICE VELOCITY WIRE SPEED (Bffimy Ratio)

The slice is esgentially a slot or rectangular
orifice, at the f’ront of the head box which allows the
stock in the head box to flowout on to the fourdriner wire,
Its primary purpose is to take the relat._ivaly slow moving
stock in the headbox at a high static head and dischapge

1t in to the atmosphere at a veloelty close to the wire
s;ieed. _ |

The jet velooity at vena contracta is

v = @u/2gh vhere

h = head ?mx level

€v = is mity for most of the slices

The Jet at vena econtracta is contracted the area “n
at this point (of Jet crossection) is related As to the slice
opening by ‘

e =Gaa

Gat coefficient of contraction

Therefore the flow from the slice ¢ is given by the “
relationship @ = A,V |

Q = Ga €u gs s2EH

Q= cgﬁa /ZEE

(:(1 = cogfficient of volwme discharge,, N
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Sl}ce velocity 1s rocorded by measuring pressure
at the slice and translating the reading in to velocity
mits., The high pressure side of a ppneumatic pressure
tranasmitter is eonnected to the lower part of the headbox,
In this way the instrument measures the kokal head of the
1iquid of the sdack, plus the air, pressure if any on the
hesadbox,

The output of -the tramsmitter is connected t.o\a
computing instrument wvhich automatically extracts the square
root of the measurement and p::oduces a linear output pmssm)
that s proportional to veloeity. This pressure is then fed
to one side of a prassure differentlal relay, and 1is opposed
on the other side by a manually regulated air preassure, The
output of the reiay is received by a recorder on which a
chart reagds directly in feet/ninutes, The manual regulator
permits the shifting the range span ppwérd or downward on
the recorder chart to match the velocity range of various
fumishes,

One method of measuring wire speed 1s to equip the
couch roll with a speclal gear, using sn electronic device
vhich produces an electric impul.,e as each tooth of tho gear
passes the device, The h.tgher the spead of the gear tha
higher vill be fmq. of impulses, These 1mpulses are fed
on electronic fachometer, which translite the imput impulses
into a linear electric output signal, the signal is then
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transduced in to a linear fmowmatic signal, which is
connected to high pressure sido of a differential relay,
Tho pnewmatie output of the rehay is thzp received by o
second recoxding pen in tho slice veloelty rocorder and
is mad' on the same chart in feet por minutes, ‘The output
of 'tho' mi:nual regulator pmviousiy mantioned is connecled
to the low pressure chamber of the relay to permmit the
shifting of instrument range up or down to suit .varymg vire
gpaed rangos,
3.7 SOUSISTIANCY CONTROL

One of the most important progess variablo in the
pulp and pépar industry 1s consistanoy of tha pulp and paper
stack, Consistancy 1s measured and regulated in practically
evory phase ol the proceess to achleve uniform operation,
In pulp manufacturing consistancy control iz used in such
areas as:

1. Continuous digestery

2, Scraening

3. Brown stack washing

I, Bleach plants

In paper mill operations it is gpplied in

1, Refining

2, Stock blending

3. Repulping

4, Saveall operations

5, ot end of the papor machine
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Consistancy is defined as the percentage by weight
of dry fibrous material in any combination of pulp and
water ér steck (pulp and additives) and water, it is
calculated by the following formulg,

c::«& x 100

C = consistanoy of pulp or steck s_lurry expressed in
percent |
W = the total weight of a partieular amount of pulp
or steck slurry and
F = the weight of fibrous material in trat smownt of
pulp or stack siurry
Bagic determination of consistancey in a laboratory
procefiure, A measured sample of slurry is weighed, the total
801145 are separately dried and weighed, and the welght of
fibrous material is then expressed as a percantage of
neasured sample, Consistancies of lase than 1 percent are
usually considered low those preater thewm & percent high,
3.8 CLAY CONTENT OF FINAL SHRRT
~ There 1s as yet no on line instrument for measuring
clay concentration in the final sheet in the meantime how-
ever to control this the computer works on the assumption
that a constant c¢lay /Bibre ratio in the final sheet requires .
a eonstant, but different elay/fibre ratio in the flow box,
The later ratio is computed as part of the flow box congise
tancy calculations, and the elay flow rate is automatically
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adjusted to maintain this ratio constant at the required
value, Thus each time an adjustment to thick stock 1s made
a corresponding adjustment to elay flow mada.t It 4s perhaps
important to emphasise that the ratio between these two
adjustments is not constant and simple ratio control would
be incorrect.

| Periodic laboratory measurements are carried out on
elay concentration in the Pinal sheot and the rasults fed
in to the computer. If the means devistes from ths required
value, the computer caléula;f,es a new figure far the required
eclay/fibre ratio in the flow box and starts to control to
this new figuro,

3.9 IEN3ION CONTEDOL

To enable the elimination of frequent breakage of
paper the tension is measured and controlled at those
positions of tha paper machkine wvhore web is strong enough to
support a reasonablo tonsion 1.e. after the dryer section,
Because befora the dryer section the papor wedb is vet and
1t 1s supported by felts so there {6 little probability
af paper breakage, Furthemmore slipage of fibres also pravents
paper bregking a%t paper sheet can oxpmmd at that stage,

The actual tension in a running naper Web can be
measured as the resulting foree with which the paper webd
aots on a paper wob gulde r0ll, This resulting force can be
measured with a suitable installation of load cells, 8ince
the sipnel representing tho web tension is to be used in an -
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elactronic control systam, the output signal from the
load cell shoxild be préfernbly be electrical, To achleve
this control it is necessary that rolls must be properly
aligned and appropriate roll @rowns are neeted for rolls
under heavy pressure, |

The pressductor load cell is a pressure itransducer
for measurlng fores and weight, It works on tho magnetoelase
tic offect, that is the fact that the permeability of a
magnetio material is changed by wochanical stress, The
load cell is in prineiple like a transfomer, With
primary and secondary as shown in £ig. (899, In ihe
‘unloaded state, the magnetic fiold from the current feed
primary winding is comploteoly Syawetylcal. 4s a rosult of
the symmetrical arrangement of the winding ne voltage _18
induced In the secondry winding, With an applied loed and
a cartain amount of stress in the pressductor load cell
material the mapnotic field is distorted and a voliage is
induced in zecondry winding,., this induced voltage is
linearly dapendent on, and 18 takan as o measurs of the
applied foreo on weight.,v’n voltage output of the presse
ductor is directly proportional Lo tension, thils voltage
is compared with a reforence vdwage and the error 1s
given to a eontroller whish control the speod of the

machine gnd hence tension,
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3.20 HEAD BOX CONIROL
The key part of the paper making process is the wet

end of the paper m/c where the web of the paper is actually
formed and whers greoatest complications arise, The head box
should be accurately controlled through reliable equipments,.
| The ccmtiol of head boi: is largely a‘mat;te.r of control of
the velooity and volume rate of flow to the sheet forming

| apparatué (fourdrinier‘ wire). The control of basis weight

| oceurs tﬁrongh ad justment of the solid mput rate to the
paper machine gsystem, in response to direct measurement of

| the basié weight of the dry sheet,

F;or sm optimum voont'.rol system for a head box the
following five factors should be considered and controlleds
) A constant li.qtiid rlevel nust be maintained in the

head box, |
2e Total head within the box must be controlled to elose

tolerance to emsure that a constant draf batween wire
speed and gek velocity 1s maintained, desplte changes
in the wire speed, |
3. A constant jet escaps angle should be maintained to

| achieve delivery of stock to the fourdrinier wire
in a controlled manner,

| h, Mbuleaca within the head box must be controlled

| closely to emsure the stock delivered to the slice
and formed into a sheet shows good formation as well
a5 stable strength and optidal properties.
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The last variable 1s controlled by the use of proper flow
spreaders as diécussed earlier in this chapter., The control
of escape angle vis -praoticall_y very difficult as there are no
good means for measurement zmgl to control it accurately. So it
is proposed to maintain it at a constant value and to control the
£1rst three variables which are easy to control for any change
in tha system, Tor controlling these three variables in a head
box system, manipulated variables such as alr valve stemm
position water valve stem position, and slice opening are
controlled, Unfortwmately, the adjustment of any one of these
variables causes a change in all three controlled variables
(1iquid level, total head, and liquid flow),

The eontro’lied variables fn the head box system are sensed
at the head box flg. No, (3-8 ). The variables, head box ligquid
levei and head dox total head are essentially pressure measure-
ment made with the aid of differential pressure (D,P,) cells
equiped with a diaphram, the position of which is sensed by a
level system that inturn converts mechanical movement into a
pheumatic signal by a flapper-nozzle arrangement, In tho case
of a liquid level, the variable is sensed by attaching one side
of a cell to a top in the bottom of the head box and the other
side to a tap connected to the air pad of the box, Total head
on the other hand, is sensed by connecting one side of the cell
to the atmosphere and other to another tap located at the bottom
of the head box liquid level is controlled by pheumatic or
elactronic controllers with proportional-integral action, The
modulated variables are the posttions of the supply and blowing
values for the air pad, Total head is gemerally controlled by
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electronic controllers with proportional-intepgral aotion, The
prime functlion of a total head controller is to maintained

a constant drag on the wire, As a result total head set point
1s a function of wire speed and it 1s necessary to adjust 1t
vhen changes in speed occurs, This requires a system that sense
wire speed, takes note of drag set point and caleulates an
appropriate total head set point (Hr), This can be acecomplished
via either analog or digital computer., This caiculated total
head 15 compared with the existing total head and the resulting
error forms the actuating signal through a ?.I.~%control}.er.

Flow through the head box is measured by a magnetic flow
meter located just upstream of the box. The variable manipulated
by flow controller cause upsets in total head that are compensated
for by adjustments in the position of the valve controlling
flow to the box,

Digesters are big vessels in which cooking is done at high
prossunre and temprature with asids and bases, As shown in the
fig. (39) digester has two main openings one at the top to
roceive the chips and other at the bottom to discharge the cooked
material to blow pit. Apmrt from ‘hhese there are a few side
openings for tamprature and pressure mewsurements, control and
for circulating the cooking liqwor,

Pulp mills normally have parallel arrangement of digesters
for easy and convenient handling of chips from storage and the
discharge of cooked pulp from the digesters, After closing the
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blow valve at the bottom the wood chips are allowed to flow
Into the top opening ‘or‘ digester. When the digester is filled
the top digogter cowver is lowered in to place and bolted,.
Steam is passed, either directly or Indirectly in tubes
to prehead the chips, Now a predetermined quantity of hot
liquor from a high pressure accumulator tank is pumped into
the digester depending on the quantity of chips and the concentra
tion of the liquor, The digesters can also be charged with a
proposed automatic system, During this charging and preheating
process the alr and other uncondensable gases go out through a
valve vhich 1s st the top of digester, |
When the digester is filled with the liguor, heating of
the contents is started either by direct injection of steam or
by forced circulation through a heat exchanger, The pressure
and tempraturs for an ideal cook should follow a predétemined
schedule, either automatically or manually controlled, Depending
on the types of chips maximum pressure is in betwaen 90 to 135 psi
and maximun temprature from 125° to 160°C and the total time of
cook from 6 to 12 hours with 2 to 3 hours primary time for attain
nant of maximum temprature, In the preliminary phase of the
cook, the temprature is raised gradually to about 138°C with a
pressure of about 85 psi to permit complete penetration of |
liquor in to the chips. The progress of the cook is followed by
testing of liquor of the side relief, When one to one and half
hour of cooking time remains, the heating is discontinued and
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the pressure gradually reduced. When the pressure in digester is
about 20 psi then bleww out valve 1s opened, and pulp is
digcharged to blow pit. |

Once the digester attains the maximum temprature it is
required to maintain it fairly constant at that value for
2 to & hours depending on the process, The dilgester temprature
can be controlled by controlling the steam flow either to
digester or to heat exchanger in direct heating or indirect
heating as the case may be, Transducers are used to ecimre:t
variations in temprature in to corresponding varlations in
power which further give signal to elsctromechanical device
that controls the stoam to the digesters,

In the modern paper industries for controlling the
different variables computers can be used for high speed
production of better gquality paper with greater flexibility &4
meet the ehmgi.ng requirements, Because most of the variables
on a paper machine are inter-related to several others, This
means that a ohgmge in one variable will cause a uhangb in
geveral other variables, Unless these imteractions aﬁ taken
into account by eontrol systems a control level change in one
variable will cause disturbances in several other variables and
may cauge the entire pi'oeess to oscillate for a longer period,

Fig,(3.10) shows the flow diagram of the process in
| “operation, The m_naqf‘raw material is cellulose in the fom of
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wood pulp, This is pulped with water in a hydropulper to give
a homogeneous suspengion of ﬁbré in water at a concentration
(consistancy) of about 6 percent, Additives i\re included as
necessary and after further diluticn the stock is refined,
This operation cuts and fibrillates the fibres to prepare

the stoack for the paper machine, Further dilution brings the
consistaney down to 3 percent at which étage it 4s reffered to
ags thick stock, The thick stock is délhted with back water
from the paper machine and sige solution and eclay suspension
are added, Clay 4s important as a filter to give a smooth
sheet for printing, The stock is now called thin stock and has
a consistancy about 0,7 percent it passes through cleaners
and screens to remove lumps and then into the flow box,

The purpose of the flow box is to distribute the thin
stock mniformly as it passes through a long thin orifice,
called the slice on to a moving wire mesh, which 1s the main
feature of the fourdrinier paper machine, The flow box 1s
pressurised and the pressure is adjusted to control the speed
at which the stock flows through the slice, Most of the ﬁater
and some of the solids ars drained through the »wire, to form
the bask water, and a self supperting continuous web of wet
paper is taken of the wire at the opposite end of the flow box,
The paner web 1s preésed on .:t‘eit toremove further maisture
continuously dried on large, steam fllled rotating eylinders and.
finally reeled as finished paper with a small moisture content,.
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The key pért of the process is the wet end of the paper
machine vhére the web of the paper is actually formed on the
wire. It is in this area that the greatest complications
arise and the need for speedy control action I:i.es; |

The basis weight (weight per unit area) is a particularly
important measurement, This is obtained using a beta ray gauge
mounted at the dry end of the machine, This gauge must be
properly set up for each grade of paper being run and to
obviate mistakes, It is set up automatically by the computer
at each grade change,

The main functions of thoe vomputer are concermed with -

_1.. Quality control of the product

2, Overall production rate

3. Orade changes |

The computer controls the quality (basis weight) by first
setting up standard running conditions for the grade being run
and then trimming these by feedbaek from the B gauge, The feed
back control is important feature of the system,

The formation of a sheet of paper has smm important bearing
on the printablility wid pumerous other properties, The control
system provide the operator with the ready means of altering
formation by making controlled adjustments foreffiux ratio and
flow box consistancy, The computer control the efflux ratig) to
the required valus for each grade by measuring the wire speed
and then computing and setting the correct pressure in the flow
box,
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If the operator decides that he requires a change 4n
consistancy or efflux ratio in order to improve the formation
he instruet the computey to perform the change, which it then does
by makiixg all necessary adjustments to flows slice gap, and flow
boi pressure in the correct time relationship, in such a mann@r
80 as not to produce g disturbance in basis welght,

The most important factor detemmining the over all production

rate 1s of course the speed at whieh the paper machine is rmm,
In the past an operator has been happy to rin the machine at

a steady safe spoed, because of the risk of poor paper guality or
a paper break if he attempts to inerease the speed, Now he is able
to call for an incroase in speed with the knowledge that the
computer will do this for him at the same time making all
adjustments to the other process variables in the correct time
sequence, He can now thorefore sall closer to the wind by running
his machine faster without loss of quality and thus achleve an
overall inerease in production,

In the mill a wide rongs of different grades of paper has to
be made, which require different machine speeds, different consise
tancies different control parameters etc, and several grade
changes may be required during the course of one day, Without
computer control grade changes tend to be troublo some and lengthy
But with computer control of process become systematle and is
speeded up considerably, The computer doss this by storing standar
running conditions for all grades and setting up the required new
conditions automagtically and in the proper mannér wvhen a grade
change is required,___
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CHAPTER IV

REVIEW OF PREVIOUS WORK IN MODELLING OF PAPER
MAKING PROCESS
The past decade has witnessed a major advance in the .
use of process control systems by the paper industry. Increasing
attention has been paid to mathematical modelling of the paper
making process. Earlier attempts in this fileld are due to
Beechey Astrom, Farmer, Hem, Sastry and Veter, These models

are being revicwed here,

He considered the problem of control of machine diméxtim
basis welght on a standard fourdrienier wire starting from
Incomming heavy stock to the fan _pm:i.. The system will inoclude
the wire pit, the fourdrinier wire the head box, the suction boxe:
suetion cousk agnd the seal box shown in the fig, (3.1) schemati~
¢ally, The couch pit savealls machine chest ete, have all been
ommitted for simpliecity.

Ist us start to the stock feed at the fan pump, The stock
will flow at a rato_qe‘ g.p.m, With consistancy ‘)\o. This
consistancy is weight ratio of dry solid to total water, While
usually tho consistaney is defined as the weight ratio of solids
to water plus solids‘; Theamount of fibres in the stock line depen
on flow rate 8«. and consistancy N,

foc is hypothetieal quantity of pulp 1t is analogus to
flow rate of pulp if it were similar to water (gallons of pulp
per minute),



The heavy stock is mixed with white water at the fem
pump, The white water flows wire pit at a rate of €y EoPom.
with consistancy of Noe The effulent from the fam pump flows
partially to the headbox and the remainder to the wire pit,

Let | is the fraction flowing to the headbox so that (1-B)
is retumed to the wire pit, The head box have a head of h
feet, Therefore the valume in the head box Q2 will depend
upor head h and the dimensions af the head box,

n, = Head box consistancy

F, = Quantity of fibres in the head box (;Ii'2 gal)

A defoam spray provides s flow of 8, B+Pe0, of water,
There will be an effiilent from the head box through the slice
of 83 EeP.la of water and £‘3 ge.p.m, of fibre,

The glife opening is x, ineh,

The wire is moving with a linear velocity of Vw f.p.m, There
are g, g.p.pum. of water, I, g.p,m, of fibre in the sheet
flowing over the couch roll with consistancy D).

A fraction ay of water, ag of fibre flows through the wire
to the wirse pit. The sealbox will considered synonymous with
the wire pit., A wire spray provides g, B.p.m, to the wire pit,
The wire pit contains Qg gal of water and Fy gal of fibre at a
consistancy of Nye A flow& g.p.m, of water runs from the wire
pit to the couch pit maintaining a constant volume Qg+

The model 1s derived using components and energy balances
together with a few definitions. The Ifake of change of water,
Qy in the head box depends on incomming and outgoing flows, ’
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aq
T = Ple,vg) +ey- e e b

The head is determined by Qp

' h = KLQZ 'r"""""""""‘"’""""“"(“.lca)

By definition f_ = n g, cvmmmm e (4,1,3)

so that the fibre balance may be written about headbox
dF, | |

= = Plggm, g) - £y mememmemmmeee (4,1
Also 4if the headbox is perfectly mixed

r3 = 32 83 TS A4 2 o SR ()“’nIQS)

The energy balance is uded to obtain g3 from the head
and opening of the slice, For an open head box

83 = K2 X ﬁ. | ‘“&,&“wﬂc"g—;ﬂ‘“ ( ,”'.1 '6)

KQ depends upon machine dimensalons
At steady state

aqQ aF
= = w0 o w4 1,7)
9 e &

ot and 'é'%‘a are non zere only vhen the conditons are
changing, The presence of these deviations cause ths model to
take a dynamic nature,

Proceesding to wire phenomina

f 2 (1= 0 S a0 o S O S S WP tﬁ. .

B ( qu £q (+.1.8)
gl‘_. = (1" 4'_) 33 haladuiesaietes b atubbaasiect 0‘"91‘9)
nl} = rﬁ ; > i o — (h’;lql‘))

™
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The basis welght depends on 'fq and machine spsed

. L |
BW = 20 cevmevnnnmen  (I4,1,11)

Vi

Finally we may consider water and fibre balance at the
wire pit,

arF
'E% = g £3 + 2, (1-B) -~ 1, g = 0y gg =--=(4.1.12)

Qg 1s the constant so the water balaence becomes

g8 = g“ + ag g3 *(1’- F) go’ g? """““"“**“‘f. 10 13)
s F‘ﬁ s 1 U s . W N | "
Wy % | -~ (4,1,1%)

In considering the remainder of the system, one more
cperivative has been arisen giving a total of ‘E&mer/? time
derivatiyes, Consiquently we may aéy that this 13 a third order
sys tem,

The system has in equations so we may define in dependent
variables, These are BW, f‘!’ Fes Qys Byy B3y g3, h, g,y Fy,

£y ond £, The indepandent variables include ﬁ, qr}_, -c{{_, By

X0 Wos Bnr Bos 0y &, Kys tz, k3 and Qg. Fyy Qyy Fg are
called state variables,
%,2 EARMER®S MODEL
The Farmer?s and the Beacher’s model have the same approach
except that no diferential equations are mcomto'red in the
farmer, This model has been used for analog, computer control
of paper machine with the following control objectives:
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l. To maintain by means of close loop control the basis
weight of a glven grade of paper within the limits of
4 1.5 percent

2. 7To provide the operator with facilities for independent
eontrol of machine speed, basis weight, breast box
consistaney Q efflux ratio, o

3. Automatic grade chenge that is the ability to change from
initial speed basis weight breast box consistancgy and
efflux ratio to a completely new set of condikioma

domanded by the operator, |

He derived the model on the basis of ateady state materlal
balance equations, |

The picture of the model is shown schematically in the
rig, No. (42

When the stock flows from the slice on to the wire, a
proportion of tha fibres fom in to paper to be drawn off the
couch, but the remainder drop through the wire in to the trays
and the back water silo, If the flov from the dlice is ¥y and
the consistanoy (amount of fibres/unit volume) is C, then the
fibre flowing on to the wire is Fscs‘

The through factor b:la defined as the mroportion of
Bibre lost through the wire, therefore the quantity of fibres
leaving the wire as paper is given by F,Cg (1+t). This equals
basis wvelght x machine width X wire speed i,e,

S x width x V, = PC, (Let) mmmmen (4,2,1)

vhere Vw = wire speed
8 = gubstance or basis weight
G?‘,a effestive slice gap
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= Gsa ;&ﬁaoh,&ne wvidth x slice jet velooity
Therefore
Sxwidath xV, = G, xwidth x V, x Co(let) wommee (4,2,2,)
20 8 = q Gy Cy(1-t) e (0,2,3)

slice Jot velocity _Yg.
where s the efflux ratic = TTre Spead vv _,

Fibre and flow balance in the wot end

Portheyalusa:
! PFgt . Thiek stock flow

Ct; Thisk stosk consistancy

Fbx back water flow

ch’ baok water econsistaney

Fibre flow in to wet end = fibre fiow from slice
That is

FeCy * Fplp = Fgly —ememmmme (14,2,1)

but B + Fy = Fy e (14,2.5)

Elimination of the flow terms is possibdble if thick
stock flow 4is made proporticnal to slice flow,
that is

Ft = rFS E . O 0 N0 o e 4 S0P A (l{-*2‘6)

‘Then Fy = F, ~F, = Fy(lr) e mmema (4,2,7)
and V F C, + (:p-r) PGy = F 0y movmmcnmenme  (4,2,8)

to a very close spproximation the back water censistaney

Cbatca.
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rC
R v mul R (%X )
or Cg(lmt) = T e (‘*.2,1:.0)‘

The term rtC, is small compared to rl and is a
correction for fibre loss in the back water system,
Machine through puts Equation (421) and (422) may be
combined to give machino throughput,

Thick stock fibre flow In = fibre made in to paper + losses,
elininating €y (1-t) from (4.2.3) and (4.2.9)

-——-ﬁ—-f = rﬁ - rtc ——————————— (U, 2,11)
9 9sa
:. C P ‘&Mﬂ- - aﬁu—-—- x -jw - . " - (!."2 12)
t vql, 990, (1
4,3 HEMS MODRY

The paper making peocess comprises a certain number of basic
operations such as the transport of fibre and additives between
tanks and chest where mixing takez another important festure is
the comming together at a point of several streams ofa stock with
different consistancies, then emerging as one stream, Thus the
basie ooneepté fundamental to he process are

1, Transport delays

2, Mixing in chest and tanks

3. mixing at g point

4, flow dynamics

Some of these are non linear in character, Out of the above
four processes Hem considered only the dynamic behaviour of the
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system in &ie neighbourhood of some specified operating level

and proposed a linear state spase model (discrete time model)

on the basis of following assumptionst

1, S5implified fluid flow equations in the form ofaL d:.’rect
analogy between fluld flow and electric current in
networks is considered to de adequate, '

2,  perfect mixing takes place in the head box and wire pit,

3. The delays are time invariant and independent of the
state variables,

4, Changes in the fraction of the fibre and additives that
filter through the wire is taken to be proportional

but of aeprosite sign to the changes in the initial basis

wolght on the wire,

Water 1s used as a vehidhi to transport fibres in a
network of pipes and tanks, hence lags will occur with respect
to changes both inflow and in concentrations, It will be
nacessary to consider the past states of the system, as well
a8 the present states owing to transport delays that effect
the concentration of fibre and additives, Finally the inter-
actions between flow and congentration dynamics must be
consldered as these determine the distribution of fibre concent-
rations throughout the system,

The objeat of the modelling problem is to evaluate these
functions and determine the resultant dynamic behaviour of the
plant, |

8ince we are interested malnly in the dynamic behaviour
in the neighbourhood of a fixed operating point, The total
hydroulie pressure at the slice opening i1s of particular
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intercst and this together with the stock level, fomm the

variables of the simultaneous differential equations that

déscribe the head box flow dynamics,

let

C11Cy = Hydroulle capacitance, of headbox alr space and stock
volune respectively. | '

€;,C, = Consistancies before and after mixing,

?1,1)2 = Hydraulle praessure at the slice and pressure
attributable to headbox gtock level alone,

r = Number of convarging stroams before mixing.

?’al’qao” Alr flew 4n mnd out of the headbox,

v = Volume of stoek in mixing tanks,
The folléwing equations can bHe written to describe the
headbox flow dynamics:

ap ap | '
c Y
1 E'ﬁ;'l %= Quy = 950 * (Ql*ca)va':éa OIS ¢ ' T § ]
4P
02 -é% = q’. - qo T 1 W S D B D (lf‘a‘z)

The input and output concentraktons in the mixing tanks,

headbox and wire pit are assumed to be related by the first
erder differential equations,

g% =X - % - g‘(qi);f , 000 g i e 0 e (1"03»3)

121

Aal). = _g, gy +5  (0,)3(qy) §666mmemmmm (4,3,4)
31
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The thick flow, the recirculation flow and the wire
pit flow converge immediately Before the mixing pump . The
output concentration from the pump can be derived as a special
case of equations (4,3,3) and (4.3.4) by putting v = 0 and
r =3, | .

The basic aquations’(.h.ml) and (&4,3.4) are linearised
about a chosen operating tevel,

In order to obtain a discrete model, 1t was assumed that
the informations of the gtate variables only at periodic
intervals of time (every 10s) and the foreing functions were
to be held constant throughout the interval (10s) and changed
in a step manner at the sampling instants, The model is sought
in the following form: |

X(n+l) = § Fy x (n-1)4B0(0) ¥ cmecommco oo (4,3,5)
1=0

vhere n is independent discrete time variable, X is (mxl) state

vector of the paper machine,U is (Sx1) ocontrol vector and 4 is

mxl plant noise vector, P and E are mxn and mxs transition and

input matrices respectively,

In order to account for delays, a modified version of a
method described by Tou was used to form difference equations of
the linear continucus equations, This yield the complete deter-
ministic model in discrete form givem by equation (1) now
g=3,m=5,8=h | ,

x(n+1) = § Py x(nel) # BOR)  —omooommmecen (4,3,6)

1=0



. 49

The system is characterised by five state variables and
four control gariables, Thus the transition matrices amd
control matrices are (5x5) and (Sx4) respectively,
vhere

X, = Hydraulic pressure at the slice

x, = Stock level in the head box .

Xq = Consistancy immediately aftor the mixing pump

xR, = Head box consistancy

UI = Hoad bax air flow
s = Thin stock flow

U,} = Machine speed

The model represents the plant behaviour sui‘moiently well
in order to devise practical control schemes,

Wb ASTROMOS MOEL

Astrom has precented a linear stochastic state variable
model for the paper making process, The drawback c;f model based
on the physieal considerations as pointed out by him is that,
the assumption is always made that the fibre flow through the
wire is always proportional to the fibre flow through the head

- box, A slightly refined model is cbtalned by ha.ving a Ggefficient

of proporticnality dependent upon the average basis weight on
wire, But all the same the avarage value of the fibre going |
into the wire pit, is difficult to estimate, ‘

A general linear model of the system is sought in the
form, .

X(tel) =g X(t) + V(L) + 8(L) wmmmmmmmecnemen (4,4,1)

y(t) = g{t) X(t) + X(¢) e ammmwnma (U 14,2)
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Where

X(t) defines the state veetor having as its components
the physical quantities, Like the first component X,(t) is
the basis waeight of the reel, The other components of
X(t) represents the dynamics of the wire, héadbox and white
water system, the delay in the dryer section the dynamies
of the disturbances, fluctuations in input consisténey and
the measurement errors, for example X (t) can be calibration
error and the drift of the instrument and X (t), the high
frequency component of the meagsurement error, As the system

is stationery in normal,

In SBastry and Vetters moélel them is conveniently
divided into pilpe section hend box and wire section.

Pipe .secetion consists of fan pump, primary and
secondary cleaners, sereens and tapered header, The fibre
concantration changes in accordance with the flow ratc and
concentrastions of the constituent feods and outflows,
ngmely thiok stock vhite water, diluted stock to head box and
and cleaner rejects. From this one get a differential equation
giving rate of incrcase of headbox consistancy, In heuad box
section we get two differential equations, @ne giving rate
of change of head box air pad pressure level, In this
approach ingtead of using the, theoretical relationship
between hoad box total head and slice 1.e, Cyy-CqHl /ZEH,
Where, Cgp is slice flow
Cd: Coefficient of diascharge

128 92/&
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A+  Slice opening area

Ht‘ total head, we use an empirical relationship which
may be more accurate deseription of nressure flow
interaction,

For wire section, drainage rate and fibre retension
on wire depends on many factors, For the purpose of ‘
parameter tdentification data was collected over a fifteen
minutes mtérval with a sampling period of two seeonds,
Parameters were determined by iterative regression line and
by kalman filtering, '

{(by 8.K, 8ud, K,K, Biswas and A,K, Sinha)
The headbox is of contral importance to the paper maker

- for with he generatas the thin Jet of stoek subsequently

deposited, On the fourdrinler wire and formed Into paper.
As the stock moves wéter is drained out, leaving a thin sheet
of fidbres, which 1s later processed dried and converted into
paper, Fpr smoothness and wniformity of paper production:

1t is essentin) that the total pressure head end height of
stock Inside the head box remain emsiant, This is achleved
by controlling the stock input and the air supply to the
headbox, The headbox thus represents a two input two output
system with air valve setting and stock valve setting as

two inputs ond measured pressure head and stock height as two
outputs, The schematie dlagran for the above is shown in

the fig:
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For the design of a proper control system fot the above
process it is essential to have the dynamic model of the |
system, Earlier attempts have been made ¥p construct transfer
function models from the freq., response data, end then design
controllers. Such models ars obtained using gravhical plots
and ars apprﬁximate. Moreover it is!always not possidle to
¢arryout frequency response tests in an actusl plant efﬁdrtﬂ
must therefore be developed {towards time domain models from
usual operating input output data. Since the woovess happens
to be of an intergeliive multivariable typo, a dirsct appli=-
cation of & minimum wariancs type dontrol aigorithms basad
on simple input output model may not be possible without
first decoupling the system, Anothor way of tackling the
problem is to go for state varlable feedback contrsl algorithms,
This would invalve forming a state variable model for the
process,

A state variable stochastic model 1s developed here for
the head box based on input and output data, The model includes
affect of plant disturbances and errors in maasursment, An
importont feature of the proposed method is the on lwe
identification scheme which 1s an essentlal regquirement for
adaptive control of the process, The model structure i1z as follow
Model Structure: The head box is essentiaglly a two input and
two output ayétem, At the input and output of the headbox
actuators and trangducers Ay€ conneated for controlling the
water lavel and alr pressure, The water is fod by a pump into

the headbdx via a control valve, and supply of pressurised air
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is fed into the top of the headbox through a small contyrol
valve, A small hole provides an outfmt for the ailr so that
pressure in the box ecan be controlled, The water and air
valves are both electropneumatically actuated, Two differential
pressure cells are used to measure the pressure hoad and
height of water inthe box, A complete block diagram of a

héad box with the actuators (&) and ‘A5) and transducers (T,
snd T,) is shown in the fig, (2),

The physical equations governing the dynamics of the
headbox are basically non linear, Tiese equations have been
linearised about the steady stato operating point to obtain
a linear model, Taking the pressure head H and the water level
L in the head hax as the two states of the system the follewing

astate model for the hoad box is assumed:

BE BRSNS

Where a and b are wmimown elements of the state transi-
tion end input transition matelces resvectively. v, and W,
ara state noise representing the plant disturbance and

modelling error, These are to He asumed 7zero mean white

guuscslan rofiess with constant varlances qy and 3, Tespectively.

ya
/ ) T L .
1 A - - -1 Hy -F1&2
1
Hoad 7
= 4 Moy, Box E | 2 [T







CHAPIER- Y.
THE MODEL PRESENTED IN THIS THESIS

a mathematical model describing the dynamics of physieally
and commercially importent quantitiss involved in the
paper making process, These quantities are termed as
(state variables) of the syétm. Beecher has shown from
physical considerations that the process to be modelled
should be at least third order system, Moreover a higher
oxrder model needs large memory and more computgtion time
it is decided to make a third order model.

Thfee state variables are thesefore defined here,
Like Astrom’s model the £irst and most important state
variable 1s basis weight (welght per square meter) of the
finished product which is a measure of goodness and qua !
of paper. Since it is desired to make a model for process
starting from fen pump onvards {(complete wet end inoiuding
presses and dryers) it would be desirable to select next
stato variable which will with other things also refiect
dryer dynamics, Therefore moisture content may be choosen
as the second state variable. The hoad box consistancy is
‘taken as the third state variable,

We next consider the control variables, At tne-'
mill the bagis weight change is made by changing the thick
stock flow rate hence this 1s taken as the first control



76

variable, Since the production rate 1s dlrectly controw
by wire speed so wire gpmistlis taken as the second control
varigble, At the mill wire speed change 1s affected only
for change of production rate, head box level 13 also
varied but this variation is always related to wire speed
hence the head box level cannot be taken as an independent
eontrol variable, Because to obtain good quality paper
wirs speed must be sgme as the speed of the jet of pulp
comming out of slice and velonity of Jet is physioally
relgted to the head hox pulp level (Since the head box used
in the mill do not have additimal alr pad pressure which
is uged in milils abroad which run at the speed of several
thousand foe®/min), The gpproximate equality between jet
velocity and wirs velooity 48 not a physical censtraint
built in the system but a constraint on the operating staff).
_The'rat;m of (Jet velocity wire speed) is termed as efflux
ratio, | | |

It 15 algso Smportant to note that wheather the head
box pulp level can be included as a state variable, Because
head box pulps storage with wire pit are two storing tanks
which make transition of state from one instant to another
- instant possibls vhen input is cut off, Butl another fastor
going Into gonsidseration isthat sinoe head box height is
manually controlled to matiosh the proper wire speed, head
box height bacomes a dependent control variable and hence
it should not be taken as state variable,
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There are certain othar independent variables like
Steam pressure in 4rying cylinders suction. pressure in
-suction hoxes, pressure between presses ete. which have some
control over the states of the system, “but they are either
indirecd or ean be assumed constant, hence excludkd from
the dynamic model, | |

Head box height of the pulp is controlled by a level
controller for small adjustments by value vy shown in
figure, In case of major changes, the height is controlled
mantally by chaging the total in comming flow by valus Voo
The thick stock flow rate is controlled by Kalle kve}.
controller or flow controller, '

The approach adopted by Sastry and/ 'Vetter that a
model based on physical considerations be made and identifi-
sation technique should be used only for identification of
paramsters thrown up by physical consideratlons has been
discarded hers. In the proposed model, physical considerations
have Wld only for choosing the state and control
varigbles and elimination of phpsically insignificant
parameters,

The model 1s represented by the following linear
Viserete time state equatlons ,

X(ke1) = A x(k) + BU(K) * W(k) (541.1)

X(x) is the state vector

.v(fﬂis two dimensional control vector

I (ltj.‘skthroe dimensional noise vector.
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1.0,
xl(x:ﬂ) 8] 8 8, xl( K) by b,} UI(K) wl(x) _
Xé'(K‘Pl) 8z @, @ Xz( X) b, b5 Uz( K) w?_(x) ¢
’XB(B?*.‘L) ay :ae ag X3( K) h3 b J WB('K)

vhere

Ij_mn is tho awg. basis wolght of the finished product in
- gns/ea® |

XQK)'-: is the moigturs content of the paper in percentage.

XBCK)zr i3 the conailstanecy at hoadbox in ems/1iter.

¥, (K)= is the thick stock £low rate in mS/uin,

U2{E)= 1s the wirz speed in metersfrinutes

HI(K)::' is the plant noiss in basis weight in gns/anz

the plant noise in moisture content in pereentage.

A

Wal(K)'cx' 1
‘“’3(3{):: is the plemt nolse in 'egns_i;taney in gms/liter,
al, 32 esews s 69 and blg bag enen bé ara mmom‘

parameters (ssumed constant) of the system. The physical
signiﬁcancc of theso parsmeters 1s shoun bolow
The cooffleient _ |
ayl Accommts for the chonge in basis waight due to decreasa in
flow with fall of the head box level,, |
5 ant Takes in to agcount tha effect of changad drying equition
on basis weight (the quality of material hendled is
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aljxangad and the gteam applio& to dryai's is assﬁned to be
congtant) | |

| a3: takes In to account m:l‘.seellax“:eaus fao@rs relating to head
box econsistancy like the fact that the pulp of head box
will not have seme cansistarxéy throughout due to the non-
newtonlan nature of fluid containing fibers, |

The affect of Xl and x3 on the state xa 15 negligibls
hance the coefficeints ag and @¢ oan be asm)mod to de 78TO,
This asazmntion helps in reducug the nunber of wnknown
pargmetees to be estimated sidilarly 57 and ag are also
assumed to be gero. Though the level of the head box falls with
timo, the £1833 4s considered to be properly mixzed %4 a large
extent and the consistaney therefore can de assumed to remain
more or less constant, For this reason the Goefficient ag
ean be taken as wnity,

The elements of the B matrix are considered next, In
case of b; and by, it is imown that if thick stock flow is
more the basis weight increases and if wire speed is more

“basis waight decreases, (bacause the game amownt of pulp 1is
spread over a largef surface arean) therefore, coeffiecients

by and by, have some xon gero value. Similarly moisture is
affected both by thick stoock flow rate (if flow is legs moisture
1s more) and by wire speed (if the speed is more 'mism is
more bepausa less time is required for the drainage of ?sater

down the wire) therefore ba end b‘s are also non zero quantities, |
S8ince head box consistaney is totally independent of wire

spesd by can be assumed to de gero. This is mot ‘true for b3
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since the consistancy will depend upon thiek stock flow
rate (greater the flow rate greater the consistaney),

W(K) is considered to be zero mean Gaussion, white
noise with a covariance Q(K), which 45 used to taks care
of plant noise and also of the modelling wrrors etc, the
covariance Q(K) is alse uninown and is one of the parameters
to be ostimated, |

So finally the model is reduced to «

‘rxl(Ke-l)' Fal 8y 8 :"1 B[ [0y (K —wl(xf’»

L= Jo oy 0 ||xe0fe [b, bf L0plu 0| gsiz)

-

%, (1)

- - -

(K+1 o 0 1 {K) by O Wa (K
KRt I | 551 s ° 549]

All the three states of the' aysbem model ean be
direotly measured, The measurement or the output model is
therefore given by =

Z(K) =H x (K) + V(K) woem e m e (§.1,3,)
whers | |

Z(K) = is the three dimensional oﬁtput vector,

X(K) = 4s three dimensional state veotor,

B = s 3Ix3 identity matrix, and -

V(K) = 1s the measurement noise sequence, which again
for econvenience is assumed to be gero mean white Gaussion with
congtant but unknown covariance,

R

1:&0
zl(zcﬂ? 10 0 i xl(xm’ Vy(Kel) 5.3
Zo(kel)|= |0 1 O G| = | V()| 3
% ( Ke1) 0 0 1 X.(K+1) V. (K+1)
3 3 3
- L - i - L J
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2yt is the measured basis welght in @:ﬁ/sqm.v |
25t 1s the measured moisture content in percentage,
23: 1s meagured consistanay in gns/liter. |
V ¢+ i3 the observation noisé vector assumed to be zero
menn M\ite gaussion with covariange R, |
In this model all the states are observed, also from
physieal process it is lmown that all the states are
controlable by the two econtrol variadles, As an apprézi-
mation the pargmeters have been assumed to be eonstant so
that a time invarimt model could be proposed, Even if tha
paremeters are slowly time varying, this model is expected
to wrk, In the model the average basis woight has been
~taken as the most importamt state and is one of the measured

quentities,

With the structure of the model fomulated above it
now remains to evalugte the unknown parameters of matrices
AegdB i, 819 Ony 8a9 bye B b3, ,b,‘_. b5 amd'tha nolse
covarience Q(K) and R(X) of the state and output nolse
sequence respectively, in a recursive manner on the basis
of record of measurements Z(K) and U(K) ¥ K = 1,2 ~~we 4
number of paremeter estimation algorithnm are avallable tO
identify parameters of sueh models using xiomal input
sutput data., Two sush algorithms are described in the
following sectiont~



The solution of tho problem 1s divided in two steps
firstly a method to obtain the eziimates of the elements
of A end B matrices based on Kalman filtering theory 1s
beling discussed, Detemmination of nolse covariances
R(K) and Q(K) will be discussed subsequently, |
1. This filter requires a dynémie model for the para-
maters, A parameter vecstor can be constructed vhich
contain a1l the unimown olementa of matrices A and B %
8inez these clements are assumed constant, the following
relotionship helds,

BT = ey, 8y 5 a3y @y By By by, By Bg) meeem (5.2.1)
P(K+1l) = P(K) . wwmee {5.2,2)
The next step 1s to conmbine sbove equation (5.2.2) |
with the state squetion (5.1.2) %o obtain the following
higher dimensional avgumented state equation,

X(E+1) = £{X(K), T(X) + W(K) wamme (5,243)
whera *
X(K) = [xE(K) P(X)]1T

= x(K)
P(K) |

is a 12 dimensional augmmtad state vector and £f,]
is a non linear veotor fumotion whose components are

glven below,
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Ca,%, (B) +a,%,(K)*a.x, (K)+b, U, (K)+b, U (K) |
£(X(X) ,0(K) )= i b R A i Mt bt R

al,xat m“‘ba“z‘ K) *bsvz( R)

xB(K) + bs‘uz_( )

' al( K)

WK = (¥, (K0, Wy(ED, Wy(ED 000 900 000 ]

is a 12 dimensional augunented staie nolse vector with zero

mean &nd noise eovarience (X} given by ,

‘ 4y (KD : O ] |
e A AR LR
0 :.: (4]
J__ o9x3 592!‘2_

The output equation (4,1,3) can be rewritten in temms of
the augumented state vector X as »

Z(K) = Hy(K) %(K) + V(K) mmmmeem (5.2.4)

/—"{'(%—‘"'; C -



vhare
HICK) - [ngx) $ 03x9] dsa3x 12

matTiz, — »
100 000 000 000

H 2 {010 000 000 000
L0061 000 000 000

The pratlern of parvanetor identificetion ies now reduced
to a non linear filtering problem with the eovariamee of noise
sequence unknown, |

Application of Ralman filter algorithms is not possible
unless the eqﬁationa are properly lineavised, The linearisation
procadure is shown below by taller series expansiun, _

Lot X° with a given X°(0) be a refrence (nominal) deter-
ministic tragectory which satisfies the following system

oquation,
X(K+#1) = £(X(K) ~ X°(%) as the deviation or perturbation
frea the referenca tralectory,

[ § XU ) i3 them a stochastic process satis{ying the

differange equatiion,

/

SR(EAL) = 2(X(K) ,T(K)) = £CXO(K) ,T(RIOHK)  wmemem (522,5)

with , A

Vv

\

|
{
¢

8 X(0) = H(X(0) ~ X°(0), P(0))
If the deviation from the refermnce trajectory are small
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(say in the moan square scnse). Then a first order tailor

gserics expension gives, | !

{ Py =7, o §z iy 0, 3
j=1
£(X(RY , 0= (L°(K) ,U(K)» f% (x®(X) ,UCK) )X(K)
=P(X°(K},B(R) « F [RO(K),0(0)} X(K)

or. £(X(E), WX) - €X9(1), V(K))
= FXO(K), U(K)) X(K) cememnm (5,2,6)
vnere

F (X(K), O(K)) = % (x(x), B(K)

i,‘ [ =1 l’ a’ 3 A o o I W 12

J = 1, 2’ 3 - v s o ois 1,22

is the Jacoblan metrix ealonlated along the reference
trajactory, (2 oU). Thus an spproximate linsar cquation {also
called the perturbation or variational equation) ls obtalued

Fron (5.295) and (502-6) Al -

F2(e1) = P (X0, TR X(K) ¢ WK}  wem—em (5,2,7)

Defining noninal measurenents as - |

2%(Ke1) = HXO(Re1) commeme (5.2.8)
amd  SI(KAL) = Z(Eel) = 20(Kel) meemmmn (5.2.9)



and performing tho similar linearizatiomn, tho
lincarized measurcment equation 1s obtained s =«

2(K+l) = HX(del) + V(K+1) wmamemwel(5.2,10)

aquations (5.2,7)and (5,2,10) constituto linear state and
mopstrenant aguations vhore the state 1s the doviatidn

X(K) ord measurement is the deviation 2Z(K), This linear state
modol &3 nov quite suitable for the application of the Kalmon
£21tor algorithm in order to obtain the ostimates of the
state devigtions. The »cal problen s still wmseolved since
it 42 requircd to estimato the states amd not ths deviatisns,
It 48 nov shown thet the £iltered estimates of tho augumentod
state X(K) can slco bhe obtainmed using tho samo deviation
model (5,2,7) and (5.2,10),

If X(K) is conditional probebility functicn than undor
rogiirecuents of symmotry amd convexity »f the conditisznpl
probabllity distribution function the optimal estimate is
tho comditional oxpoctation 1.0, |

A

X (K/R) 8 (%K) | 2(0), 2(1), wvemmee= 3(K) ]
Then from the definition of state deviation

X (KI®) = x*(20) +§% (K|R) 4

Int tho orror in the estimato bo given by X (K|K)
then X (KIK) = X(K) - RAK|K)



=§ XK - § X(K|K)
= § XAx|x) | e (5,2,11)
Zhe error covarisnce of the filtered estimotes is
defined as |

PIKIK) % B { TAKIK) ¥ T(R|K)}

21 ]

i

E { KK £X KK} commememn (5.2,12)

The initlal cholee of refersnce frajectory is made
with X2(0) = X (0]0). Then fX(0) = (0,P(0), It is evident from
(5.2.,7) that expasctation B{fX{K)} = 0 for 211 K. It is desired
to use a linear filter ;eécursive structure, The relinearization
1s dune about oneh nev estimate as new es5timate becomes avallabls,
This procedure goes as folluws as K = 0, lincarise about
4 (@{8. Once Z{1) iz processed re-linearise shout 2 (1]1) and
so on. The r»enson 1s to use a velter reforencetrajectory as soon
a5 one ls avallcble, Bacause of re-~linearizetion large initial '
ostimatdon errors ave not allovwed o propogate through time and
honse imearity assumptions awve loss Kikely to be vielated, f

A3 a congogquence of above linearizatlon procedure i
5 XC|9) = 0, Talcfaig the expeciation frop both sldes of the
equation (5.2,7) given observations up to Z(K), | "y

§R (K1) {K) = FERO),0(K)) &R (K1R) s

This gives § X(1]0) = O, Since the subsequent relincari.’ -‘1%
zation 1s dene about X (1{1), fX(1{1) = 0, | AP

\\
-



Hence again § R (2f1) = 0 and in gemeral

A
A" X (R+1|K) = 0 for all K,
As g result betwaan the observation the best estimate
of the state 18 the referencs state and accoringly

ﬁ (K+1|K) = f(ﬂx), U(K)) = ﬁﬂ(Klm ,_U(K)) o (5.3,13)

using the Eglman filter algoritim, the estimate for
the deviation § X(Kel) for observations up to 2(XK+1) is
given by =«
5 R(EA1|Re1) = ERCKLIK) #R(ROL) (§Z(RA)-HR (R¥1]K)

vhers K(Kel) is the Kalman filter gain matrix
Since § % (Xvl|Rel) = R(KeL|K+1) « X(R41|E)

and also § X((R41)|K) = 0
RR+1 ] Ke1R(KPL] K) +RCE#1) 4 Z( KoL)
aX(Re1|K) +R(KHL)(Z(KSL)HR(KFLIKD)  woem (5,2.34)

using the model (5,2,7) end (5.2,9), the Kalman gain
nmatrix K(K+l) is given by =~

-1
K(R+#1) = P(Re1|K) HT[HP(K#E|K) BT 4 R(K#1)] wwuc(5.2.15)

vhere P(K+1l|K) is the prediction error covariance for tho
state deviation JX( K) and hence for the state X(X) fronm
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equation 4.2,1. This is given by the following:
PC(k+2) [K) = F(K) P(K|K) FU(K) # QUK) weemmmmmee (5.2.16)

vhere F(K) 1s the jacobian matrixz already defined,
The filter error covariance is giveh by »

P(Kr1}Kel) = (I-K(K#1)H) P(X+1]K) , wemenenews (5,2,17)

vhers I 48 the Identity matrix, -

Equation ($,2,13) through (5,2,17) solved recursively
give the filtered estimate of the augumented state X(K+1),
for observations up to Z(K+l) for the non linear state
model (5,2,2)., This progedure is an extension of Kalman
filtering theory to non linear models and is lmown as the

_ extended Kalman filtering theéry, This golves the above
equation a choice of initial conditions of X (0{0) and
P (0]0) have to be made,
5.2,2 ADAPTIVE ESTIMATION OF NOISE COVARIANCES

The following recursive algorithm due to Sage and -
Husa 1s directly applicagble for obtaining the covariances
of the state noise W(K) and measuremant noise ¥(K),

R (ze1®) = § ((R-1) ROKIR-1) + BB ZT(R)-EP(K|K-D)ET) «(5,2.18)
Q (Ke1[Re1) = ghe (HQ (KIR) #R(ReD) (FCR#1)2T(Re1))KT(R01)

* PK+1|K¥L) oF(K) P(K|K) FF(K) wommece (5.2.19)
vhere 2 () = Z(K) -HX(K|K-1) omemenn (5,2,20)



7

Ghese oquations have to be processed along with
above Kalman filter equatioms. Tho initial choise of
(R(1]0), q(0|0) have also to be made, Thus ssction (5,2.1)
and (5.2.2) explain the technfque for identification of
akl unlmown parameters of the model prosented in section
(5.3.1), o | o

The apparant disadvantage of the above technique
is that the dimension of the model is Increased consideradbly,
Alsoc the augumented system iz non linear, It has been
oboerved that unless the initial econditions are choosen
properly this filter often falls to converge to smy sets
of consistant estimates,
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The model presented in the previous section has

besn tested and the parameters identified using real
data collected from star paper mills Saharanpur. (U.P.)

Theres are at present four machines in operation, The

paper machine No, 1 1s uged for producing whits or
cofioured writing paper, while sll other three machines
are producing brown kraft paper, Datas ware collected

only for machines No, 2 and 3 because it was not possible
to collect the dat@k from machine No, 1 and % due to some

practical reasens,

1.
2e

3
b,
5e
6,

e

8.

Following date were collected for both the machinaes:
Basis weight of the {inished px-aduet,

Per cent moisture content of the finighed product
Just produced,

Consistancy of head box pulp.

Consigtancy of the regulating box pulp,

Machine speed (it is same as that of wirs speed).
Haad box level, |

Thickness of the finished paper,

Thick stock f1low rate,

.Datge wers collected on both the machines at one hourly

Interval slmultaneously. This 1s g0 Decause it was not practi-
-eable to tear the paper for taking sample at an interval less
than one hour, Also because of non avallabdllity of any on line
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réuordar, it was not possible to take the readings at sny
shorter interval, Thirty minutes are required for collecting
the above data for one machine and since it was daﬂded to
collact from both the machines simultsneously it was mot

at all possible to collect the data within shorter interval.

The basis weight was measured by cutting of a fresh
sample from the reei, making it template size (25 x 4O®
and welghing this on the electric balance of the Star
Paper Mills, Saharsnpur, For the measurement of the dry
basis welght, all samples were kept in an electric oven
over night and weighed next moining, Difference betwaen the
two welghts gives the moligture eontent,

| Consistancy of head box and regulating bx pulp
wag measured in the following way?

Taking pulp from head box and iagulating box
respectivaly at an hourly interval and 500 ml of head box
pulp _100 ml of regulating box pulp respectively was made
in to papor sheet (by the maohine) in the laboratory, The
paper sheats were dried in oven end weighed next day. The
cons1stancy is expwessed’in gpl 1%t was converted in to
percantage by dividing the sbove figure by 10,

Consistancy in gpl may be obtalned directly by
talking samples of one litre pulp, put was avolded because
_ thicker sheet of the p;apar take more time for drying,
Thicknecs of the paper was measured by a speecial

b

. instrument which gives the arsuracy of 107 metres,
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The Kalle level controllier setting was related to
the thick stock flow rate but unfortunately it was not
functioning well, Therefore thick stock flow rate was
galculated on the basis of material balance equations,.

~ Let the speed of machine = x m/nin,
Length of sheet of paper

gomming out of reel = y meters
Basis welght of the
paper =2 gak®

o% Wet paper comming out per minutew= xyz s,
Gross Dry paper welght comming
out per minute T XyZ ~ W parcent
vhere w percant is moisture content in percentage. It is
assumed that 2 percent of the paper is lost in
breakage eta.
»%. net dry paper comming out per
ninuts = Xy2~d pammt + 2 percent
(This is the total fiber going in toc machine per minute)
Cansistancy of thick stock = p gms/liter
% Volune of the fiber going in to machine per minute =

(xyz - @ percent + 2 pereant)
P

litres /Min,.




7h

CHAPIER VIL

[ODEL TESTING AND IDENTIFICATION USING REAL DATA

A computer preogramme based an the 1dentification
ilgorithm given in the previous section was devised and
am on IBM 1620 at 8,E,R.C. Roorkee. This was done for
/¢ No, 2 eand m/c Ro, 3 raspectively,

Initial value of 12 dimensional state vector X were
thogen in the following mannar; First i;he values of
ylements of A matrix (ay, ayy ag and a,) were selscted on
the basis of physical considerations, Using the measured
ralus of states, input and the assumed values of elements
»f A matrix, the elements of B matrix (D; seeesecs. 55)
rere obtained, The first set of measwred states were taken
18 the initial states, This procedure provides the set of
L2 initial values which is sxpected to be quite close to
the real values. Q(0), the initial plant noise covariance
ratrix was taken as null matrix while P(0) was taken as
ilagonal matrix with all elements of value 10, arbitrarily
taken for both machines separately.

The variables were normalised for better numerical
acouraay. Thick stock flow rate was normalised by dividing
200, wire speed was simllarly nommalised by dividing 1t
by 160 for m/¢ No, 3 and for m/¢c No, 2 U}.,(m by and 02(10
by 300. Similarly normalisation was done for states alse,
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The sub estimatien algorithm for R matrix has not
been used, instead, its value has besen assumed known equal
to a constant disgonal matrix on the basis of approximately
10 per cent measursment error, This assumption is valid
only if the errorﬁbvolved in the measurement iz properly
gmsscd. AS a rosult ot aasmptim the computational burden
is also reducod-.,. ‘

In the adaptive algorithm of { matrix ‘ihe correction
term in the algorltlm viz,

K(K*1) B (K+1) T T(Re1) KT(K+1)+P(K+1/K+1)-F(K) P(K/K)FT(K)

is tested for first three dlagonal entries gnd added to

the rest of the temm only if it is non negative, The
negative correction terms is neglected because it implies
that no correction is necessary. Alse the first 3 diagonal
terms of matrix are estimated, From 4th to 12th (the entiies
corresponding to parameters) the diagonal temrms in Q
continus to be zero as the process is stationary,
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The computer programms was run for the data
callacted for machine Nos, 2 and 3 saparately. For machine
No, 2 the results are given in tabular as well as in
graphical form and ror machine No, 3 the results are
given in tabular form, in the end, starting from Tsble
No, 1 to '.l‘ablq No, 10,



CHAPTER VIIL

CONCLUSIOKRS

, In the mathematical model of paper making process
presanted in the previous chapters 1t was intended to
study the effoct of thick stock flow rate and wire apeed
{the two control variables) on the states of the process,
A guite good closeness has bean found between the measured
values of the variables and those actually estimated, The
small errors between measured and estimated valuss of the
parameters indicates that the states of the process and
hence the plant can be very well controlled to a large
extent by ixs:!.ng these two controls, From the plots of the
elements of P matrix and the parameters given in the
results, it is clear that after some iterations the P
matrix continuous to increase and the estimates of the
parameters tends to become constant, Estimates of some
parameters vig b;, b, and a, are fairly sonstant. The
parameters a,, 831 8y showing increasing or decreasing
tendency within a specific spectrum of valuss, or zome
parameters eq. b, become constant after some iterations, A
large variastion 1s found in the value of parameter byy and
the b, parameter become constant after decrsasing to some
iterations,

At the first iterations ¢ was assunmed to be gzero,
As shown in the fig, Q increases exponentially upto some
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fterations md afterwords decreases quite fast to reach a
small stable value, By increasing a number of itsrations a
soems to become converging, |
. The values of P goes on decreasing g:adually as K

increases, | |

The identification technique mqﬁzres that 'there
should not be a sudden Jump which will invalidate linearie
sation about operating points, There should not be abrﬁpt
change in the values of the variables with the change of the
order, If it happens tham the linearization become invalid
about operating point, Which further causes high errors.
This ¢an be gvoided by taking the reading at shorter intervals
(few seconds), although it 1s impracticable because of non
availability of on line recorders, |

Some of the errors are introduced because of the
shorteomming in the data collmtion, Since all the data are
collected in an off line manner from 8 commercially operated
plant, it was not possible to evllect the data at exact time
interval required, The sampling errors can be reduced
eonsiderably if the instrument can be installed that can
measure the property of interest in an on-line faishon for
example Pray gauge is suggested to measure the basis weight
on line,

Within the specified period at Star Paper Mills 4t was
possible to collect the fifty samples. Moveover the sampling
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was stopped at the time when there was abrupt change in the
grade of the paner, Better resulls could be found if more
samples would have hsen collected,

- For better resuls the Job of the present day
engineers is to have the on-line recorders, Further improve-
ments in the model can be obtained by assuming the time
varying parameters, For example the head box congistaney
in this particular model is assumwd constant, but it is
varying from point to point, Scope of the future work in
this field is formulation of the mathematical model of the
proposed type and then application of on-line digital
computers for ildentifying and correcting the disturbances
for the final quality control of paper. In India there is
no mill having on-line computer control and on-line
recording fattfities,

The extexxdad Kalman filter technique has been used
for the identification purposes in the present work, An
apparant disadvantaga of the above technique is that the
dimension of the model is incrsased considerably, Also the
augumented system is non linear, It has been observed that
unless the initial conditions are chosen properly this
filter oftan falls to converge to any ..sets of consistant
estimates,

In the wes (Sweden ete) on line computer control for
paper making process has already been done, A study of similar
type is carried out on a pilot plant at UMIST, Manchester and
England, |
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APPERDIX X

(11) _
LISTING OF COMPUTER PROGRAMME

C C COMP PROBRAM POR M/C 2,3 BY R+P SHARMA S E O R
DIMENSION X(12),H(3,12),P(12,12),R(3,3),21(50),22(50),
23(50) |

%%1( 50),02(50),4(12,12) ,87(12,3),b(12,3),6(12,3) ,F(3,3),
zaxg) ic):'r(3,12) ,E(m,m),nm,,ﬂa,m ,xxl(:.a 1) ,RKK(12,1),
%x(la '1),AD(12,12)

H %%%%Z‘mxc ), Tel, 12
=
READlz’gi H{I, J) -’Iﬂl 12),131,3)

READ12 ﬁ P(I,3) 2d=1,12),1=1,12
READ12, ggx 3) ) Jal 31 $a 5
READ12, 5 «f 21,43
READ12,(Z22(K), K-l
READ12,(Z3( ) )%= 1,H)
READ12, (UI(I‘) o Bl M)
READ12, ftlz(k) E=1.M)

12 FORMAT 8?10;9)
no31r==11 2
Q(I :;-9 0

31 A(1,J)=0,0
DOlk:aE',.l?.

1 A(x

3)=1

z2(1 )a(z:t(zc)-zacx))xm 0/22(X)

21L(K)=21{K) 16,0

73(K)=23(K) 71030

VL(K)=U1l({K) /200.

U2(K)=U2(K) /0~

D0100K=1 M N |

PRINT ,m(x),zz.(x),zz(m,zs(m
30 FORMAT gﬁ _ o

IF{K-50

i

g )=xX{1)

A(l ¥y=Z(2)

Al '3 =X(3)

gi y=U1(K)
1)11)=02(K)

A(a,z)nxm

52 7 )ax(2)

(g ?.é?végr)c Bl L OE R
A = GETL L 27 W OF ROORK
C A3 10):61(!(; NI e

? D017T=1,12
D0173’=l,12
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17 Amgﬁ)gacs,x)
noaonax'm

Saad,
B L&N)zﬁt L,N) «ACL, D) (1,8)

Dozoasal 12
noaozw. 12
e(LN)=0.0
p02021=1 .12
202 c(,x.é:s)ac(z,,mm(n,x)ﬁw(x,ﬂ)

D0183'==1
18 a(x,:)céu DL

RSy - | B2 L)*aQZ)
DO157=1 _ » ELY
15 H'z(?:,gvé;?iw,x) pa= EW)* v

DO20N=1, R -YIR
D02031=1, ’?z | EQ
D(L mzo.c
203 g?%5n§$fx.,n)-scn x»ﬁw(x,m
" DO20LN=1,3 i
nozoum
B(L,
DO2
20 E(L,N) m:s:f:.,::)mcx.,z)ﬂn(:t,m
19 DM g‘)”lﬁ J)+R(
= »
| 3,3)-E(3,2)88(2,3)4E(,I))
D2a= 2&’2&3(5,1&3 "33)~E(5,1§8§E(5,3)§E(1.2))

- ppa(E(2,3)88(2,1%8(3,2)-E(3,1R8(2,2)88(4,3))
§§3§D 2 g) E?B B(3,2%5(2,3
sksggg’l o 3'3-@(2'1)@%,3)

E7=E(2,1)xE(3 ,2;-3 ;
?
3

201

E2=E(3,2)aE(1 -Efl 2?
Egszgi’l)ﬁé_a )-B( %
g B(1,2)-E(1 1)gr 3
ﬂgl’% §2’§§‘§§2 ng:d
IE??;E:S é:}i.;gélb)‘-z(l, gxacz,
=
Pu’z)umzmm
F(1. 3)%3 /DET -
F(2)1)=Ek /DET
(2 2)=ES/DET
213)=E6/DET
3y 1) /OuT
342)=E8 /DET
313)=E9 /DET
p03351=1, 3

F(
73,
F{



205

206

20

21

207

22

208

209
26

G(L,N) =G(L,N)+D(L,I)}KF(I,N)
DO206N=1,12
D0206L=1,12
S(L,N)uo.o
D 206I=1,3
N)ss(L,n)c-o(L,I)ki(I,N)
Doadlal
s(1 1)33(1,1)-»1.0
po211=1,12
D021J=1, 12
D0207L=1,12 "
D0207N=1 12
P(L N)=8.0
Dozdnal .
P(L,N)=P{L N)*S(L ),.B
01{ J88es
) l(K

1
XI(1) -x u x(l)
x1§2)=-x 7)1‘et(2 g U

e)a.x( ) +x{10)XUL(K)
()

-3
x1(6)aX26)
x1(7)=x(7)
x1§8)=x§ ;

)=X
x1(1.o)nx 10)

ill)nx 11)
X1(12)=%(12)
D0221==1 12

é:!.)==m(1.)

R,
natzlr. 1)+H(L, D Rex(1,1)

23I=1,3
mm:ﬂ: 1)
RK(1)=21{K)-YT(1)
nx(z)wza(zc)-mga)
RX(3)=23(X)~YT(3)
D09 lﬂl
mm(l =RK(1)
D02091=1,12
x2( 1)=o.o
D02091=1,3
ﬁﬁé" )=x1§<1.,1)*c(n »LJRRRK(1,1)
xx1(1 15axxu,1)+xa<1,1)
nongi::.z 12

83

(6)’%(%)1'1!(8)-301(!()4&( 11)3#02(K)
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119 X(I)=XXI(1,1)
DO2%¥1=1,3
noa? =1.3
27 E(1 J)uaxcx)-’m( B
2éIx=l,3
28 BQ(I )=G(J' 1)
D030
no3o7n~1 12
n(x. N)=0 .0
6:%%&%?5 N) (L, TRECT,N)
= 1
9035 ’ » »

203 L==1,12
D300713
308 2§N)=Bl L,8)+D(L, DAGT(T,N)

Doaqzal 12
AKIHK-I
AKaK
J)wB(I J)+D(X,)=C(1,J)
s AB(1,3)) 52,29,2

)
29 Iﬁﬁm an *Q(1,3)+AD(1,3) ) /aK

1 mmaz(zx,mx,lux,angn 1%, 16X 40K 1%, 2 x6HQ) I,1T)
bOBIaL,

307

IF(KLag)
agﬂr 883 yK,PCI,T) ,X(T)

anmax »K,P(1,1),X(1),G{RKL,KKL)
8 CONTINUE
801 FORMAT(13,3FRO0,6)
802 FORMAT(13 22F20.6)
zmz.agzx xi-.xm)/zz K)
ER2= K)-X(Q;) /Z2(K)
BR3=(Z3§K)-X(3)) /23(XK)
PRINT99,ER1,ER2,ER3
99 TORMAT(3F10.6)
100 QONTINUBR
3 ST0P
END



85
APPENDIX ~II

(1) A BRIEF DGSCRIPTION OF THE STAR PAPER MILL
SAHARANPUR (U.P.)

Tho Star Papor Mill at Saharanpur (U,P,) havo at
present four papor madines in oporation. Paper machino No(l)
is used for producing vhite or colourod writing papor., The
basis woight is of the ordor of 40 to 80 gms. The paper
production is agbout 30 tons a day. cdnsistanoy is changed
by ehanfing the flovw box level. Head box helght is controlled
by vhito wvator by pass valvo, thopeas the wire speed is
controlled indevwondently. The capacity of this mpchine is
small bacouso capacity of dryer section is small,

Panor Machine Nlo, 2 15 used for the production of
Brown craft napor of heavier variety (J0 to 200 gmsxma). The
production capacity is about 50 tons per day approximately.

Paper Machine Nlo, 3 is also used for Brown Craft Paper
of light varioty (30 - 50 mma), The production capacity is
about 25 tons por day,.

Paper machine No, 4 1s used for the production of
tissue paper (eigaretto paper) or brown craft papor of light
variety (10 to 40 mms). Ites producéian capacity is about
25 tons por day.

Here consistancy is controlled by Kallae level controe
ller. Hoad bax height is controllod by white water by pass
valve vhereas wireo specd is acontrolled independtly,.
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RABLE NO, 1

Estimate of original states and théﬂr f1ltering
error covariances for paper machine 2

w

P L

B 2 X4 n. Pan Pag
1 0.7134+2 0.60350 0.36393 0.00250 ,0,01000 0.00120
2 0.71139 0.5%991 0,35146 0,00249 10,01000  0,00120
3 0.72420 0.50990 0.364%% 0.00203 io.slooo 0.00100
b 0.79339 0.4724% 0,36147 0.00236  [0.01000 0.00080
5 0,72858 0,49352 0,36175 0,00243  (0.01000  0,00069
6 0,77855 0,+123% 0,36215 0,002395 =b.ulaoc 0,00059
7 0.72670 0,61659 0.36758 0.00237  0,01000  0,00053
8, 0,70883 0,.58h38 0.37908 0.00238  0,01000 0.,00048
9, 0,70679 0,58730 0,37577 0,00224%  0.01000  0,0004%
10 .0.72670 044720 0.37769 0,00222  0,01000  0.00040
11 0,7185% 00663 0,38208 0,00226 0.01000 0.00037
12 0,7063% 0,41828 0,37702 0,00217  0,01000  ©0,00035
13 0,69313 O.4710% 0,37362 0,00223  0,01000 0.,00032
1 0,7261% 0.65275 0,37209 0.00222  0.01000 0,00031
15 072469 0,56750 0,37330 0,00220 0,01000 0.00029
16 0,7288% 0,6086% 0,37463 0,00196 0.01000 0.00027
17 0.70711 0,63905 0,37539 0,00191  0.01000 0,00026
18 0,72226 0,37810 0,37847 0,00199  0.01000  0,00028
19 0.73%71 0.,42185 0,368031 0,00188  0.01000  0,00023
20 0,73229 0.,42585 0,38021 0.00193  0.01000  0,00022
21 o0,70227 0,58501 0,37560 0,00180  0,01000 0,00021
22 0,72082 0,6338¢ 0,37180 0,00080  ©,01000 0.00020
0.63935 0,368%9 0,00186  0,01000 0,00019

0.75086



24
25
26
27
28
29
30
31
32
33
34
35
36
- 37
38
39
0
L1

42
43

Ll
k5
46
47

49
50

Q75049

0.73k456
0.70107
0.7279%
0.7255k%
0,66816
0,72111
0.70410
0.73041
0.73770
0,74l
0,66901L
0.69936
0.75929
0.72303
0.73308
0,70753
0.723%4
0.88980
0.90057
0.82407
0.85407
0.81503
0.70362
0.69781
0.74877
0,70944

0.58946
0.44299
0.44781
0.44%019
0.63291
0.,65076
0.7132k%
0.56551
0.52877
0,45323
0.53585
0.71316
0.7%916
0.55401
0.51175
0.53355
0.40706
0.37505
0,62730

0.51811

0.43163
O.h8892
0,3%851
0.53683
0.43172
0.56550
0.47599

0.36351
0.36219
0.35918
0.35911
0,3601%
0.36157
0.36207
0.36277
0.36345
0.36521
0,3663%
0,36619
0.36718
0.36881
0.36912
0.37049
0.36967
0.36941
0.37082
0.3721%
0.37510
0.37850
0,38212
0,37949
0.37465
0.37225

0,37036

0.002a0
0.00183
0,00171
0,00165
0.00159
0.00176
0,00177
0.00173
0.00140
0,00138
0.00145
0.00150
0.,00150
0.00152
0.00153
0,00129
0.00129
0.00138
0.00189
0.00199
0.00178
0,00139
0.00133
0.0015%

0.00126 _

0.00125
0,00120

0.01000
0,01000
0,01000
0,01000
0.01000
0.01000
0.01000
0.01000
0.01000
0.0,000
0.01000
0.,01000
0.01000

0.01000

0.01000

0.01000

0,01000
0.01000
0.,01000

. 0.01000

0.01000

0.01000

0,01000
0.01000
0.01000
0.01000
0,01000

0.00018
0.00018
0.00017
0.00016
0.,0C016
0.00015
0.00015
0.0001%
0.0001k
0.00013
0.86013
0.00013
0.00012
0.00012
0,00012
0.00012
0.00011
0.,00011
0,00011
0.,00011
0.00010
0,00010
0.00010
0.00010
0.00009
000009
0,00009



IABIE NO. 2

Measuraments of Original States and
Plant Noise covariances

k7 zy ) Q11 Q22 33

1 0.71330 0.60%23 0,36390 ' 0.00000 127.4225% 0.00000
2  0,711%0 0,55103 0.351%0 0,00000- 193,28027 ©0,00000
3 0,77390 0,51040 0,37240 0,01213 158,67417 0,00000
b 0,799%50 0.,k4778 0,36380 0.00910 136.24%,55 0,00000
§ 0.73300 0.49386 0,36%60 0.00728 111,204k 0,00000
6 0,78990 0,%1271 0,37080 0.00606 93.38160 000000
2 0,72610 0.61699 0,373401 0.00520  81.0229% 0,00000
8 0.74230 0,58467 0.38780 0.00920  70.89507 0.00000
9 . 0.71260 0.58799 0.37830 0,00818  65.19976 0,00000
10 0473706 0,%4776 0,37960 0.00736 59.35676 0,00000
11 0.71850 0.49687 0,38700 0.00669  53.96251 0,00000
12 0,70660 0.41855 0.35850 0,00613 29,46563 0.06000
13 0.69236 0.470389 0.,36040  0,00566 45,66059 0,00000
1% 0.72580 0,65307 0.36%30 ©0,00526 4%2,39911 0.00000
15 0.7384%0 0.9674% 0.37580 0,00491  39.57251 0.00000
16 0.73600 0,60870 0,.37780 ©0.00%60  39.5725k 0.00000
17 0.705%0 0.,63935 0,37520 0,00433 3%+,91692 0.00000
18 0.73230 0,47795 0.38820 0,00309  32,97709 0,00000
19 0.72930 0.42232 0,38300 0.00387  31,24145 0,00000
20 0.73890 0,42496 0.37630 0,00368  30.00611 0.00000
21 0.69510 0.58553 0,3%620 0,00350  28.58611 0.00000
22 0,73420 0,63470 ‘0.35380 0,00335 27 49116 0,00000
23 077410 0.6394 0.33980 0,00331  26.29589 0,00000



24

25
26

0.74620
0.73820
0.65460

27 0.72950

28
29
30
31
32
33
3
35
36
37
38
39
40
41
42
43
RN
45
46
47
48
ko
50

0.73630
0.66230
0,.75020
0.70790
0.74130
0,75000
0,76130
0.67570
0.69320
0,77900
¢,72070
0.74070
0.70350
0.73%50
0.90690
0,91220
0.79330
0.85450
0.81980
0.,69890
0,67010
0.75300
0.66950

0.59233
0 44297
0 Bl
0 h+1k0
0.63289
0.64925
0,71161
0.5636%
0,52880
0.%5333
0.53993
0,71135
0,74870
0.55456
C.51339
0,53463
0.40654
0.37577

. 0.63513
. 0.52182
10.43522

0.49269
0.34399
0.53513
0.43128
0.56574%
0.47498

0.34720
0.35690
2.34080
0,36230
0.37080
0.37%20
0.36760
0.36980
0.370%0
0,38030
0.37730
0.36480
0,37620
C.38530
0.37160
0.38360
C,36080

0.36720

0.38720
0.38620
0,39840
0.41220
041780
0.34520
0.31230
0.34%320
0.33940

0.,00318
0.00305
0.00295
0,0028%
0.,00276
0.00266
0.00269
0,00260
0.00255
0,00251

0,00246

0,00241
0,00235
0.00225
0.00225
¢.00222
0,00218

0.00215

0.00210
0.,00205
0.00205
0.00201
0.00198
0,0019%
0.00192
0.00190
0.00190

27 .9995%
26,87756
25.89209
25,27483
24%,37216
2%,00373
23,61769
23.54071
22.80507
22,11400
21,46359
21,06762
20 ,48241
19 ,687%5
19,.68745
19.28151
18.79947
18.358%3
23.79974
25.,21695
26,65297
28.49111
28 ,26452

 28.17301
2760174

27,038k
26,6L4064

0,00000
0.00000
0.00000
0.C0000
0.00000
0400000
0.00000
0.00000
0.00000
0,00000
0.00000
0,00000
0,00000
0,00000
0.00000
0.00000
0.00000-
0.00000
0,00000
0.00000 -

0.00000 -
0.00000 -

0.00000
0.00000
0.00000
0.00000
0.00000



TABIE NO. 3

Estimates of Some Parameters and Noise

Error Coveriances

! 82 ! Puy Py Pes
1 =-0,28806 -0,14552 «0,19403 7.80198 9.60096 9 k5049
2 -0,29285 -0,12859 -0,19602 7.14053 1,39969 9.33612
3 -0,35627 ~1,54082 -2.80131 6.92638 1,02420 8,05250
b -0,17289 -1,54309 -2.513P1 6.80213 1.02357 7.74736
5 =0.24332 -1,k7082 -2,59005 3,85616 1.,00485 7,72221
6 =0,1621% -1.48042 -2,09850 3.82548 1.00485  7.435Wk
7 =0.17276 -1.47526 -2,0855% 3.41839 0,99155 7.42884
8 «0,56257 ~-0,72509 ~1.33486 3.1420% 0.67710 7.13005
9 0,64101 =0,63895 =1,10278 3.0878% 0,62120 6.72310
10 0.42277 -0,59531 -0,508%3 2,95371 0,61479 5.77997
11 0.43096 -0.5890% a0,h9548 2,59543 047897 L ,64604
12 0.36319 ~0.62199 ~0.39591 2,51183 O0,46836 3.90098
13 0.39069 ~0.61523 =0.45271 2.09487 0,38420 3.61143
% o,40652 -0,61371 -0.47100 1.42083 0.32829  3.59317
15 0,39715 -0,3627% =0,58005 1.,42042 0,22840 3,56988
16 0,36830 «0,33335 =0.61717 1,%124%7 0,2197% 3,55018
17 0.36943 ~0,34264 ~0,61404 1,41166 0,20300 3.54522
18 0.23758 «0.28023 ~0,57412 1.33287 0.18499 3,53967
19 0,30149 -0,24362 ~0.5785% 1.23746 0,15750 3.53835
20 0.30750 «0.28106 =0.59299 1,23618 0,I1394%6 3.53542
21 0,28223 -0,26170 -0,72626 1,19867 0,13464 3.37254
22 0,30671 =0,20980 ~0,42331 1.19763 0.12448 2,96958
23 0,59878 ~0,04590 ~0,31573 1.11043 0,09211 2,9%148



2k
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

%1
42
43
45

47

50

0.48496

0.54698

0.40591
0,%0399
0.0992k
0,.418%40
0.23583
0.2494%6
0.23229
0.26111
0.31928
0424154
0.2597%
0.20757
0.19323
0.19529
0.18928
0.16110
0.07162
0.26427
0,0538%
0.05990
0,07861
0,0585%
0.07503
0,06312
0,06167

-0,07369
-0 , 061464
-0,02421
-0.02915
-0.04929
-0 ,06820
0,03407
0.08709
0.05177
0.0%4918
0.03020
0,03106
0.02018
0.0578k
0.05716
0.05461
0.05491
0,04119
0.,00822
0.01769
0.,02597
0.,0260%
0,02429
0.03081
0,03639
0.03373
0.031%7

-0.35813
-0 42614
-0,21830

-0,22673

-0,32121
-0,25588
-0,07705
~0,08980
~0,1156%
-0.18643
«0,29%63
-0, 24174
«0.27557
~0,21009
~0.22374
-0,18769
~0,20256
-0,12556
~0,25672
-0,63283
«~0,28960
«0,29852
-0,31607
-0,31095
~0 , 48057
-0,47291
-0,22384

0.76606
0.58105
0.52104
0.51857
0.49%458
0.45953
o}u2096
d.kl99a
0.141720
0.41099
0.39841
0.3639%
0.36619
0.34920
0.30870
0.00867
0.30642
0.29820
0,28031
0,14095
0.09562
0.09479
0.08594
0.,07659
0.07538
0.,07106
0,0710%

0.07773
0.0727%
0.06720
0.05765
0.05425
0.04571
0.0367%
0.02922
0.02803
0.02797
0.02661
0.02661
0.02342
0.01992
0,01977
0,01957
0.0195%
0,01765
0.01526
0.0149%
0,01487
0.01435
0.,01415
0,01222
0,01217
0.01162
0,01162

2.93411
2,74439
2,59205
2.56433
2 48429
241412
2,38772
2.,37008
2,36241
2.31949
2.27339
2.25858
2,22363
2,21368
2,18785
2.16311
2.14940
2.,0879%
2.05392
1.51965
1.39985
1.3932%
1.38807
1,38779
1.33228
1.33073

1.28221



ZABIE NO, Y

Estimates‘ of some Parsmeters and Noise
, Ergor Covariances

k W, by b, Py Pgg  1=>99

1 5.22095 7.51215 -149.25928 9,96679 6,52623 9,62680
2 5,87014+ 7.,51220 -348,22317 9,74262 6.52615 9.05579
3 6.08563 5.89567 -147.84656 9,65011 6,03210 8,77368
4  6,28284 5,77056 ~147.,46967 9,57291 5,97280 8.,49357
5 6.,37681 5,19971 ~147.2584%2 9,52228 4.84831 8,.,23868
6 6.,48291 4,62881 ~147.05858 9.h52%0 %,47639 7.98795
7 6.56013 %.61083 -147.85225 9.M1836 %,38586 7.74382
8  6.6726% 2,92473 «146,72486 9.27684 2.88658 7.54361
9  6,86600 2,71100 =146,65509 9,17566 2,53297 7.34669
10  7.00335 2.,4018% ~146.26530 9.08855 2,25885 7,18143
11 7.02745 2,38070 -146,18811 9,07380 2,20583 7.02918
12 7,06132 2,3994% -146,11895 9.04329 2,11961 6.90307
13 7.05391 2.,43790 -146.1592 9,03857 2,10977 6.78939
1 7,07950 2.,M45150 -146.07728 9.02638 2,07475 6,67836
15 7.05856 1.83620 -146.09471 8.91313 147793 6.61047
16 7.06262 1.71909 -146,08886 2.87415 1.34265 6,54101
17  7.11018 1.,74161 -146.04015 8.81818 1.25168 6.48219
18 7.08017 1.58989 -146.06431 8.75096 1.16710 6.4387% -
19 7,08378 1.56623 -145,99028 8,75080 1,14437 6,3749k
20 7,11555 1,51102 -146,10803 8,74716 1,10181 6,32755
21  7.10695 1.54688 -146,03960 8.74639 1.09960 6,278k
22 7.,21407 1.50596 ~145.95801 8.69807 1.08620 6,25059
23 7.21888 1,16781 ~145,95600 8,62065 0,93185 6.,23377



2k
25
26
27
28
29
30
31
32
33
3k
35
36
37
38
30
40
L1
42
L3

k5
46
47

9
50

7.67679
7.67383
7 64725
7 .60540
7 .60692
7.40312
7.18706
6.83691
6.83783
6.8391%
6.83691
6.80325
6.72701
6.82416
6.87352
6.85711
6,85459
6.7857%
5.55657
5 7465M
562347
5.24287
5.17421
5.41501
5.1+0756
5.39079
5,36400

1,19693
1.15870
1.15624
1.16942
1.15070
1.23315
0,94275
0,8989%
0.88668
0.86519
0.82851
0.91343
0,92305
0,9%300
0.9%237
0.94723
0.9586%
0,96648
1.23849
1.28649
1.25770
1.2584%
1,25335
1.28045
1,27571
1.28062
1.33634

-145,69753
-145 ,69964
-145,63471
-145,51645
-145,51899
- 145 ,55470
-145 58544
=145 59048
~145 58953
-145,58456

-145,58121

-145 62342
-145,62568
-145,62090
-145,5%109
-145,48306
~145,50156
«145 45436
- 144 10281,
-144,17630
~143,89067
-143,52336
-1%3 143225
-153.50998
-1583.51891
-143.50736
-143,52136

8.53401
8..5055%
8.5Q0%2
8 49607
8 49225
8 42201
8.34290
8.20869
8.20120
8.20073
8.18895
8.18615

§G06080

7.91098
7.90671
7.90558
7 .90547

7.73550
7 72490
7 .72048
7.68390
7.67658
7.60829
7 .60722
7 .5892%
7.58657

0,92849
0.83755
0.83602
0.76670
0.76505
0.58855
0.51713
0,%313%

0.43027
0.42797

0.42363
0.38311
0.37922
0,37767
0,37761
0.37630
0.3694%0
0.36881
0,21180
0,20286
0,20206
0.1926M
0.19146
0.16042
0.1603k
0,1592
0.15673

6.20610
6.,1907%
6,1577%
6,12335
6,10074
6.0985%
6,09718
6.09715
6.07481
6.07481
6.05630
6.05165
6.05152
6.05115

6.03999

6.02600

6.01981

5.99721
5.90737
5.89256
5.86838
5.83429
5.82149
5,81440
5.81268
5.80426

5.8035%



JABIE RO, 35

Bstimates of some parameters and noise error

k P3 by b P10,20 P11,11 Pi2,12

1, 0.2305% -6,48508 130.73562 0.97181 6.56559 9.63103

2. -0.01231 -6.48503 131.76673 0.00237 6,56551 9.06648

3. 0,00222 ~2,26384 132,5583 0,00060 3,1966% 8.76579

4, 0,00047 -2,37128 132,607  0,0002% 3,15275 8.46555

5, 0,00046 -2.,47246 132,77393 0,00012 3,11747 8,16929

6. 0.00051 -2,13218 132,98947 0,00007 2.97776 7.87762

7. 0.00171 -2,11453  133.21226 0.0000% 2,89827 7.59298

8. 0.00237 -1.65528 133.35035 0.00003 284673 7,358%41

9, D.00239 | -1.62883  133.62669 0,00002 2,84029 7.15145
10, 0,00228 ;1.u0011 133,.82387 6.00602 2,70092 6.97292

1. 0.00261 ~-1.39317 133.90916 0.00001 2,50141 6,78649
12. 0,00157 -1.38016 133.98478 0,00001 244741 6,636W+ |
13. 0,00096 «1.42142 133.9%260 0,00001 2,20569 6.48029 f
4, 0,00068 -1.44060 134,02757 0.00001 1.94682 6.34736 |
15, 0.,00069 =0,997558 13%,00846 0.0000 1.52834 6,2605k é'
16, 0.00075 -0.7915% 13%,01510 0.0000 1.34921 6,17286 ?5
17, 0,00075 =-0,81080 13%,06671 0,0000 1,27998 6,10683 %-
18, 0,00096 -0.62600 134.,03925 0.0000 1.13053 6,04937 '
19, 0,00103 = =-0.65851 13%,11778 0.0000 1.10147 5.97836/
20, 0,0009% ~0.58778 133.95948 0,0000 1.01601~;5.89197f;4
21. 0.0005% -0.56377 134.03209 0.0000 0.97326 5.8374%
22, -0,00020 -0.68260 134,10710 0,000  0.93799 5:79565 ;
23, ~0,00037 =0.60128 134,20429 0,0000 0.,73299

5.iii35 o



2k,
25,
26,
27.
28,
29.

39.

ko,

41,
L2,
43,

L5,
46,

47 o

kg,
50.

-0,00037
-0, 000
«0 ,00057
«0,00055
=0 400047
«0,00036
-0,00033
«0,00028

. =0,0002%

~0,00015
-0,00010
«0,00009
~0,00005
«0,00002
0,0000%
0,00009
0.00005
0.0000%
0.00008
0.000012
0.00023
0.00033
0,000k
0,0003%
¢.00018
0,00010
0,0000%

~0,60128
-0,58836
-0,58661
-0.59186
~0,56648
~0,63032

 =0,33812

-0,30789
-0,27587
-0.247%43

=0,202651

«0,24856
-0 ,25287
-0,27731
~0.26130
~0.27849
«0,28010
~0,28713
~0, 1382
-0.46485
»() 11678
-0,%1837
-0, %1927
-0, 43647
-0,38698
-0,38%38
-0,52826

134,.20429
13%,20198
13%,26853
134, 37469
13%,37161
13%,29065
13,2184k
13%.15554
134415657
13%,16198
13%,16581
134.08595
134,08182
134,07856
13k, 12479
13%,17352
13h,14836
13%,19687
13%.51420
13%,50207
134,57134
134,70358
13%,75892
134, 59408
13%,58005
134, 5928k
134,55662

0,00000
0,00000
0,00000
0,00000
0,00000
0,00000

0.00000

000000
0,00000
0,00000
0.00000
0.00000
0,00000
0.,00000
0,00000
0.00000
0.00000
0.00000
0,00000
0.00000
0,00000
0300000
0.00000
0,00000
o;ooooo
0.00000
0,00000

0.73299
0.72146
0.72104
0,71131
0,70726
0,60563
0.53278
0.39071
0.48178
0.47667
0.46972
045796
0. 45706
0.%5518
0.%41230
0.40518
0.,40518
0 Jou6l
0.37081
0.36091
0,35858
0.35373
0.35372

0.33976

0,33567
0.33541
0.,318%1

5.79175
5.77315
5473893
5.71117
5.67924
5,66812
5,65963
5.65530
5.64318
§.62809
5.60291
5.58639

5.58601_';

5.58585
5.56210
5.57219
5.56080
5.53681
5.52859

5.52853

5.52706

5.51786 .~

548582
548170
5.547121
5.46639



- TABLE NO, 6
Estimates of Original States and

their Filtering Error

o
o

xl , x2 | x3 Pll P22 P33

1 0.,67879 0,5996% 0.83333 0.00250 0,00100 21,37778
2 0,70089 0,58786 1.65690 0.00250 0.00100 43,77852
3 0.73517 0.67959 0.49677  0,00250 0,00100 60.57687
4 0.,78525 0,56477 -0.13078  0.00250 0.00100 3.4071k%
5  0.69253 0,55295 0.5080%  0,00248 0,00100  0,2666k
6 0.73387 0.86383 0,20711  0.00243 0.00100 0,36650
7 0.68429 0,51157 -0.25836 0,00198 0.00100 0,38548
8  0.72313 0,60633 =0,53803 0.00115 0,00100 0,56023
9  0.75128 0,64220 -0,50632 0.00163 0,00100 ©0,72958

0.78392 0,63189 «0,41275 0,00139 0,00180 0,58150
11 0.72489 0,55033 =0,46600 0.0019% 0,00100  0,65823
12 0.7492% 0,52680 -0.24976  0.0019% 0,00100 0,45061
13  0.74169 0.4926L 0,34382 0.00225 0,00100  0,34950
I+ 0.73979 0.50141 0,42609 0.00188 0.00100  0,34023
15 0.49271 0,69596 =0.5u438 0.0024¥2 0,00100 0,26617
16 0.52166 0,65362 =~0.12000 0,00245 0,00100 0.25916
17 0.5086% 0.87517 =0.04479 0,00241 0,00100 0.30778
18 0.,5161% 0,.66503 «0,22776 0.002%2 0,00100 0,35133
19 0.52561 0,51007 -0,30580  0,00239 0.00100 0.38773
20 0.49191 0.5206% -0,29082 0.,00239 0,00L00 0.31218
21 0,54220 0.,47717 -0.23341 0.00238 0,0100  ©0,4%1218
22 0,50192 0,59107 -0,24361 0.00238 0.,00100 042364
23 0,54757 0,605%1 «0,3021k% 0,00237 0.00100 0,41766



2k
25
26
27
28
29
30
31
32

33

3k

35

36
37
38
39

41
42
43
by
45
46
47

49

50

0.52783
0,52468
0.53248
0,53055
0.54398
0,66261
0,66561
0,60406
0.61642
0.62738
0.67515
o.62h08
0.608k1
0.6332%
0.61664
0.63058

0.76860

0,.56879
0.65335
0,66229
0.6957%
0.64239
0.49521
0.52666

. 0.51586
- 0.49791

0.,50352

0.6316%
0.53989
0.37905
0. 041
0.43240
0,0848%

0,57858
- 0,47008

0.48971

0,68106
0.59818
o.sih99
0. 46684
0.37766

10.35918
10.35918
0.48351

0.50318

0.53770

0.527€5

0,46098
0,47118
0.k5333
0.,48369
.0.45409
0.,%9235

-0,36385
-0,38993
~0,37653
~0.33233
~0.35967

~0.30453

=0 ,29403

,=0,30278
=0,3443
=0 ,43423
-=0,39800

“0-33267

-0,33002

~0,34470
-0 47622

.*0056785
. =0,32043

«0.31995
-0,31232

A“0w33756

~0.39397

-0,10286

=0, 04008

0.0458%

0,00236
0,00236
0.00235

- 0.00236

0.0023%

. 0,00235
. 0,00237
| 0.00233
. 0,00233
. 0.00232

0.00231
0.00232
0.00230
0.00230
0,00230
0,00229
0.00230

0.00229

0.00230

- 0,00228
- 0,00228

0.00227
0.,00228
0.00228
0.00226

© 0.00226
0.00226

0.00100
0.00100
0.00100
0,00100
0.00100

10,00100
.0,00100
10,00100

10.00100
10,00100
1000100
1000100
10,00100

0.00100
0,00100

0.00100
.0.,00100

0.00100

.0,00100

0,00L00

10.,00100

0.00100
0.00100
0,00100

0.00100
10,00100
0.00100 .

0.40861
0 .4090%
0.40323
0.40697
0.41503
0.35468
0,291%1
0,26285
0.26088
0.26726
0.25627
0.24525
0.24785

1 0.23687

0,23675
0,24665
0.22229

- 0,23045

0.21153
0.21239

. 0.19289

0,20166
0.22871
0.23459
0.23929

- 0.23262

0.23876



IABEE NO, 2
Measured States and Plant Noise
Covariances Bes_ults

k 51 Zy Q1 Q20 Q3
1 0.67860 0,59976 0,00000 812.25973 0.00000
2 0,70080 0.58790 0.00000  1045,35188 0©0,00000
3 0.73570  0,67962 0.00000  1036.57167 0,00000
4 0.71530 0.56480 0.00000 1046,36995 0©0,00000
5 0.69080 0,55298 0,00000  1052,38904 0,00000
6 0.73600 0,56386 0,00000  1016,22307 0,00000
7 0,67240 0.51160 0,00000 977 .94581 ©0,00000
8 0.72730 0,60635 0.00000 939.90987 0,00000
9 0,71470  0.64223 0.,00019 91%,77940 0.00369
10 0.76750 , 0,63192 0.00017 896 ,4823% 0,00333
11 0.71590 0.55036 0.00015  876,88657 0,00302
12 0.71560 0,52683 0.00071 860,83808 0,03482
13  0.73680 0.49267 0.00065 851,26567 0,0321%
ik 0.,72990  0,.50144 0,00061 842,16572 0,02985
15  0,51440 0.69596 0,02655 786,02134% 0,07935
16- 0.51100 0.65362 0.03487 736,89500 0,08783
17  0.50390 0.87517 0,03282 693.5482% 0,08538
18  0,52180 0,66501 0.03100 664,58463 0,08364 -
19 0.527%  0.51005 0.02037  636.51225 0.08070
20 0.48980  0.52062 0,02790  609,76195 0,07728
21 0.53860 0.47716 0.08657 582,26561 0,07368
22 0.50080 0.59105 0,02536 $60,21380 0,07036
23 0.54840  0.60540 0.02426  539.35360 0,06730



0.52880
0.52420
0.53030
0.52680
0.54350

© 0.,65290

0,67060
0,.60200
0.61260
0.62780

0.67540

0.62690
0,60390
0.62770

0,61430

0.62920

- 0.77370

0.57290
0.63990
1,66030
0.69360
0.64210
0.49880
0.51%00
0.50240
0,48670
0,50170

0,63162

0.53987 .

0,37903
0.44039
0,14+3238
0,8408%
0,57859
0.47010
0.48971
0,4+7786

0,68108

0.59818
0,51399
0.,46686
0.37767

0,354%19
0,56353

0.48350
0.50321

- 0.53772
- 0,52768

0.46099
047113
0,45331
0,48368
0.,454%08
0.48233

0;2325

0.2232

0.08146
0,02066
0,01993
0,01946
0,.01881
0.01821
0.176k%

0,01710
0.01680
0.01613
0,01508
0.01526
0,01485
0.01447
0,01411
0,01377
0.01387
0.01355
0.0132%
0.01295
0.01267
0.01253
0.01242

0.01222

0,01197

520,13029
503.39070
486 ,60800
470.35811
456.83735
Yy, 12429
429, 42314
416 .,74927
413,94%187
391.,70021
380,82531
369 ,04459
359.66835
350,45536
34+1.33285
332.%8329
328,05000
320,04878
32k ,144638
307,28774
302.4908%
295.76882
29%,81470
289.58407
283.88250
278,09635
273.53512

0,06450
0.06192
0.0595%
0.05733 -
0.05528
0.05368
0,05190
0.05022
0.04865
0,04%718
0.04579
0.04448
0.04325
0.042208

1 0.03097

0.03993
0.03894%
0.0380%
0.03832
0,037%43
0.03658
0,035577
0.03543
0.,03521
0.03502
0.0345%
0.03385 .



TABLE NO, 8

Estimates of Some Parameters and
Their Filtering Error Covariances,

By a2 8 s o5 ,”Q
i

1 -0.42695 -0,30112 «0,22584% 8.26993 9.M43312 9,68113
2 «0.39798 -0,36225  -0.41243 8,11761 8.78160 3.61246
3 ~0.25257  «0,97067 -0,27870 7.91192 5.18055 3.43848
IS ~0,24821 ~0,91203 «~0,36124 7.90290 3.54559 0,20022
§  0.18833 -0.26997  -0,2084 6.66071 0.85855 0,04811
6 «0,19945 -0,21111  -0,16128 4,21520 0,80219 0.01189
7 -1,02163  0,03868  «0,16959 1,7145% 0,57136 0.01163
8  -1.09089 00,04983  -0,17443  1,3421k 0,56169 0,00982
9  ~1.33352 -0,29331  ~0.19212 1.30403 0.48590 0.00962
10 «1.18044  «0,3460% ~0,20669 1,20731 0,%7398 0,0083k
11 «1,36447 «0,31201 -0.82359 0.97365 0,46598 0,00701
12 ~0.73797 =0.%2481  -0.27349 0.77769 0.45963 0,00577
13 =0,78621 «0,39335 -0,29138 0,75382 0,44948 0,0024g
1% -0,73332 ~0.40150 ~0,29661 - 0.7359%% 0,4%4005 0,00231
15 -1,71647 0.42808 -0.89883 0.57763 0.33636 0,00231]
16 -0,80607 -0,23782  -0,30464% 0,19500 0,13165 0,00225
17 -0.70829 ~0,30677  =0,30713 0,15623 0,11277 0,00227
18 -0,80807 «0,19387  -0,30495 0,13236 0,08258 ©,0022¢
19 -0,81625 «0,19100  «0.30502 0,1300% 0,08229 0,0022¢
20 -0.81469 «0.1832%  -0.30483 0,12998 0.08076 0.0022¢
21  -0.80137 -0,17979  =0,30562 0,12835 0.08066 0,0022%
22 «0,80201 ~0,17661 -0,30568 0,12831 0,07966 0,0022¢
23  -0.80%9% 0,17406  =0,30545 0,12669 0,078%3 0,0022



2k
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

41
42
L3

k5
46

4y

48
%9
50

-0,80511
-0,80321
-0,80321
-0,.80889
0.80853

0,78370

-0.79090
-0.79795
~0,79556
~0.79582
«0,79583
~0.79624
-0.78653
-0.77921
~0,78000
~0,77970
-0.77436
=0,75649
-0,64902
-0,6u677
-0, 64425
-0, 64415
~0,64492
;0.55715
«0,51026
~0 N7473
-0 .47033

-0.17254

-0,170358

-0,17080
~0,14991
~0,14937
«0.14177
-0,09097
-0 ,08767
-0,07911
~0.0795%
-0 ,07972
=0.0690k
~0,0724k%
-0.06868
-0 ,06499
-0.06146
-0.06833

- -0.06271

-0,09186
-0.,09270
«~0,09566
~-0,09565
-0,09765
«0,12078
~0.12327
-0,13661
-0.13723

=0,3053%
~0,30540
-0.30569
~0.30603
-0,30612
«0,31176
-0,30887
«-0,30911
-0,30995

- ~0,30987
- =0.30982
=0,3095%
=0.31013

-0.31157
-.—0 33 1202

.""0 031226

-0,31080
-0 .31164%
«0.31856
~0,31820
«0.31891
-0.31895
~0,10641
-0.32318
-0 .3278%
~0.33266
-0.3333%

0.12669
0.12613
0,12610
0,12577
0.12568
0.12472
0.12445
90,1251

0.122%%
0.12238
0,12238
0.12237
0.12145
0.12112
0,12110
0.12109
0.12087
0.1169%
0.10727
0.10676
0.10645
0,10642
0,05080
0,09581
0.09293
0.09056
0,08915

0.07810
0.0774Y
0.007720
0.,07272
0.07252
0.07243
0.05910
0.05867
0.,05780
0.05761
0,05751
0.05488
0.05476
0,05468

0.05417

0,05282
0,05245
0.05206
0.,0%13%
0.05130
0.05087
0.05087
0,00197
«0.05007

1 0.,05006

0.04973
0.04970

0.0022Y4
0.00223
0.00223
0.00223
0.00222
0,00217
0,00213
0.00213
0,00212
0.00212
0.00211.
0,00211
0.00210
0,00209
0.00208
0,00208
0,00206
0.00205
0,00202
0,00200
0.00197
0,00197
0.00197
0100195
0.00192
0,00187
0.0018%



TABIE NO, 9

BEstimates of Some Parameters and Their Filtering
Brror Covariances
ay, by by Pr7  Pas P9q
1. 5.4837% 7.19702 -148,7100% 9.9%125 5,96886 9,58220
2. 5.72800 7.31757 -.48.27483 9.90296 5.89525  9.46065
3. 95.83067 7.16269 -147.98029 0.87583 5.8659%  9.37170
Ly, 6.,08406 7,1684%2 .147.58219 9.83976 5.,85040 3,28601
5. 6.23677 6,74633 -147.39155 9,81709 4,68900  9,20387
6. 6.36490 6.89680 -147,14160 9,79650 u4.32083  9.1255%
7. 6.49132 7.18848 .146.90422 9.77496 4.,00609  9,04958
8, 6.60119 7,14875 -146,66406 9,75758 3.38355 8.97976
9. 6.74256 7.30525 -1h6.44B90 9,73152 3.86767  8.90763
10, 6.89672 6,88502 -146.20993 9.7019% 3,13879 8.83659
11 7.0%4329° 6,69693 ~145,98306 9.6738% 2.80468 8,76926
12 7.16716 5.76467 -145.7536k 9.65427 2.,46078 8.70212
13 7.28858 5§.50160 -145.51469 9,63708 1.75125 8,63556
1% 7.39783 5.kk23h -145,27864 9,62309 1.72889  8.57024
15 7.40005 243472 -145.27467 0.60867 0.24770  8.52885
16 7.39376 2.28277 -145,28201 9.57335 0.,23697 8 47424
17 7.39090 2,20122 -145.28662 9.54263 0.23665  8,42500
18 7.25736 2.24722 =-145.38552 9.47560 0.12200 0.38898
19 7.17306 2.2410% -135.47%52 o.Mu2k2 0,23068  £.35031
20 7.12067 2,24518 -145.55941 9.,42681 0,23025 8.30933
21 7.08619 2,23458 -145,61625 9.41040 0.22922 8.26u472
22 7.03857 2,23608 ~145,70617 9,39809 0,22899 8,.22085
23 6.9758% 2,23776 -145,78733 9.37345 0,22846 8.18026



2l

25
26

- 27,

- 28
29
30
31
32
33
3%
35
36
37
38
39
40
L1
L2
3

L5
46
47

%9
50

6.90971
€.83029
€,77829

6.75608.

6.71473

6.75201

6.892p%

6.84860.
6.86701

6,36665
6,39205
6.90320
6,90543
6.93459
6.54602
6,94788
6.97122
6,35713
7 .0036k
7.02269
7 .08543
7 .09020
7.02597
6.99%13
6.,97844

6,96683
6,94161

2.23827
2.23791
2,23372
2,22736

2,22706

2.10202
2.12457
2,11753
2,10801
2.10800
2.10884%
2.10778
2.10344
2,08096
2.,07831
2.07728
2.11102
2,08792
1.97610
1.97485
1.96589
1,96641
1.94%091
1.90913
1,87911
1.8430%
1.84%150

-146,03817

«146,11015.

~146 20443

~146,09117
=146 ,04942
-145.97695
-145.,93230.
-145,93309

-145,87043
~145.85945
-145.85632
«145,79843
-145,76897
-145.75789
-145,60%97
- 145 ,62515
-145,51362
- 145 46950
-145,35070
=145 ,34089
-145,47799
-145,54715
-145,59556
-145,62289
- 145 6945k

9.34715
9.31769
9.29993

9.29573.

9.28771
9.28116

9.21509

9.19455

19.18606

9,17648
9,16777
9.13252
9.11150
9.10018
9.09361
9.09235
9.09122
9.07465
9.06698
9.05916
9.04725
9.048488
9.033%
9.02796
9,02481
9.01947
9.01628

0.22842
0.22835
0,22780
0.22738
0.22732
0.20310
0.20047
0.18854
0.19745
0.1974%5
0,19543
0.195%0
0.19522

10.19206

0.19179
0.19168
0,18281
0.17625
0.16560
0.16552
0.16061

0.14978

0.14839

0,.14721
0.14477
0. 14460

8.14018
8.10122
8.06075

. 8.01667

7 49749k

7.91453
7 .86797

7.81882
7 .76881
7.72125
7 .,67146

7463173
- 7.590k2

7 .54582

- 7.50219

7.45761
7 40373
7.37471

. 7.33063

7 .28869

- 7.24597
0.16087

7 .20803
7 .18605
7 . 16024
7.13005
7 . 10060
7 07494



IABIE NO, 10

Estimates of Some Parameters and Their Filtering
Error Covariances '

k

Proga0  Puay  Pioap

. 24

by Py bg
1. 0.50000 -6,72770 131.16?03 10.00000  6.68927

0.58838 -6.69232 131,54371 8.63848 6,47110
3. -0.05420 -6.55881 131.80370 4.62175 6,29771
b -0.15103 -6.56483 132,06163 0.16432 6.28048
5  «0,15598 -6,75630 132,31312 0,16416 6,0415%
6 -0.24976 -6,64188 132,53621 0,0211% 5,82864
7 =0.26236 -6,56545 132,74903  0,02055 5.80703
8 -0,26137 =6.47675 132,964+  0,02047 5.19652
9  -0.2079% ~6,2682% 133,15460  0,01862 5.16837
10 -0.16812 -5,85085 133.36369 0.01208 L4.4L4933
11 -0.15181 -5.51826 133.56195 0,0102% 3.68616
12 ;o.osgéh «4%,82700 133.76245 0.00563 3,44760
13 -0.0384%7 -4,50728 133.96832 0,00260 2,39953
14 -0.0305% <k ,47242 134,17171  0.00220 2,39180
15 -0.0821% ~0.89183 13%.17616 ©0,00177 0.29249
16 -0.04409 -0.98021 13%,16776  0,00110 0.28889
17 -0.03893 ~0.02017 13%,16365 0,00099 0.28241
18 «0.04386 -0,97028 134,03466 0,00093 0,276
19 «0.04428 -0.95893 133.91661 0.00092 0.27198
20 «0,04409 =0.97012 133.80§i5 0.00092 0,26880
21 -0.04295 -0.97113 133,73610 0.00091 0.26879
22 =0,04285 0,97448 133.61950  0.00091 0.26768
23. -0,0431% -0,97587 133.51531 0,00090 0,26731

9.65686

9.56677

949747
9.43332
9.37181
9.30842
9.24836

- 9.19222

9.13570
9.08132
9.02990
8.97862
8.92921
8.88072
8.81858
8.75680
8.69366
8.63953
8.56480
8.49615
8 42840
9.35462

8.28773



pr—

24

25‘

26
27
28
29

30

31
32
33
34
35
36
37
38

40
43,
L2
k3

L5

%6
47

50

-0 .04332
-0, 04322
~0 .04282
-0.,04253
-0 .,04245
-0,03722
-0,.,03990
~0.03958
-0,03881
-0.03887
-0.03893
-0.03948
0.03855
0.03706
-0.03688
«0,03648
~0.03787
-0,03760
-0,03056
-0,03009
-0 ,0294%
~0,02941
=0 ,02940
«0,02503
-0.02141
-0,01786
-0,01742

-~0.97749
~0,97710
«0,97493
-0,97769
-0.97800
-0,86153
-0,91787
«0,90617
«~0.90319
-0,90268

-0 090985
~0.91022

-0.89174
~0,89326
-0.93173
-0,92455
~0.,863621
.0,86%16
~0.85380
~0,85448
-0,82385
-0.,84276
-0,84531
-0,82358
-0,82494

133.41125
133.29200
133.19153
133.10005

- 132,97668

133.,0900%
133.13361
133.20743
133.25533
133.25%42
133.32007
133.33216
133.33568
133.3957%
133.42779
133.14403%
133.57983
133.55610

133.55167
133.708k5
133.81815
133.82910
13360708

133.51%07

133.45255

133.41958
133.32227

0,00089
0,00088
0.00088
0.00088
9.00087

1 0.00083

0.00079
0,00079
6.00078
0.00078

0,00077
0,00076

0,00075

10,0007
0.006073
0.00073
;0.000?1

0.,00071
5 .0067

0.,00066
00006k
0,0006k
0.0006k

0.0006lv

0.00059

0.00057
0.00056

0.26693

0.,2668
0,26669
0.26661
0.26655
0.24553
0.,22913
0.22379
0,22369
0.22342

0.22145

0.22052

0.22052

0.21865
0.21860
0.21835
0.20682

0,20618
0.20302

0.,20301
0.19778
0.19549

'0.180n8

0.179%98
0.17998
0.,17309
0.17895

8.22159
8.15518
8.08888
8.01769
7 9566
7 88460
7.83389
7.78290
7.72535
7 66345
7 .60830
7 .56057
7 .50836

'7.,46035

7;u0869
735186
7.31118
7 26412
7 422462
7217748
7.1%106
709369
7 «0360k

6.9893%

6.9%4078
6.89771
6.85023
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