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ABSTRACT

An exporimental invesfigatian was undertaken to evaluatw
i.the utility of the time series modelling technique proposed by
Box and” Jenkins. In this ethod input - output-time series data and
their correlation functions are used to develop transfer function

models of the process and also of disturbances affetting the process.

. Smmple‘dynamic, stochastic models were developed for the
" evaporator at the University of Alberta using experimental and aimm]ntion
data. FExperimental data was collected us{ng‘am IBM—{BOO process control
.romputet. Tme effects of feed flow disturbances and the level control-‘
constants on’both models was studies. Identification was carried out ‘using
both opem loop and closed lbop data. The results of the identification study
ﬂemonstrated that almoet identical transfer function models can be
obtained from oben and closed loop datal
Using these dynamic stochastic time series models, minimum'
mean squaremerfot (MMSE) controllers‘for product concentration were
designed. The performamee of these-controllers was cbmpared with a
well tuned proportional ~ integral (PI) tontroller using both
%tochastic and deterministic dlsturbances.. The simulation study indicated
that MMSE controliers\éenerallf produce emaller sum of squares of
errors fot both types of disturbances. For the experimental study the
gaing ofthe controllers had’to be reduced to produce satisfactory
cont;qlf Good concentration control was produced 1in spite of severe
; .

periodic vacuum disturbances. The stochastic controllers based on

experimental closed 1oop data produced unstable performance, however



s

s

the MMSE controllers designed using closed loop simulation data
performed very well.  The simulation study also indicates that MMSE

control can be successtully applied to the case of setpoint

changes.,

vi
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CHAPTER ONF
INTRODUCT10ON
o .

-The design of a process control system jnecessarily involves

’

understanding the dynamic behaviour of the process.- The'widely
used classical control theory ignores the étochastic nature of the
disturbances involved in chemical processes. A mathematical model
for such processes that can be related to real data must take 1into
account the dynamic relationship between process inpufs and outputs
and also thé noise affect}ng the system. Such models can be
obtained by combining a aetérmihistic transfer function model with
a stochastic noise model. |

O0f the many methods of stochastic model building the
"Time Series" tecHnique of Bo% and‘Jenkins,[l] has'gained'consider—
able favour. Théy use single input - single outﬁut, disérete,
linedr, transfer function models to represent the p;ocess and
employ a class of statistical time series models known as

j

.autéregressive - integrated - moving average (ARIMA) models to
characterise the stochasti; disturbances in the system?\\Fhese models
are obtained from proeessvfnput - output data using iteraglve,
non;linear least square$ pérameter fitting. |

Bo;'and Jenkins have_shown that a cpntfoller which cancelé
fhe effect of the foreéasted disturbances also minimizeé the
variance of output deviations from the setpoint (i.e., a minimum mean

SCuarc error controller). The time series model is used to obtain

‘n estimecze of future disturbances. ' o



This thesis presents an application of the time series
modelling technique to model the double effect evaporator in the
Department of Chemical Engineering at the Unlversity of Alberta
and to design and implement minimum mean square error controllers.
This abp]icat{on involves extensive digital computer-simulations

and experimental testing on the actual evaporator.

1.1 Objectives of the Study

The objectives of this studv are twofold. K Although there have
hoeen seeoral npplicatinns of the Box and Jenkins [1] techhique of-
mode 1 bﬁi]ding'to model various provesées [2 - 6], none of these
include a detailed evaluation of the effectiveness of'rhis‘techﬁique.
Thus the first objeetive of Ehis thesis is to extensively evaluate
the utility of this model bgilding technique to model interacting,
multivariable precesses such as the pilet plant, double effect
evaporator.

The secona objective 1is to evaluate experimentally the
berforman%e of the minimum.mean square controller for a wide variety

of conditions including various types of disturbances.

1.2 Structure of the Thesis

The thesis is divided 1iato three parts: literature survey,

‘process identification and controller evaluation.

L4

A brief-survev\of the litereture on time series modelling
depicting the theoretical development and applicatlons of thlb
technlque to various engineering processes is presented in Chapter

Two.

A — e o -



Chapter Three contains the results of model fdentifica-
tion and estimation»for the evaporator 'system using both simulated
Jnd pxper{mentn] dgtna The eviaporator systems was perturbed under
.various opén loop and c¢losed loop conditions to study the dependence
of estimated models on these conditions,

In Chapter Four fhe performance of controllers designed
using these models isievaluated using various types of distu?bances.
Both experimental and simulation results are presented.

The conclusions from this investigation are presented in

«

Chapter Five.
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CHAPTER TWO

A REVIEW OF TIME SFRIES ANALYSIS

2.1 1Ilntroduction

Since Box and Jenkins [ 1] presented their approach to
stochastic tiﬁg series analysis in 1970, several researchers have
investigated this tgéhnique‘for the purpose of identificafion and
control of i;dustria] pfocésses {2 -71. 1In thisvchapter ﬁpe
Box—Jenkihs'gechnique is briefly describgd aﬁd the‘imporﬂqnt steps
and equations are presehtéd. Modifications thaf_haVG widéned the
dpp]icabllity of this techn1q&é are also 1nc1uded

Although time series analysis finds extensive applications
in economics and other fields for forecasting purposes, this survey
is restriéted'to applica£ions invoiving the identificatipn/and

control of chemical processes.

o

2.2 The Technlque of Time Series: Analy51s

In 1970 Box and Jénkins [1] published a new approach to
lincar stochastic model]ing'Usiﬁg stathticalvtime series analysis.
The time series considered here are é sequence of values at equally

spaced points in time. Box and Jenkins have presented a very

,straightforwafd technique for obtaining discrete dynamic process

-

models from the input/output data. This technique:cohéfsﬁs of a

three" stage iterative procedure [7]

1. Ideptification" 
2. Estimation or fitting"

v3. Diagnostic checking

In the identification stage several tentative model forms are



obtalned from the correlation patterns of the data and prior
kndw]udgo'nf the process.  The data Is then titted using

etticient methods assuming one such model form to be true. The

“ -

residual sequerice thus ?btained is analysed to détecf any lack
of fit as-well as 1tg possible cause and remedy.

Discrete transfer function models aré used to-describe
‘the process dynamics and a class of time series models known as
autoregressiQe - integrated - mbving,average mbdéls (ARIMA) are-

used to characterise the noise.

The input/output relation can be written as,

B = &Y ALY . +6_ Y +w_ X
e ™% Temy 2 -2 -r " -b
- X ., ... - w_ X + N 2.1
“1 Tt-b-1 s "t-b-s t (2.1)
where,
Yﬁ = value of output deviatior from steady state
. value at time t,
Xt = value of input deviation from steady state at time t,
N, = deviations in the output due tuv noise,
at = zero mean white noise,
b = time delay expressed as an integer mult.:, of the

» sampling interval.
{61}' are autofegressive parameters.
{wi} are moving average parameters.

Equation (2.1) can be written in operator nota:.on &

X, + N , - 2.2



Suppose that the noise signal Nt Is represented at the output

of 4 dynamic system:whose input is white noise, as

)

N = L a. (2.3)

Then combining eqns. (2.2) and (2.3) gives the general form of

the model,

mS(B)Bbi  (B)
Y, = — X + L3 (2.4)
t <Sr(B) 't ¢p(B)vd t .

where

\

B = backward shift oberator (e.g. BXt = X )

‘ B 2 : s
wS(B) = mo - yl —vszA - ... = mSB
. N ’. 2 A r
Sp(B) = 1= 5B - 6,87 - L - 6B
. . ) ;
95(B = 1 - 6B - 4,8 0,8
. .
5 (B) =1 -8B - 9B - - ¢ B9
q 1 2
V = the difference operator (e.g. VXt = Xt - xt-l)
o - F |
v = 7 ,-the summation operator.

I



3
.Ingeqn. (2.4) ér—l(B)mS(B)Bb represents the process transfer
lunction model. of ofdurs (r. s, b), whereas +P_l(H3ﬂq(H)¢_d
uhurnr[;rizvs thvvd{sLurhﬁncc‘mudvl. Nt' of model orders
(p, d, q). Nt 1s the consoldidated effect of noise from all
‘sources such as other input variables énd disturbances. It also
represents the effeét of hodelling errors. .Nt and a, are.
assumed to be uncorrelated Qith 'Xt. Equation (2.4) is represented

in block diagram form 1in Fig. 2.1. 1t is clear from Fig. 2.1 that

Nt represents the value of Yt when there is no control

 {1.0. 'Xt = 0).

a
1 t
visy = —a |(motse
¢ (B)Vd | model)
P
N
X - (8)BY - Y + ' Y

. V) = Sr(B) +

(process model) -

FIGURE 2.1 OPEN LOOP PROCESS MODEL



2.2.1 Model 1dentification

From Fig. 2.1, it follows that

b
. u)S(B) B\

‘Yt=—6;zB—)~—— Xt (2.5)

Now Yt .can also be represented in a linear filter form as:

= I
Y, =V X o+ VX
= (V + V., B +’v B2 ) X
; 0 | 2 BTl X,
= V(B) X, | (2.6)

The linear operator V(B) 1is the transfer function and the

weights Vo’ V. ..... are called the impulse response function pf

the system.

Rearranging eqn. (2.5) gives:

Ay = : N N |
6 (B) Y, = u_ (B) thb ) _ , “(2.7)
or
Yo =9 Yooy 0 Yeor
T T D R

(2.8) .



By comparing eqns. (2.6) and (2.8), the following idéntity is

obtained [ 1,

Equation set

©10.2.2)
(1 -8B ... - Arsr) (v + v’l B+ ..... )

= Gy = up B =, B2 = - w, B%) B>, ¢
= ]
= 61 v1_] + 62 VJ__2 + . + ﬁr VJ—r + W j =
TSVt vj_.zl HRTEIR SN S IR ‘-
= 51 V]—l + 62 Vj—Z + + &r VJ—r i

.

model is of orders (r, s, b),then the impulse response weights

consist of:
I.

2.

The first b weights Vo, cee Vb—2 are zero.
The next s-r+l1 values do not follow any fixed
pattern.

The values of_Vj for j.* b+ s -1+ 1« follow

the patterh dictated by the rth order difference

(2.10)

(2.10) indicates that if the transfer function

}
{vj /

b+s’



equation which has , starting values,

: v .. .
Vb+s' h+s-1 vb+s—r+l -

To thain consistent parameter estimatps it is desirable to
have the 1input Xt's’ uncorrelated with Nt's. This can be achieved
by having aﬁ indcpendent random pfocess genefaging the input signal
Xt. When Xt isbnot a white noise sequence computational
simplicity resulfs by "prewhitening". 1f an appr6priate model for

Xt is available, then it can be used to transform the auto-

correlated input series Xt' into a white noise series, AP
-1 '
¢x (B) Gx (B) Xt = a, : (2.{1)
N
~
where the model for X, is
0
.« - ' (B) )
t yx(B) t
Wien such a prewhitened input is used, the Vj -weights are
proportional to the cross correlation, o (XY [1, op. 380]:
. ap
£ a(k)o
v, =22 "8 K=0,1,2 ..... (2.12)
3 Iy
where -
El(a, = u ) (B, -u,)]
_ t a t B
paB(k) — 5. (2.13)



and

x
]

-1 , :
e = ' (B) 6 = (B) ¥, , (2.14)

Knowing the Vi'S a tentative model form can be identified

and initial estimates of the (r + s + |) parameters cian be obtained

from the a}ré?\

/The idenXification of the nQiSe model is done using the

r + s + 1) equations in eqn. (2.10).\

;

auto an;/partial corfg}ation functions of the residuéls, (Nt = Yt‘— Yt)'
When t+~ residuals indicdate nonstationary behaviour (i.e. an
apparently time varying mean) by differencing .the residual series

, .
one or more times stationary series, Nt’ can be obtained

No= 0N d=0,1,2, ..... (2.15)

whe;e. d = degree éf differencing.

Auto and parfial correlations-for this stationary series
are then used to obtain avnoise model. |

A detailed di;cussion of these identification procedures

can be found in Box and Jenkins (1, pp. 174-194 and 377-388)



Y202 Estimatlion ol Paro.oers ,

The ¢stimation ot parameters {s eftlclently carried out

b minimizing the conditfonal sum of squares of the residuals.

S .y vy, ) = min S(w, S, &, 8) - (2.16)
[ 2NN ¢ e o0 "0 - - = = .
where
y t .
n 5
SCoy 2y oy ) = o a(b, %, w, !, P X , v , a) (2.17a)
T = t - - - = o 0 0

n = number of points in the seri

X , vV , a = starting values of the series x , v , a
[6) o o t Tt t

If the first (u + p) values of 4 are assumed to be equal to zero,
t

where® u = max (b + s, r), then eqn. (2.17a) can he written as

n
- 9 ‘
o S(w, 3, ¢, 8) = X a (b, 5, w, 3, 7). (2.17b)
t=u+p+l

? ‘

This maximizes the likelihood function of the parameters. Numerical
optimization techniques are used to obtain parameter values that

minimize the residual sum of squares.

2.2.3 Diagnostic Checking

The pargméter fit is‘quite gdod if thgre is nb significant
cross correlation between the prewhitened input‘}%quence bt} and
'Ehe residuals {QE}. If the auto and partial correlations of the
residuals are within the Eonfidence limits, then the'noiseimodel
is acceﬁtable. Two quantities’ Sua- anq Qa which are defined

4
¢

12



0
below are approximately ‘distributed as yv7 with f  degrees .

of freedom. They are used to test model adequacv by means of a

chi-square test. e

‘ K ?
baa(f) =n p(m(k) Lo (2.18) -~
k=0 ¢ .
K . 2 )
~. Q. () =n & vy (k) (2.19)
N : a aa .
.) k=1 :
'Qhere;
n = total number of data points.
; K = number of lags for which the values are calculated.
£= K+ 1) -(r+ S+ 1) for Saa
and - f = (K) - (p+ a) for Q,
Saa -énd Qa are compared with values in a table of

percentage points of x2 to obtain an approxiﬁate~test of the
hypéthesis of model adequacy. A discussion of these tests can be

" found in Box and Jenkins [ 1 p. 392 - 395, 522 1,

2.2.4 Closed-Loop Proc :s Mud.  dentification

Often process or “ing data is used in the model
fidentification study. 'In manyngaées it is difficﬁlt to obtain
open loop, operating data because open loop conditions ﬁayliead to
undesifably.large deviations ané an inferior quality product.

Also from a stability point of view, it may not be desirable .to



i

operate the plant under open loop conditions.

(i%n problem of identification under closed—lpoﬁ conditions
has been considered by Box and MacGregor [8, 9] and Graupe [10].
They have shown that to identify an unknown system Lt is often
desirable to add an a;tificially generated signal Dt to‘the‘input,

» 1s a stochastic sequence with zero

X . The "dither signal”, D

t t

mean and is uncorrelated with the error, e_=.y

t t

v’

From fig. 2.2, the feedback controller equation 1is,

Xt: = C(B)et + Dt ) (2.20)\

=

where C(B) is the controller transfer function and
e = Yy = VB X  +¢(®)a_ (2.21)

In eqn. (2.21) Yy 1s the deviation .of output from

steady state.
a
|2

_ ' W(B)
process + -
V(B) ——— — &t

. + v g :

controller

C(B).

-
N
Y,
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Using eqns. (2.20) and (2.21) and substltuting for X_ gives
L-VBCB) e = 4(B) a_ + v(B) D, (2:22)

For the case where Dt =0 and the model orders are
" not known, then unambiguous identification will not in géneral be
possible. If either V(B) or y(B) is known,’ then using auto-

correlafions of et'\(t is possible to arrive at a correct model

. 7 . i
for the other one. If the correlation among parameters is high,

difficulties can arise which can be greatly simplifled by using

a non-— zero Dt signal [ 8].

When Dt + 0, eqn. (2.22) can‘bé_rearranged as

= vV(B) v (B) : '
- T-Vv® B T v cm (2.23)

4

///, . Comparing Fig. 2.3 with Fig. 2.1 it can Be seen that for

non-zero D a procedure similar to open loop process model

£?
}1dent1fication can be used where ‘the dither signal Dt .1is treated
as an iﬁput Here instead of re lusiog on autocorrelatibn
properties of e, the cross correlations between Pt bahd e,

: A
_and the autocorrelation of €, ¢an be used for parameter estimation.



a

l t

v (B)
I ~ V(B) C(B)

+
o — v , 0O .
I = V(B) C(B) +

FIGURE 2.3 REPRESENTATiON,OF CLOSED LOOP PROCESS' IN “OPEN LOOP FORM.

Hong and MacGregor [5] recommend the use of D-optimal
dither signals (éignals-thét minimisé the Vélume of joint. confidence
region of éhe parameters) for obtéining better parametér estimates.
When fhe.variance of the input or output is constrained, firs:c order
autoregressive dither signals with appropriate values of the

parameter, ¢, are shown to be D-optimal.

2.3 Design of, a Feedback Controller

’

> Once the noise and transfer function models are obtained,
t - next step is the design of a controller to maintain the output
in proximity of the setpoint value. Box and Jenkins [1, §12.2]

have suggested a procedure to design a controller that minimises the

mean square error between output and setpoint.



{

From Fig. 2.1 1t ¢an he seen that for constant fnput

conditions the output deviations in the érror are due to disturbance

term -Nt' Tﬂereforc, Nt’ represents the total effect of

disturbances and the total effect of compensation is the term

sTHBY wem) X,y

If it were possible t6 set,

Xt+ = 4&(B) m_l(B) Nt+b . : (2.24)

where th+ denotes the calcdlated control action after the €rTror measure-
)

ment,' et is obtained, the effect of disturbance would be éanéelled, but

is nqtbavailable at time t.

Since b %g positive, the value of Nt+b

Howévef.by using an estimated or forecast value, Nt(b)’ the minimum mean

square error can be achieved.

Let,

e p(®) = N_ - Nep® @25y

and
O . '
Xep = <08 WU N (b) - (2.26)
where
‘Nt—b(b) is'a b step ahead forecast of ‘N_ at

~

time t-b and e, (d) = €. 1s the measured error.

17



Since

N, = »%“"r.'](n) a(R) a

of 4 as
t ’

t

Then,

N (B) = n(B) a
- - et~b(b) = *ZB) ,

Frém eqn. (2.28)

g - h(B) -
Np(B) = A (B) t-p(®)

Then the resulting feedback control equation is

(2]
o~

)
N~
3
~

b
N

t+

=8
~
=]
~
>
~
>
N
rn

The previous derivation is subject to ce

It is possible to, set

' -1
X, =6(B) w " (B) N,

N_ = A(B) at+b + wa)‘at

b

-

X

rtain

(2.3)

N, can be written in terms of past, present and fﬁture'values

(2.27)

-'(2.28)'

(2.29)

(2.30) -

restrictions.’

(2.24)

[EPT R Ty
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e

§(BY n(B) v | ey 8P e e
" w(B) A(B) , ~ §(B)

FIGURE 2.4 . MINIMUM MEAN SQUARE ERROR (MMSE) FEEDBACK CONTROL SYSTEM

~

only when the roots of 6(B) lie outside the unit gircle, or, in

_other words, when ' §(B) is invertible. Similarly the noise model

needs to be invertible, with the roots of ¢(B) 1lying outside the

unit circle.

) Further analysis of the mlnlmum mean square error controller
1nd1cates that in some cases the MMSE controller will produce large
adJustments in the 1nput Xg.‘ This is often the case when the |
polynomial G(B) has a root near the unit circle. Bacon and Howe
[3] note that in some cases the MMSE controller can produce unstable

¥

4
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svstem performance even when the process model is known. It

\
large variations in the input cannot be tolerated, redesigning the

controller is necessary such that the input variations are

constrained at the cost of small increases in the oufput variance

»

2.4 Applications
" The Box and Jenkins [17] technique is essentiallv a "black box"
approach; that is, knowledge of ;he physical process is not necessary
for model building. - Nermal plant operating data can Be used to
obtain_dynamic ana noisé models. Because of this gimplicity of

analysis, this technique has been found quite attractiye. Several

invéstigatioﬁs have been carried out to verify the applicability of

Lthis procedure to modelling various processes.,

Tee and Wu [2] applied this technique to a paper making
process. The input variable was the scale reading on the‘étock

gate Bpening and the output was the basis weight of the paper

. ) ,
produced. By keeping a counstant gate opening, they developed a

disturbance model based on measurements of the basis weight at .
20 minute._iprtervals. Later théy obtained a‘ combined dynamic and

disturbance model, using an experienced opefator to perturb the

input variable and assuming open loop conditions., A MMSE controller

was designed based'én this'model and it provided imp;oved controi

over‘the.open loop cése. o - | |
Reétrepo et. al. [13] used this’technique to test the’

feasibility of using‘time series analysis to @odel a high,ofder,:

non-linear system over a wide range of operating conditioms.

-



The system considered was a dvnumic model consisting of 20 l;near
and 10 nonlinear differential equations for a pilot plant sFale
distillation.column withle{ght sieve trays. This theoretical
model was based on physical knowledge of the system. Input-output
‘.data was generated from this model to develop transfer function
models using the Box and Jenkins technique. fhe step and impulse
responses of‘these models wg;e found to be extremely close to thosé
obtained using the_pigher oréer physical mo&el#

Bacon and HowevFB] assessed the utility of the Box and
Jenkins. time series model ling techniqde'to modél»an Industrial
falling film evaporator system and used the reéulting model
.to evaluéte and modify the existiﬁg control system. ' They found this
"technique adequate to model a full scale chemical process unit 1in
terms of dynaﬁié as well ;s stochastic relacionséips. -The modgls
ﬁhus obtained were very useful in dériving_novel control functions
that supplement'the éxisting control schemes. However the neQ

‘

-cohtroL'technique was not applied.

3

The time series technique was used by Wright

L4

and Bacon.[é]_to identify the dynamic behaviour of a laboratory
scale heat'exchaﬁgér nefwork. Tﬁis évstem was gxcited by peftufbing
tﬁe‘steam control valve position at Qarioqs iniet water flow rates.
The éffects of changes iﬁ_procgss condiﬁions.and pfocess nonlinear-
'itiésjon the eétimated models and parameters were studied. Wright
and Bacoﬁ suggest tha; experieﬁce and basic knowledge'oflthe‘procesé

- must be used to eliminate models which although satisfactory from a

statistical point of view are-not adequate for physical reasons.
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Two applications of model buiidiné from closed-1loop
operating data have been. cited gy Box and MacGregor [81. The first one
is a polyﬁer viscosity control system. ‘The other én.examplé
‘ of a paper'making proéess [2]. Hcre“;n an attempt to perturb the

a

ystem in a random fashion, the experienced operator regulated the

7]

stock gate opeming, i.e. he acted as a. feedback controller [8, 14, 1517.
Hence the operating data wa; analysed ane‘more to obtain models using
.v]bsed loop mélhods.

Hong and MacGregor [5] have used the closed loop énalysis

"o modéi a continuous stirred gank heating process operating under

. 4iscrete PI controller. ATHéy note that in order to develop”

»nz‘dénce 15 the identified médels, éhe choice of input signal is

impe teat.

Tﬁe sampling interval [16} can also be chosen approbriately

to obtgin maximum information about‘thé d&némic stochastic behaviour
of tﬁé process. | |

Héng and ﬁacGregor {5] and-MacGregor et. al [7] have
'designed stochastic and PI controllers Qsing ghe;identified
.stnchastic models. -In an experiﬁentai evaluatipn using stochastic
disturgahces,vthese cdntrollers pefformed bettér than PI:controllers
designed using conventional tuning methods.

MacGregor and:Tidwéll [1%] ﬁave considered the préﬁlem o%
stochastic conﬁroi ;here there are constrain$s on input variétions.
EThey have discﬁssed méthods of Qesigniﬁg[discrete stochastic cortrollers,

_ which minimise the quadratic cost function, E'-W§+b + A Xi} , for

linear processes under stochastic disturbances. -Using these methods



they designed a controller for the control of viscosity In an
industrial polymerization reactor, This controller was found to

perform satisfactorily.

A discussion of minimum variance controllers can also

be found in [18]. y
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CHAPTER THREE

PROCESS MODEL fDENTIFICATION

3.1" Introduction
This chapter presents the various time series models

obtained for the double effect eévaporator using bhoth experimental
and simulation data. A brief description of the evaporator system
and the computer programs csed is also~preeented.

, The model idencification is discussed in two main parts.
The first part (5 3;4 - 3.6) deals with iden:ification.under open
loop opefating conditions-and the second parf€(§ 3.7 -3.8) deals
with identification under closed 1loop operating conditions; Both
parts include simulation and experimentél results. Finally/
comparisons‘pf process models using open‘and closed loop operéting

data are presented in sections 3.7 and 3.8.

3.2 Description of the'Evaporator System

b3

Figure 3.1 ShOWS a schematic diagram of the docble effect
evaporator in the forward feed mode of operation and a conventional
multifloop control system. The eight inch,diameter,~ca}andria tyée,
first effect contains thirty—two, 017Sin.O.D.tubes and operates with
a nominal feed ;ate of 4, 5 lb/min of 3 percent aqueous triethyleﬁe
glyccl. it is(heated by 1.8 1b/min ‘of eetcrated stéam._ The first
"effect overhead vapour is utilized to heat the first effect bottoms '
which flows under forced circulation in the three, 6 feet long, one
inch 0.D. tubes of the second effect. The second gffect qperatee

under vacuum. The product is abaut 10 percent aqueous triethylene

24 " —



B
pe

) "3ALSAS TOUINOD TVNOIL.LNAANOD ¥V NV N
HOLVYOdYAL Humwwm 314000 FHL 40 WV¥OVIA DTLVWAHOS H.m TANOTA

. — 133443 QNOD3S - 1D3443 ISyl i
2] B st bt
3 o S R
v 8 — | . —
O =S VR R = 033
. 0 »e — s .,,' " -
= ) D8 (O

_ ,
— -
1 C , |
. ; _ . | .
lJ_ HWWI N @1....I| g . % __” B e
: i . f . _
. : L p\f./_ g " <<<mhm

I

mﬂﬁgnYlvrmWL_
ONNOOD O«
,EDD,U<> O — 6A,,




vlveol,
An IBM 1800 real time digltal computer s intertacedl to
the evaporator. Conventional multi-loop control of the evaporator

1s achieved using t.e IBM 1800 Direct Digital Control (DDC) package

N

and single and tascaded EBhftdf\loops. Although product concentration,

C2, 1is 'the most important controlled variable, the liquid levels,

. : /
Wl and W2, must also be controlled within operating levels. For
/ .

the present study the liquid lqve]s were controlled hy‘manipulating

L=
8

) A . ¢ .
bottom flow rates, Bl and B2, respectively. The product ,
; o ‘ . ‘

concentration C2, was controHed by manipulating the flow rate of

steam S, {nto the first effect.
A detalled description of the evaporator system can be

found elsewhere [19].

3.2.1 State Space Model of the Evaporator

A number of process models ranging from tenth order

nonlinear state space models to the first order transfer function

4

models have been derived for the evapofator‘by previous investigators.

For the present simulation study the discrete, linear fifth order
state space model'developed by Wilson [20] was used.

This model can be represented‘as
x(t + 1) = ¢ x(t) + au(t) + 8d(t) - (3.1)

N =£l(_(t) . (3.2)



where
X Is a (5 X 1) state vector
u 1is a (3 X 1) control vector
‘ d 1is a (3 X 1) disturbance vector
Y 1s a (3 X 1) output vector
t 1is the sampling instant ) 3]
and $, 4, 8, C, aré constant c¢efficient matrices

of appropriate dimensions.

r

The variables in eqns.' (3.1) and (3.2) are expressed in

normalized perturbation form: e.g.

1 L W1 ' ' (3.3)
58 . ’ -

&)

where subscript ss denotes the nominal stead& state value. The

o

. a

variables in eqns.. (3.1) and (3.2) afe defined as follows:

r

x" = W', CI', HI', W2', C2']

T, "iff' "' ‘
u =[S', BI, B2
W '
. L
QT =[F', CF', HF'") ,

and : : o .
i ' '

lT = [ WY W2, C2']

‘The nominal steady state values and coefficient matrices

are presented in Appeﬁdix A,
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-

The proportional control law used in the closed loop

tdentification study can be represented as,

u(t) = K x(t) (3.5)
where

K 1s a 3 X 5 matrix of controller constants.
a

3.3 Computer Prbgram for the Simulation Study -

( The discrete fifth order state space moﬁel [20] was
simulated on the University's Amdahl-470V/6 digital computer. A
program, called SIMUL; was written to siﬁulate the response of the
evapofator for varioué types of disturbances under conve%tional
multi—loob and ﬁinimum mean square error (MMSE) cbntrollersi
Stochastic disturbances such as Gaussian white noise and first order,
autore%;essive signals and step chaﬁges in load vaiiables were
used to evaluate the coﬁtrollers.

All the relevant state, control aéd disturbance variables
were printed out ;nd punchgd on;cards.for use in piotting programs,
RBNO1 and’ RBNO2 [21]. "

s

3.4 Open Loop Identification Studies

For the evaporator sysfem, the most important outpu;
vériable, C2, 1is controlled by adjuéting the steam flow rate to
the first_effect..'Hence rvocess model identification studies were
carried out between input variable, -5, aﬁdvoutpﬁt variable,_ C2.

;

Both process and noise models wetre developedvfor a variéﬁy,of'process

conditions. Experimeﬁtal and simulation runs were carried out- for



A

two cases: (1) steam perturbations only, and (ii) simultaneous
perturbations of steam flow and feed flow. Thus the feed flow

" Into the svstem.

'porturbotions Introduced "notsge’

Toe perturbation signals consisted of either Qaussian'
white noise or first order autoregressive noise sequences with
zero meens and various standard deviatlons.

The initial model orders and the initial parameter
estimates were obtained from the cross correlations between‘the input
and the-output.and also from the auto aﬁd partial correlation
functions of the‘prewhitened'series aod the residuals. These
initial parameter estimates and model orders were then used‘in a
'nonlinear iterative least squares program, TFl, that minimizes
-the sum of squares of the residoals. The stOpping criterion employed
in the estimation program was that the change in the sum of squares
of the residuals was less than 10 ~10 or the change in each parameter

value of less than 10 3, whichever happened first. 95 percent

confidence limits for the parameters were also calculated.

3.5 'Identification of Evaporator Models Using Open Loop Simulation

Data

Time ~series models were obtained from ‘data generated from

the fifth order state space evaporator model presented in Appendix A

. Each run consisted of 320 data points obtalned at 64 second intervals;

L4

A program made available by Dr. J.D. Wright, McMaster University,
Hamilton, Ontario. . . :

29
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Since these pointé covered a time period of six hours, the effect_

of slower evaporator modes (i.e. large time constants) were ful%y
N

realized in the input-output series. ‘A large number of data points

wits used in order to broduvv small confidence intervals for the

parameter estimates. Also the confidgnce limits on'the correlations

are narrower (the confidence limits are + 2 F (number of data

. 1

points)f ).

For purpose of comparison, a theoretical”pﬁlse fransfer
functioé model was caléulated from the disérete Eifth order model
usiég the. GEMSCOPE program [22]. To check how closely the estim-
ated models agreed with this thebretical model, in some runé para-
meter estimation was performed using transfér function model orderé
which were fhé same aé those fof théAthéorgﬁical model. The effect
of different model structures -and diffefent input. signals on the
parameter bstimites was also studies. _; .

T:ble 3 lists phe run conditipn;/for oped loop
simulation v = 5%-1 to S§S$-6, iﬁcluding standard deviations éf the
input‘seqﬁence, Oinpdt’ the first order autpregfessive filter
constant, ¢é; and theiaétual input gnd outﬁutﬂstgndard dgviationsf
_Figure 3.2 presents a basev?ase simulation run, #8S5-4, 'where_the

. bl
two levels are under proportional control using the control law,

u(k) = K

_J‘E(k) , Where

u.] ’ ' (>3.6).

, . i
= ! ' =
u [B; , B2'1 % [u2 5 Uy

10000 : '
Kvl‘l})‘ooacJ | (3.7)

B

-and
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~ TABLE 3.1

Y

CONDITIONS FOR OPEN LOOP SIMULATION RUNS

\

(Steam disturbances, evel control only)

Run No ' , Steam (1b/min) ' Concentration

ag ¢ g g’
- input S ) S c2

( 4 glyco}l)

Css-1 0.10 - 0.100 | 0.12
$5-2 0,20 - 0.102 0.21
ss-3 | 0.20 0.5 0,226 0.42
ss-4 | 0.32 - 0.308 - 0.34
$5-5 0.20  0.75 0.204 0.82 A

S5-6 0.30 0.5 0. 340 0.63
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.In this series of runs, only steam flow rate was
perturbed.: Table 3.2 cohpares.the pérameter estimate% obtained using
dlmenqionless X and y for these runs. with the theoretical model. Table
3.3 lists parameter estimates and the 95 percent confidence limits for
ouchvparameter. Appendix‘D listg the 95 percent confidence limits for
»eéch paraﬁeter aﬁd also additional models that weré fit with ﬁheir
parameter estimates. Only the best fitting models arevpresented in
Tables 3.2 and 3.3.
Note that runs S5-4 to S55-6 have approxiﬁately_equal
input- standard deviatiéﬁs but different input seéries structures.
In Figs. 3.3 and 3.4_typical’feépoqse daté for runs SS-5 and SS-6
are presentéd. |
Table 3.4 presents the various run conditiéns for run;
- §SF-1 to SSF-&u'Qherg both steam and feed flow disturbances wéré
employed. fypicél response dafa are pfesehted in Figs. 3.5 and
3.6.- The stéam'and feea flow diéturbéncevaefe éither_gaussi;n or
autofegfessive'noise seqﬁeﬁées. For these ruﬁé, two,gausSian‘random_
qpmber'sequences were generated, one for steam and the 6ther for
feed flow,' The ac;qg% disturbancé Signalsﬁﬁere then‘;éiculatéd by
gassiﬁg these sequences through firSt_ofder'autdregressive-filtérg.
| Run iengths of 320 data points wefe selected in order to
pfoduce'small'confi&ence iﬁtefvalé for the parameter‘estiﬁatgs.-
Since these points cover a time periédbof_six_houfs (sampling interval
o= 64'secs.), the effééts of the slower eVaﬁofatot modes (i.e. léfge

' time constants) are fully realized in the input-output series.:
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3.5.1 -Choice of Input Signal

For model identification it is desirable to have an

'input signa] which excites all médes of the process so that the

informat{on content of the¢ Input and output series 1s large and

a satisfactory model .can be obtained from the data. It is also

desirable to have input signals that minimise the volume of the

" joint confildence interval of the parameter estimates (i.e. D-optimal

signals). This bbjective mayvrequiye-very large input variations
which are /not always possible in bractice. 'Fot‘casés where the 7
iﬁpht varia is constrained, Hong and McGregor [5] have suggested
the uSe'of first order aﬁtoregréSsive input sequences with positive
parameters(i.e. ¢‘>’O-).-‘ -

In three runs, S§S-4 to SS-6, the standard deviation

of steam, g is féirly constant so the effect of the autoregressive

parameter ¢ on the output standard deviation OCZ" can be evaluated.

Table 3.1 indicates that o increases sharply as the éutoregressive

C2
parameter ’¢ “increases and o} remains almost constant. For a value

of ¢ = 0.5, the value is almost twice as large -as the value

%2 _
forxthe o = 0 - (orwhite noise) case.. Similarly? fof = 0.75

the standard deviation is thréeltimes that of thé rﬁn'with ‘¢ = 0.
From Table 3.3 it‘is clear that fof autoregressive.ipput signals, the
cqnfidence limi;s én ché parameter ¢ ‘imates‘gecoﬁe smailercas‘ o)
ihc;eases indicating more confidence .1 the parameter estimates.

b

3.5.2 Coﬁparisbd with Theoreﬁical Process Transfer Function Model
‘The parameter estimates and the theoretical model

parameters are presented in Table 3.2. The 95 percent confidence

37
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s
_ intervals for the parameters appear in the Appendii D. Tt can be
.seen that wﬂen the assumed model orders are correct (runs SS-1 to
5§5-3), the autoregressive pafameters  {éj} are exactly the same

aé those of the‘theoretical model but some of the moving aQerage
.paéémeters {;j} differ significantly (v 20%) from the theoretical
’v;lues. The time series model pfoduceé residuals with a small sum

of squéres of residuals but the cross correlation between prewhitened
inputs and the residua;s are significant, as indicated by theNarge
values of Sda,' However, the cross correlgtion values do not show
any particular pattern. The Saé values for runé S$41 to SS-3
are much larger than the value of 25.0 which corresponds to the

- 95 percent confideﬂce level for 15 degrees of freedom. This indiéates
]it;ie.confidence in the models, whereas ' the sum of squares of
residuals indiqates a good fit-in khe least square seﬁse.

In Table 3.2, -for runs SS-1 and WSSfZ Ehe Qa values
in@icate adeéﬁate noise modelé but since the‘ Saa values indicate
little confidence in the p;ocess models and the noise, is depeﬁdent
on the corrections of the process’models,;noise mddei‘adequacy is_
of litﬁle significanée.

Runs §8-4 to SS-6 with "incorrect" model orders
indicaté more -confidence in the models as can be judged ffbm‘the

émall Saa values; however = - prodd&e°higher sum of squares

-of residuals.
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3.5.3 Models from Open Loop Simulation Data

In the simulation runs of Tables 3.1 and 3.2 where only
the steam' is disturbed, the residuals represented modeliing errors.
VTn order to have a more meaningful noise term, the feed flow. rate
wa§~als5 perturbed in a random fashion which produced deviations
in &he output variablelthat were not relatca to the input (steam)
signal. The .extent of change in model orders_and parameter estimates
in presence of feed lew perturbations was studied by comparing run;
SSF-1 to S8SF-4 in Table 3.4 with runs S5S-4 to SS-6 where feed

disturbances were absent.

. Figure 3.7a presents a typical plot of cross correlations
’ i

between prewhitened input and transformed output for rﬁn SSF-2. Up
to lag zero there>are po gignificant cross correlations indicating
a dead time of one sampling interval. Ffém'lag k = 1 onwards, the
cross correlafions increase gradually and are almost constant between
k=8 to k=15. It was.difficult to analyse this‘plot to get
initial modellorders. ‘Cénsequendly_knowledge of the theoretical
evaporafor moael indicated that model orders of (r, s, b) = (2, 1, 1)
- would be reasonable. The initial parameter est}mates thus obtaig¢d

8

were used to calculate initial estimates of Nt' The values of auto

and partial auto correlations of ¥ Nt indicated a mixed first

order autoregressive-moving average model. All of the initial
parameter estimates were used ‘in the nonlinear, recursive, least’
4 squares, estimaiion program to calculate the final parameter

. } by
estimates. Figure 3.7b, ¢ and d show.the cross-correlation, atlito and

-

partial auto cofrelations of the residual seriés. No system%tic

patterns are.apparent but there are one or two correlation values tbaf

-
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TABLE 3.4 ]

’ . T . :
3 e

' CONDITIONS FOR OPEN LOOP ‘STMULATION ,RUNS
( Steam and feed flow disturbances, levél control only)
N
Run No “Steam Feed"J Concentration
(1h/min) (1b/min) (% glycol) .
9 input $s oS Y4nput ¢ F OF o c2
X 'S”“;( , - . Al . e .
SSF=1 | 0.30 0.50  0.340| 0.50 . 0  0.485 0.65
. .'ﬁ N "
: | SSF-2 0.30 0.75  0.435| 0.50 0.50 0.530 1.27
SSF-3- . 0.40  0.50 0.447| 0.50 0.75 0.§75 1.12
\ SSF=4 | 0.20  0.50 0.227| 0.75 0.75 1.0l0 1.27
. : . . -. . . c . . . .
” 8
2
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were found to be adequate. The S

Vie outside the 95 percent rnnfidcnge limits. 1o Table 3.5 the
viarlue ol 8§ w(l7) = 2R.87 for ran  SSF-2 indicates thaf the

(31

model s within the 96 percent confidence limits and similarly
the value of Qq(l8) = 30.08 also indicates 96 percemt confidence

limits,

For runs both with and without féed flow disturbanées

(i.e. runs SS-4 to S$S-6 and SSF-1 to SSF-4) the process

‘transfer function models with model orders (r, s, b) = (2, 1, 1)

aa values for these models were

.

gencrallyrwi;hin 95 percent: confidence intervals. With aﬁ increase”
in the pumﬁer of parameters, the fit is geﬁeially better (lower chi-
sduare vélu§§) but at the cost of wider‘confidence intervals for

the éarameter estimates.

. _Physicaily, é (2, 1,’1)'\@odel has a dead time of one

sampling interval and means that the current product concentration

'depends on two past values of steam flow and two past values of

product concentration:

Yt‘= Sp Yelp + 8y Yoy + oy Xeor 7o Xl
PN TS N T8N, T (3.8)
" where
| ‘Yt = normalized deviation of product Concentrgfioﬁxfrom
steady state.value at time t;-
Xt = normalized deviation of steam_fldw ré;e from stéady

state value at time t;

61{ 62, mo, wl are constants;

A Nt =noise at time t. -

‘
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Table 3.6 presents the parameter estimates for run

SSF-3° assuming different model orders. For different noise models

the transfer function model parameters '{61} are also different. For

example, for the second order autoregressive noise models 61

-

changes from 1.509 to 1.44 and 5, changes from -0.51 to 20.47.

On the other hand the hb} are fairly close (within 2 percent of

each other) except for the runs, where no noise models were fitted.

The variations in ﬁarameters indicate their sensitivity to the

assumed noise model orde+rs.

The (2, 1, 0) noise model {is cénsidered to be.the'best
model for’ghis run because it provides small values of chi—sqpare
étaéistics (S and Q), (both S‘ana Q ‘are within-95‘perc¢nt.
confidence intervals) aﬂd.has one less parameter than_thév (2, 1, 1)
ﬁgise'model which produceé slightly smaller‘chi—;quare valﬁes'fo; the

auto and cross correlations. Other noise models are.inadequate

because they produce high values of Q. For other runs the parameter

A

es;imétesvusing different noise models-and also their confidence
intervals are Q?eqpnted in Apééndix D. o -

Runs SSF-3(F) to SSF-3(H) illustrate the effect of
assuming'diffé?ént process models. For rupiSSFfB(F), thé order of

s 1is increésed from 1 ta 2 and the 1{6j} are close to those for

~

‘run  SSF-3(A) Abut the '{mj} are completely different. Similarly{

for runs .SSF-3(G) and SSF-3(H) the 16,} are close although they

are quite different from all other runs. For these runs, two ofrﬁhé,g

three roots of the polynomial, 8§(B), are approximately equal to

those of run SSF-3(A) but this is not the case for {w(B)}. It

46
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can be seen that the‘pfocess can be 'adequately desgribed with a
lower ordcg model as the lower order model also satisfies the
chi-square criteria.

By comparing runs SS-4 to SS-6 - (Table 3.2) ;nd runs
'SSF-1 to SSF-3 (Table 3.5) it can be bbserved that the auto-
regreésive model parameter estimates,  {3j}, éecrease by Qp to
ZO»percent'when feed“diéturbahces are intrﬁduced, while the moving
average,parameter estimates, {éjj’. are fairly close. 1In ?un SSF-4
wheré the feed'disFurbancé magnitﬁde is twice as—large as the steam
flow disturbance, the ‘{éj} de;réase éQen further. Thus it seems

that as 'OF/og increases; the 'de} decrease but the '{mj} remain

-fairly constant.

Looking at the noise models, -one sees that the N, -series

i1s stationary when feed disturbances are absent and the fitted noise -

models- have order of‘the differencing (d) equal to zero. But in

the presence of feed flow disturbances they exhibit nonstationary

-~

behaviour and differencing the residual series Nt once pfoduces

- a stationary series... As expected, the noise models and parameters

’

" are completely different for these two types of disturbances, -
For runs SSF-1 and -*SSF-2 the noise models -have the same

- orders and the autoregréssive parameters are close. The values of °

moving average parameter 91 have the same signs and are comparable

in magnitude. For runs SSF-3 and SSF-4 where the input series

A 4

"Struqtures are similar (¢S and ¢F constant), the noise models

have the same structure and the parameter estimates.closely agree.

e
v

et
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3.6‘ ldentificatioh,using Open Loop'Experimentai Data

As in the simulation study two sets ijexperimental runs
were carried ouf: the firs; set with steam disturbances only, and
the,seconﬁ set with additioﬁal feéd flow disfprbances. fables‘3.7
and 3.8 sﬁmﬁafize the run-conditions and typical runs are presented
in Figs. 3.8 to 312, , N , ¢

In each set of runs, préportional leyel cont;ol was
‘employed. Runs S-l1 to S-4 and SF-1" to SF-4, useé éontroller
matrix X | in eﬁn. (3.7)’which wés aiso used in the simulation

=1

study. For ruﬁ;gSF-S a different controller matrix, AEZ’ was used:

K, - |1 0 0 0o o RN
o o0 0 6.5 0
In the éxpériméntél runs 400 data.points:wére collected at
64 se;ond intervals.‘ For the modgl identification 320 points
beginning at the 29th data point were used. The first 28 poin;s were
nét‘considered in order to eliminaté the effect of the initial
traﬁsiént caused Qhen disturbances suddenly begaﬁ.
.The sﬁeam pertufbétions~weré‘intrdddced by changing tﬁe

set point pf-thebsteam flow cﬁntrol lobp every sahpling‘instant.
Similaﬁly the total feed flow ra#e Qas ¢hanged by changing the set
points oé the feed water and”feed‘sqlution control loops, so as to
maintéin.conStantvféed concentration. : *\\

| CbmpariSon of C2 reéponées,uéiég.tﬁe éimulations‘(Figs. 3.2 to
‘3.6) and Experiﬁents (Figs. 3.8 to,3.12)indicates that unlike the simulated -
Tesponses, ekperiméhtal respénses éxﬁibit'tiﬁé variant means or decaying or

growing oscillations, indicapiﬁg different types of process noise.



. ( Steam flow disturbanéeé,

TABLE 3.7

CONDITIONS FOR OPEN LOOP EXPERIMENTS

-

lével contrbllohlyxs;

-~

Run. No Steam (lb/min) ,:“,Cbncéntration ~

(% glycol)

*

Oinput. ¢)S OS 0C2 . €2(0)

_ . ,
s-1 0.25 0 0.251" 0.32 10.0
5-2 0.25 0.50  0.335 0.50 9.3
5-3 0.25 0 0.317 % 0.44 9.2
S-4 0.20 0.75  0.387 0.71 9.5
W

* C2(0) is the initial éteady state glycol cohcentration.

! Control matrix 51 in ‘eqn. 3.7 was used.

51
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3.6.1 Process Models from Open Loop Experiments

Figure 3.13a presents the plot of cross correlations
between input and.output.for experimental rnn S-3. 'Uo to lag zero
the'cross‘correlation Vaiues are well’within the 95 percent
conﬁidence intefvals and are almOQt equal in magnitudt At lag

k = l the cross correlation value increases from 0.047 to 0.077.
. “ B . . (1 .

‘-HWOE.. is suggests a transfer function model with b = 1.

¢ As in the case of the simulation data in Fig 3.7a, the

-

cross correlation values gradually increase from lag k=1 to
k = 6 andqggg?fairrYKconstant thereafter. Previous knowledge'of
the tneorerical euap&}ator’model was used to i;termine initial mod@]
. orders of (r, 5, b) ;‘(2, 1, 1).7 The estimated noise series Nt,:
was calculated using the initial narameter estimates. The auto and
:gwpartial’aftocorrelations of & indicatee a second order auto-
regressi e strul“ure. After some trial and error a better fitting
jiARMA noise model with orders (p, d, q) < (2, 0, 1) was obtaineqf
The cross, auto and partial autocorreiations of the residual Series,
as ’

are well within the 95 percent confidence limits and no svstematic

patterns are evident. The Sua value of 12;99 (from Table 3.9)

'y
3
indicates transfer function model adequacy. Similarly,
0 (17) ‘ 15.85 indicates noise,model'adequacy using the chi—square'
ERS test. o

Table 3.9 presents the effect of aSsuming different model

N orders (process and noise) on the parameter estimates for a typical

open loop experimental run, S-l., Runs A-D illustrate the effect of

>

are plotted in Fig. 3.13b;»c and d. All the correlation values7
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assuming different noise models. Here a change «n the noise model

has almost no effect on the autoregressive parameters estimates

{6. ). oOn the.other hand,‘ﬁariations in w are up'to'IO percent

i

’

and‘“m exhibits very large fluctuations in value from
-1.26 X 10 -3 to 0.25 X 10 3. For different noise models, the'noise

model parameter'estimates have widely vary g values but the sum

of squares of residuals undergoes little change. For runs A-D

all Saa, values are smaller than chi-square value of 27;6, thus
showing transfer function model adequacy All'the Qa values
indicate confidence limits wider than 95 percent.

"Runs E-H show the\effeCt.of using different transfer

ih"

function models. Here the runs have autoregressive parameter

~ estimates that are close to the estimates in runs A-D; = however

cfas

~

Ehe-”{mj} are quite different. These runs indicate that with more
] \ ' '
parameters (higher orders), the sum of squares of residuals is

smaller and also smaller Saé are obtained. The use of a noise model

' greatly reduces the sum of squares of residuags.

-

For open loop runs S-1 to S-4 and SF-1 to _SF-5,

the models which»proVided the'best fit are\presented 4n Tables 3.10 and 3.11.

Additional models and the confidence limits’ for the parameters are Pr—

esented in Appendix D. It can: be seen that for runs using the level

~control matrix K., the = {d } have remained unchanged with the

1 —-= _

exception'oﬁgrun SF-2, For run SF—5' using tighter control on

s

levels (i.e,.control matrix K, in eqn. (3 9)), the {6 } are

smaller with one of the Troots of G(B) moving ‘away from the unit

-4

circle, but having little effect on the other rqpt. | ' o,

£
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~

- In the numerator polynomial, w(B), W has various

values between 0.61 X 10 ° to 1.185 X 107> for both sets except
for run: SF-2 WfTNLTit is —0.162'X'10—2. The value of w0 has

increased by an order of magnitude for the case of simultaneous

steam and feed disturbances. With the tighter level control-in‘

- run SF-5 the value of_'m1 further increases. Within one set

of runs the value of Wy exhibits large variations but the order

of magnitude remains unchanged This indicates sensitivity of
(mjf to changes in process conditions However the autoregressive
polynomial,. G(B) is sensitive only to the level control matrix. -

The residual noise sequence, N was generally.

£
'nonstationary, requiring one degree of’ differencing to get a station—
ary seriesa The noise models for all but one of the runs Were‘
dominated by: first order autoregressive structures after differencing
once. For,run S-3 the.naise was best described by a second order

autoregressive and first order moving average model (model orders

(2; 0, 1)). In runs SF—2 and ‘SF-4 after differending once a

»mixed autoregressive,moving-average noise was observed.- o .
24 : P o A . B

" For the runs with noise model (1, 1, 0), thenautoregressive
parameter .¢l‘ varied between:.40;0968 to -0.226. ’Other models ‘have

“~

a positive moving average parameter 1" with widely varying
magnitudes. From this it seem indicated that noise models and their
parameters are sensitive to changes in process conditions

The criteria used in- selecting the best fitting noise
model was as follows. When two noise models produced nearly equal
S and Q values, the model having nonzero order of differe%\

(d4 0) was chosen, since the control action of the‘minimum(meanvsquare

s Y



~

-error controller based on such noise‘mode],inCOrporates'integrat
action. . The next criterion was to choose a model having the 1east'.
number of parameters from two or more equally adequate models.
Comparison of models obtained'using experimental and
simulation data‘shows that the same transfer function model‘orders
adequately fit both types of data. The"{gj}v obtain experimentaliy
‘are 10 - 15 percent higher than for simnlations, whereas the &)}
are higher in the case of models obtained from simulation study
The.increase 1n,';o' and'ﬁml are not_proportional.“The auto-
regressive parameter estimates, '{dj}, in the?ggse of thevsimulatfon
change withvchange in magnitude of feed disturbances, whereas
they seem to be independent>of feed disturbance magnitudigin the

g X - s .

case of_models hased oh experimental data.
- No significant difference is observed between noise model

orders fitted for‘experimental and simulation'data. ﬁSimilar Saé and

Q.- were obtained in the experimental and simulation data except in cases

. of simulation with steam disturbances only, they were higher
by

3. 6 2 ‘Effect of Run Length on the Parameter Estimates
| In order to study the effect f run length on:the’parameter

estimates,&;arious subsets ofdata poij§g from run SF;A were nsed.

The results .of parameter'estimation using process model order (2, 1,‘1)

l(O; 0;~0) are presented'in TaBie 3.12. 'The;first fonr data sets

contain 120 points each starting at different sampling instants. Sets )

Al N

#5 -~ 8 were" similarly chosen with 200 data points in each set. Para-

meter estimates from these sets are compared with those from the

u
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ontiré run of 3ZQ points (Set #9). o

The p;rameter estimates in Table 3.12 indicate that the
@j} for the runs with 120 or 200 points are épproxiﬁately 2 -3
pé;cent higher than the parameter estimates for the comp]efo run.
However, thg estimates of e fgr £he shorter runs were lower than

the estimates for total run by 50 - 75 percent. The values of’ =

do not exhibit any particular trend, but deviate from the values

i%g
,

for the complete run.I
The differenceg in barameter estimatesiinaicate that when
. short-rgn lengths are Qéed, the effects of thé slower modes of thé
process are not‘fully realized and smallernvalues fof the slower
‘timle constants are obtained. } @’q
Table 3.12 also presents the confidencevintervals of‘the
correlations for each set. A value of a cross or.autocorrelatiOn

Y0

within fhe interval may be assumed to be equal to zero. If hahy

e

correlation values lie od;side these limits,'this'indicates model
‘inadequacy. Runs with.larger numbers of data points. produce smaller
confidence intervals.(since the confidence interval =’2/(nhmbe: of

. data.pOihts)%)'indicating more confidence in the correlation'valueh.

-~

.

_ Tn #ummary, it' can be said that runs yith.large numbers
ldf data/points'are moré 1ikeiy to take into account slower pfocé§;‘~
modes'angiﬁéve boﬁéidence inteévals.indicate more

»'coﬁfidence in ated model. Runs with 240 to AOO'datavpoints

would normélly be y.Lite édequate for the double effec; evaporatof.
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3.7 Identification from Closed Loop Simulation Data

Process models were also identified from closed loop
simulation data to ev °~ ate the applicabjlity of time series

modelling for processes which must be maintained under ‘¢losed loop

control.
)

As per § 2.2.4 in order to obtain better estimates of the
_model'parameters, a dither sigﬁal;was Added to the calculated value

of the manipulated'steam flow so. that part of the input signai was

" not correlated with the output product concentration, even though

feedback control was used. By treating the dither signal as an

input signal, the adequacy of-the identified tranmsfer function models .

for the closed loop system was determined By lack of”correlation
between the input and the final residuals,"at. Dither signals with ‘

different. characteristics were employed and are pregegtedwin Téble

\ .
<

3.13. Typical runs arée shown in Figs. 3.14 to 3.18. As expected,
the output standafd deviatiouns fér disturbancés énd dither "signal

. _ . .
addition under c ioop are smaller than those for open loop
. ~

conditions (cf. Tables 3.4 and 3.13). o IR

i -
DO

yith the dither signai as an input and product concentration

‘

 as output, closed loop process and noise models wgré estimated by

proceeding in the same mannér as for the bpen looﬁ runs. Simulations
with and without additional feed flow perturbétioﬁs were carried out.
Runs without feed flow,distqrbances‘wgreiperformed using three

different controller constants for the p:oductncoﬁcentration steam

loop ‘but using:the same levél_controller constants. The following -

control matrices were used:

>
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" TABLE 3.13- - 4%? .
’ . N

. N N \ .
9 . oo -

)

& . CONDITIONS FOR CLOSED LOOP SIMULATION RUNS - R

(Steam and feed flow disturbances, pfoduct

concentration and level control)
TR A
e RN - L .

R . o . . .
BT v w . o B

" ' : i y . |Come. - ..-’v'.,"‘- I
(;bl/m;n ) Fggi@(lb [min.): v |% 61ycol Con;rpl%er

g rt

P L% Oidbue 34 i ®c2_ | Matrix .

>
PR o O ) Y T

.0 0.232|"- <. w= |1 - | o.ge K, "

Lo Flsswiz | 0030 fo.: ol - | 2i| - | .o.200 | \kn |
)‘. - |o.183 |k
x

s . { : - i s ) /_ u . L
o 55=13 { 0,30 [0 ,0.294 B
o] 55-14 | 0:20:. g5 o% s poass [k, L 0

[oder Jg, | 0

7 R . '7""‘,10:‘

{ss-15 1 0.20 |0.75, 0-280| 3
‘ R P ' . U . S
$S-16 |0.30 | 0:75 | 0.450 - . 0.263 . Ky,
- ° ! ’ " . . . N - '
$SF-11| 0.30 [0.75 |70.432| 1.00 0.356
SSF-12{ 0.20 | 0.75 | 0.284| 0.50 % 306, |
T sst-13]70.30 | 0.75 [*0.432{ 30.375 | 0 SN0.488, | R, o e

B Y 0469 | k.o

N SR S

SSF-15 0.471 | K

|sSE-16] 0.30"| 0.5 7T0.354] 0.375]0 0.365 ) 0.258 | K, - .| e

|ssF-17} 0,30 |0.5 - | 0.360} 0.375 0.3 0.400 1,0.265 " | K|

2

‘:‘ ’
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0 0 0 0 ¢
3 . Q 1 . .
LM . 'K“ =11 0 0 0 0O =1, 2,3 (3.10)
S o 0°3 0 '
. <
with ,
. ]
Lo ) N o
. C1 = —2:.5, C2 = ~2.0; »C3 = -1.5
"3.7.1 Model Estimation : Steam Disturbances o . ‘ .
: ‘ L ‘ T
‘Table 3.14 presents the models and parameter estimates for
runs SS-11 to 35-16. For 'the runs SS-11 to Sé-ld : using ' , _ .
i o C %
? (ontroller ma.trix KIZ’ with steam fl@ disturbances only, the '
closed loop transfer function models obtained are in very good  ,

«%g, 2% i

agreement. "~ The variations in parameter values for most of the
Pp&'r N

&

@arameters are less than 1 percent How
Bl .

d .. . ’ B X
- - : o 4.\"
s simultaneOus transfer function and noise moé‘eﬁ estimation were . #“ N - B

L - : L e : R e

: ®

unsuc, essful .for all'th'ese runs. Simultaneous estimation reSulted

o

. -«‘-: 3 . -
@ - in 1 rge Chl squaroﬁstatistics even after a large number of iterations

N q’w H C .
3

(> 40) Hence first the transfer function model and then the noise

< modelf\: the residual series were calculated. The sum of squares

+ of res'pr_duals after,fitting the transfer function model alOne was very v
small. . N : ‘ : ‘ g%’&é@ﬁ | o " o
- ’ o L | 'For"run‘s .'SS-ll'. ancl SS-IZ tyhe noise nodels are alinos,t - v S
- . vide{nti‘cﬁal' It was ot Possible to fit reasonably any n:)ise)model | - -
‘ ‘with UP tO 3 Par'am;ters to thegresiduals from run ’ SS—13 Furthere ) Z\(". S
S LI ,~

‘(
more, the chi-square test on the cross correlations for this run
- L3

L2

,Mal even thbugh w',%_‘;

. . B . " ) . .o - . . RN T, " .4 ‘-
o E _ v S L ‘ ‘
4 - - e o ) N . T . 1 .
:
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This was also the uﬂgd},»gtrun- SS-15. On the other hand, for .

2

run  §S-16 with cond}o; atrix Kll’ reasonable process and
2o

\

noise models were obtsgnéd by simultaneous estimation.

. are comparable tO'thosE}obtained,ffom,dpen loop run%i‘

”3.7.3: ﬁodel.Estimatibn:: Steam and,Feed Flowy Distu-bances

~,

v -
‘

3.7.2 Comparison with Open Loop Models
Open loop process models calculated from these closed loop
models using eqn. (2.23Z;are presented in Tablé'3.15. Comparing

these results with open loop process models calculated from open loop '

£

- - ~¢
simulﬁtion data in Table 3.2, indicateﬁ%hat significantly different P

~1

’brocéiﬁ'ﬁodel orders are obtained from idéntifiéation under closed

loop “and open loop identifications, Autoregressive parameter 61 is

ﬁear]y‘equal.to the estimate obtained using open loqp runs SS-4 and R
) S S , : 9 .
. . "o _"\,‘ .

3

SS-§§$.The estimata of 52 from the closed loop runs is almost equ:;il

o . .
to the'valge‘obtained from run SS-6. Similarly, the estimates for {wj'

£
24}
, B

Although the closed loop runs have produced consistent

- parameter estimates (runs SS-11 to 58-15), the 'chi square test - I

- indicates vefy.litblé confidence in the model orders. Hence the' gpen

loop models seem to be more reliable in this identification study.

LT
.

“

estimates for simulation runs wifh'steamvand

a

The parameter |

feed flow disturbances are pfeSénEed ih Table 3.16. Wiph»tﬁe.excep4
A . . . g - {* ’

tion of run SSF=11* the estimated process model parameters remain

fairly const%nt with variations of léss that liperceﬁt. The noise

models in the five cases are second. order’ with one degree of .

. L . ‘ 8. . . '
. . - e
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perumeter-estimates from the closed loop runs are

‘percent of the opetig 10odp 'values.,

fits. RS o . S |
A . | .

- in Flgs 3 19 Lo 3. 21 | -

At crencing. The nofse model for cans SS=11, 13, 15 and 17
is (2, I,1) and the parameters are within 1O percent of each

other.  Similarly for runs SSF-14 and 16 -with noise model

U

Low indicating good fits wére obtained.

‘ Table 3. 17 presents the open loop process model: calculated
J ! ‘;:, ‘
from the identified closed loop ‘models” fdt runs.sSSF 11 to SSF-17.

1

As could be expected from the closed loop modets, the parameter

‘ . -u::\ E . .

estimates here are almost equal, when compg&&d with ‘the parameter

LQClm1fe€ for open loop runs SSF—lrto SSF-4. In Table 3;§'the

'\ Here, bothnidentification‘techniques~producevre,iable models
wigh adequately small .walues of Saa and Qa indicating_good overalk‘

’

3. 8& Closed Loop Identiflcatlon Ex N
‘v T X 3 - o
:,' o : .,;3 K , ‘. . O .
- Five runs‘aSSF ll to"SF 15, wpere wade using dither 51gnals,

1

N
feed flow disturbance sequences and Peedback controller matrices.

k]

lhe run condltlons are: glven in Table 3 18 and typlcal plots are’ shown

- ~
B

The various control mdtrices that were used ‘are:
B .
N
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(‘ ) .
0 0 0 0 \J.HQ
K & = F.h 00 0 0 0
14 ‘
ST S T R L S
F'—O 0 N 0 ~9.554
Kl" = 1.0 0 0 0 0
]
0 0 0 3.0 0 _J
For ran SF-15  an integral control matrix K was used - in addition

I

to o proportional control matrix, Kl,.
SR

K: = o0 00 0
O 0 0 0 0

Wt = K ox () + K (7 x () 75 (3.11)
’ n=1

As was observed in the closed loop simulations, the stancard
.

deviation of the product concentration was reduced when feedback

1

control was used.

31.8.1 , Closed Loop Process Models
Pa‘rameter estimates for the ru"ns SF-11 to SF-15 are
presented in Table 3.19. The process model with orders (r, s, b)
‘(2., l, i) provided good fits for runs SF-11 to SF-15 in spite

of the different controllers used. For runs SF-1] to SF-13 with
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- and experimental studies. ,oob

"3.8.2 Comparison with Open Loop Models : .

o
i N
N ]
4 /,’
o I\.ll’!'f.\ Kl-l‘ I he | Vvolte s were o almost equal, befoe within
i N L4
I percent ot cach other. The . values showed Zliyht v large:
varlatfins of approximately 5 percent. Parameters and .
. - . V) ‘

Cobtained from runs SF-11 and. S¥F-1I  have comparable mapnitudes but

ror runs  SF-13  they differ by factors of 3-10.
I Table 3.19 #ndicates that although the tits are vood tor

all runs, both with respect to the residual sum Of squares and chi

4 .
square tests, the - model parameters are sensitive to change in process

conditions and the control matrix.

The closed loep studv shows that models with transter
"
(2,

function model orders I, 1) have provided good tits for all runs

but simulation runs §S-11 "to 88—16; As discussed in “3.6.1, the

i

{-, are 10-15 percent ‘higher in the case of models  derived from
experimental data, when ‘the identical controller matrices are used.

The %,: are higher for models estimated from simulation data.

3

For closed loop study-the simulation data with a steam dither signal onlv/’

-

produced models with different model orders-and in many cases simultaneous

v

fitting of transfer function and noise models was not possible.. With

this exception, other fits are generally good in both simulatien

/ v -

e

By using eqn. (2.23) opén loop process models were

calculated from the identified closed loop prbcess models. These are

presented in Table 3.20. The level control systems for runs SF-1 to 4

(cf. Table 3.11) and SF-11, 12, 13, I5 are the same. Comparison



90

o1 these runs indicate that 0 f rom .-lxwéth loop Jdata is tairly
iﬂqo‘rp the values from open loep Jdata,  Parameter ‘lﬁ in rns
SF=11 and SF-13 comparce well with that tor runs .SF:I. 3, 4.
, and > vAlluér; are of comparable magnitudes, but exhibit some
Cvariations, ds was the case for the open loop runs. ‘O' {s smaller

than that obtained using open loop data, by about a factor of two.

'

The smali values of S“a in Tables 3.11 and 3.19 for these
open loep and closed loop runs, indicate that in general good transter
function moéelé were obtained.

Since larger Qa values were obtained fo? the closed loop
runs than for the vpen loop runs, this suggests that the noise modelx
identified under closed loop conditions are .less reliable. ,

}.9 Conclusions

Evaporator models calculated from both open loop and closed

loop data demonstrate that the ‘time series modelling tethnique

. presented by Box and JenKins {1 can be successfully used to model ° —-~

real processes. The extremely small sum of squares of residuals

inlicated a verv good fit to both exper{meﬁtal and: simulation data.

’

Process transfer function models obtained from simultation

data containing 'unknown' disturbances are fairly invariant whereas
. A ,
. S : * -
the noise models ard sensitive to process conditions (e.g. tvpe and

4

magnitude of distur amtes). For process models developed from

e

experimental data, the estimated autoregressive parameters were

constant (for given set of level control constants) but there were <

large variations in the moving average parameters. The fit of data

is agair very good, even in the presence of significant process
i3

O 4
f



dJistarbances,

The utility ot the time «vri‘uf modelling t(wﬂrnidln' was
rested for processes under closed loop operating conditions. The
resuls ny open Foop pracess models caleulated from the ¢ losed loop
‘ M.i‘wvr¢-1h'nnlv the same as the open loop process models ohfﬂin(ﬂ
f1om o open loop data.  Hence it can be concluded that time series
malysis technique proves to beoa nsetul modelling technique tor
Nlocesses operating under open’or closed “Hvop conditions.

An overall comparison of the models, calculated trom

cxperimental and simulation data, indfcates that tor bath open loop
and closed loop conditions, cnmpnrdblo models were obtained. Higher

f‘j» values were nbtained from the experimental strudy, whereas

significantly higher imi‘ estimates ‘were calculated for the

simulation data. .No significant difference in noise model orders

was observed. Similarly, with the exception of simulations using
. . -

steam disturbances .only, comparable and adequate fits were obtained

using simultaneous trapnsfer function and noise model fitting.

-

_The choice of input signal plays an important role in
identification pr&cosscs- Where the variance of input is constrained,
use of tirst order autmregr(;fﬂve input signal with positive

4
* : L

» .
parameter j produced better excitation of the process and also

reduces the width of confidence intervals on the parameter estimates.
~

l‘l

{—



CHAPTER 1ok

Y EVALUATION OF MDY MUM MEAN SQUARF ERROR CONTROILLERS

‘°1ﬁ.;,'ﬂ (
R \
\\ \\‘\ «.1 Introduction

In this chapter contreilers are designed using the evaporator

/

models that were reported in Chapter Three. The noise models are used

to torecast future disturbances and the transfer function models are

used to take appropriate compensatorv action. The resulting controllers

e rutorfed to as minimum mean square error (MMSE) controllers.

In this chapter tho_porformancé of these MMS{ controllers is
! s evaluiated and compared to the reésults obtained using cnnventiona} PI
rontrnl‘gr no control in the same disturbance environment. This
comparison is Earried out using simulqted responses from the state space
evaporator model "and then using experimental daFa from the actual pilot

plant evaporator. The robustness -of the MMSE controllers is tested

' using deterministic disturbances such as step changes.

. (

4.2 Evaluation of MMSE eontrolldrs : Simulation Study

The MMSE controllers designed based on open loop identif: -
NS .
tion runs SSF-1 to  S§F-4 and closed loop runs SSF-11, 12 and 14,

are presented in Table 411. The performance of. these contfollers was
studied for 'stochastic disturbances and deterministic disturbances
such as step changes in feed flow rate.

If the noise model has a pole on the unit circle, then the

resulting controller provides iﬁtegral.action (5] and thus eliminates

of fsets due to step disturbances. For this reason noise models . .with

92



MMSE CONTROLLERN DESTGNED USING MODELS FROM

SIMULATION RUNS

1 - 1. 84&9 B+ 0.1947 B~ + 1.2170 B~ - 0.5631 B

. .
? ! 1t - I 2 3 . 4
L pssenn 144.23 B - 322.57 B + 256.53 B~ - 90.02 B> + 11.95 B
! : - 2
x L1 - 1.4301 B - 001748 B” + 0.9304 B> - 0.3255 B

e :
. |
Nov, _/Run No . ‘l Controller, C(B) ;
RN - e ]
: g L 123.9¢ 151,04 B + 160,28 n) 32.89 1 -
I \ SSF-1 l de3.70 = _‘:_,’_,-'_,_fi.,_i 1 6. ﬁ S ;1‘_:‘.;_ . :
: : ] = 1.1654 B - N.4482 B + 0.6136 H_ :
R e I SRR
[ ) . _7 . j I
{ , gepon | 108.68 - 233.86 B + 161.29 B" - 35.91 B j
! - ; - | o 2 i
| |1 - 1.2630 B - 0.3785 B° + 0.6414 B !
N i
b b e .
i ‘ : ‘ . 2 3 ) . *
Cy | ggpoy 1 206.47 - 480.13 B+ 413.72 B - 163.11 B+ 25.23 B |
; | ! I = 1.8757 B + 0.2865 B~ + 1.1196 B> - 0.5304 B, 3
i i |
B e 1
| 218.68 - 492.33 B + 423.21 BY - 167 §7 B> 4 26.53 B°

: SSF-4 | = R 823 '; S 2

| ‘ 2 3 4

! )

. . : ' o b )
i | 149.96 - 315.00 B + 225.22 B> - 68.35 B> + 7.76 B"

B —_ - [ .

& +

N
i
l

2 3 4 |

| - 1.2792 B - 0.3014 B~ + 0.7520 B_ - 0.1714 B |

o otemeram pooner ]

J | R 3 \

! .1 113.27 - 224.80 B + 138.23 B - 27.03 B |

7y SSF-14 | el > ] |
H

I = 1.0045 B - 0.6264 B~ + 0.6319 B

I
r

y ‘ |
L____H_ _-__,-;_‘_,_-__ﬁ- e ;J '

-
}

&



a4

.
N {
dOOTT NId0: %-ddS NIY NOIIVIAWIS T°% ENOId
-
SIONIA OND Il SEAUND NI
[ <x AN F = z cr e ove
3
+ - - - -
= |
z I b
N \< . —— .I .
- \\k S N
n - At =
J— - - - l.t“\l — - ( N nd il » ‘ #/ . e
! = S Sk e
. o L AN s
! " - A T e R e ST AT A M = - o N b
. . < B A -
, \ .
-+ - - —— - ——_—— = = —— e ———— 4 ——— - am . —_— -+ _ ———
. . .
)
L s : " X
_ \ LT , R N
- - - C o~ -~ - ) \ I [
\ ~ N
. \ — . .
i o ! \
i ) L .
i . . ; :
| 1 O _ ~
} T - - . . . \ [
ol .- s ;- B ~ \ / Vsl = 2o
_ i ! b ' bad K : . / poo
i ” . vt ' i P
| AN T AR
; . ! ]
dz/ . ‘ i d i > . . , \ { \ s
! : i C ' VY 2
| Cob =z oy .
“+ __ o - -~ -
J ,, | . .
' ) ,
< - e — S — e e . - ' .




95

one deptree of differencing were sclected tor controller design

whonever such a noise model {ndicated pood fit. Of the sdven closed

loop runs  SSF-11 to §SF~17, three runs (SS¥-11, 12 and 14) with

difterent noise madel orders were arbitrarily chosen for controller

desipn.
Simulation runs were made for four diftferent first order

SFD-1 to 4, - and three different step

Ll
i

autoregressive disturbances,
rhanges in feed flow rate, SFS-1 to 3. The step changes consistad

of a step Increase at t = 5 and a step decrease of equal magnitude

a t = 205. 1In all the runs the levels were controlled using

proport1(%al control matrix Kl. The product concentration was

under MMQE/Lontrnl with steam flow as the manipulated variable. The

steam flow adjustments were constrained as -1.0 Su; < 0.5 where

- ‘ e \
up = (S - S)/S and S 1is the norm#fl steady state value. Two P1

controller settings were used for the runs with Pl controllers. The
first set of controller constants, KP = -9.55 and KI = -0.358, werc
obtained by King and McNe*1l [23] by experimeﬁtally tuning the product
concentration control loop. A sécond set, KP = -40.6 and K1v=‘r0.36
was obtained from simulatiog data4by tuﬂing the PI controller.to
minimize the integral squared error (ISE) performance criterion

stochastic disturbances (oF = 0.75, ¢F = (0.75). Runs with np

concentration control are also presented for purposes of compari-

4.2.1 Performance Under Stochastic Disturbances . i

The run conditions and the corresponding standard deviations

obtained using 320 data points/are presented in Table 4.2. Figures
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lol

4.1 to 4.4 compare responses for open loop and P1 comtrols and

"Fig. 4.5 and 4.6 show responses for the MMSE controller #2 tor

run conditions SFD-2 and SFD-4. Figures 4.7 and 4.8 present

‘responses using MMSE controller #5, for the same set of random

number sequences. : : el
I £ o

~

It can be seen from Table 4.2 that as expected, both Pl

and MMSE controllers provide significant improvement over the open

'loop responses. Controller #4 bqséd on run SSF-4 was found to be

unstable under all run'éQnd}éions, when no constraints were present

on the manipulated variablé;v For this controller the response
consisted of oscillations with slowly incfeasing amplitudes of the
manipulated and controlled variable, thus indicating iqstabiiity. Whon
cqntrainté were imposed.on‘theA manipulated Qariablg V the ;esponsr

in Fig. 4.9 was obtained. It can be clear_ - seen that the controller

performance is not satisfactory since the manipulated variable

‘frequently hits the constraints and the CIZ response contains undesirable

oscillations. The other three controllers based on open loop

identifications performed well and provided bett. - control than the’

€ L4

two PI controllers.

For the caée ofvthé-MMSE controllers #5 tol7, X " op
blosed loop idéntification runs, all the»contréllers perto-
well as the other MMSE!controllers when étochastic disturbe- ¢
were considered. As can. be seen from,Table 4,2,'MMSE contro.  -rs
produced st;ndard deviations of errors, 6C2’ which are ap; -oxim
one third of those obtained using'PI.(sim). The MMSE cont-oller

based on closed loop identification runs produced more varia-ions :n

steam flow as can be seen from Figs. 4.7 and 4.8. It can also be sc »
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>

from Table 4.2 that controller Pl (sim) produced a standard

deviation which s 607 lower than that for the Pl (exp) controller

tued by King and McNefll [231.

4.2.2 " Performance under Deterministic Disturbances

The MMSE controllers were designed using models identified
under stochastic disturbances similar to those used for ;uns . SFD-1
to SFD-4. Hence their improvement over PI control in the presence
éf stochastic aisturbanéés is not surprising. To. test the robustness
of these controllers for éther types‘of disturbances, runs with step
changes in feed flow rate were made. Figures 4.10 to 4.14 shéw‘

tvpical responses for condition SFS-3. From Table 4.2 it can be

scen that the MMSE controllers performed better than PI(sim) and

PI (exp) controllers for step changes as well. Here the reduction in the
~error ¢ dard deviation is about a factor of 3 for controllers based

. on runs ~"7-1 and SSF-2  and as much as 20 times for the-controller

based on run SSF-3. The results-clearly indicate that ability of

the MMSE controllers to handlé denerministig disturbances as well as
stochasticfdist;rbances. Ode of the MMSE contfbllers (#7) based on
closed lobp runs, produced higher standard deviation than that for
P1 controllers. ftsvresponse shows a steady increase in the
deviation of product concéntration from setpéint value, indicating

unstable behaviour. - p
<

105
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4.2.3 Perﬁgfmance under Setpoint Changes

The previous atady ol MMSE controllers Dndbcates that they.

perform better than PI controllers (in the sense ol minimizing sum

of squares of errors), wheﬁ the problem is oné of regulatery control.
.In order to further evaluate thgir performance, setpoint Changevaere
also considered. In these runs a I percent setﬁoint change was intro-
/j;;ﬁd at Ehe 30th sampiing interval and the standard deviations of
érrors produced By typical MMSE controller (#2) and PI (sim) controller
were compared. Two types of)resbonseé were simulatea for comparison:
~For the first run, fqed distufbances were absent and iﬁ theléecoﬁd, a
feed disﬁurbance (UF = 0.75 lb/ﬁin, QF = 0.75) was prosonF; fypipal
results are presented in Figs. 4.15 and 4.16.

The standard d&iations of errors are shown below:

Run . Feed - Concentration
' (1b/min) (% glycol)
- 3 g v ‘ J
F : C2
. -  PI (sim) 'MMSE_#2
SSP-II_ -0 0.08896 0.1002 -
SSP<2, | 0.75 ~0.08813 - 0.09926

Figure 4.16 shows that MMSE controllér #2 produced a

stabls L«sponse and from the above ~.values, it is obvious that

°c2
the errvor standard‘deviatioén is only 10 percent larger than for well-

tuned PI (sim) controllers. This study-suggests that MMSE controllers

can also be used successfully for setpoint changes.
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4.3 Evaluation ot MMSE _(I_o_rlt‘r_ql_l_ertj_s; : kxperimental Study

. “

Minimum Mecan Square Frror controllers were designed, based

on open loop experiments SF-1, 3 and 4. Since the noisce models tor
these runs had a factor of (1 = B) in the denominator, these controllers
include integral action. These MMSE controllers produced large input

- .

adjustments, hence some tuning was rtequired before these controllers
could -be successfully implemented. In this section the required
modifications and the controller performance are discussed and

comparisons are made with-the well tuned PI control ler reborted by~

King and McNeill [23]. Asin the simulation study, both stochastic

-

and dgferministic load disturbances were employed.

A.B.i melﬁmentation of MMSE Controllers

The output signal of a4 MMSE controller is calculated as

a weighted sum of present and past values, of the error and the.

manipulated wariable. These contro]1e;;\;;;gfzaﬁremaQ£¢d using the

. .

newly added 'Z-transform" controller option in the Direct Digital

hd

Control (DDC) package [24] available on'thé Department's IBM-1800
computer [25]. This alogorithm provides storage for one gain term

with four weighting parameters for past values of errors and four for
v o
past values of the manipulated variable. Control was implemented

by cascading the "7 _transform control" loop with steam [low control

loop. ~ Further details of the implementation are discussed in a
/
research report by Kogekar and Berka [(24].

The‘levels W1 and W2, were unaer ﬁroportional cbntrol

[}

using controller ﬁl (eqn. 3.7). Level control aﬁd data acquisition

-,

for the experimental runs were carried out- employving the multivariable



TABLE 4.7

USTNG MODELS FROM EXPERIMENTAL OPEN-LOOP_ TDENTIFICATION

MMSE Controller

C(B) =

K C (B)
o
Modified Stochastic Controller,

C'(B) =K' Cc_(B)

C (B)
. e}

N L16

No. | Run No. K'

(1 - 1.8810 B+ 1ot1s 8% - 0.1274 %)
1 SF~1 | 103.05 |  40.66 e v
: - ](1 - 1.4080 B + .0.4494 B - 0.0413 B”)

U 1 - 1.8845 B + i.0187 8% - 0.1301 B’

2 SF-3 131.55 40.66 S S

- 1 - 1,0023 B -~ 0.0484 B + 0.0507 B

' : : 1 - 1,9524 B + 1.1341 B> - 0.1779 B

3 SF-4 230.38 40.66 1 -1.7224 5 e

1 - 1.3874 B + 0.2932 B%. + 0.0942 B




~control and idéntification prbgfams developed provious]v for the

evaporator system [26]. -

4.3.2 The Modjfieq_SLochasti(LJZB[E£gllslﬁ
Table 4.3 presents the minimum mean square crror cunirollgrs
designed for.open lopp identification runs SF-1, 3 and 4. 1In ?ach
experimental run, the MMSE controller was initiated after the evaporator
had attained the nominal steady state. Howevef. even before the feed
disturbances were intrédpced it was observed that for very small .
deviations in the product concentration (of the order of 0.01 - 0.02%)-
the steam flow rate maﬁipulatioﬁ% were ngy large, reaching the upper
and lower . physical constraints quite freqﬁently. Instead of reducing
the %utput deviations from the setpoint value, the gontrol]ers produced
an unstable conaitioh. ﬁcnee it was necéssafy to wmodify the MMSt |
cqntrollers in order to reduce the variations in the ﬁénipulated
variable and avoid excessiye corrective action for small deviations
of thé Coﬁcentration. This was done by lowering the value of gain,
K, by fifty percent or more, ofAfhe valué obtained for MMSE‘contrnller.
V(Thel”gain".is defined by the expressiﬁn in Table 4.35. The reduced
- (/ j"géiﬁ” values, K', are also pre;ented in Table 4.3. - These values.
were obtained” by reducing the "gain" in'successﬁve steps uptil .
adequate control, in absence of feed'disturbandea, was achieved.‘ Thus
for the modified stochastic controllers in TaBle 4.3, 3}1 Fhe paramcter
values other than theﬂ“gain” K, ha;e the same numerical, values as-
the original MMSE controller parameters.
The idegtified evaporator models have a root near Ehe‘uhit

circle (e.g. for run S$F-4 the roots are 1.018, 1.393). This means
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a change in thé manipulated variable has little immediate efrect on

the controlled Yariable (1, p; 4721: Therefore the MMSE controller

calls for excessive input manipulécions. . Tn cénditions such qg,this,

-modifying the controller is recommended (1, 11, 121. The constants in
t

the numerator polynomial w(B) have values of the order of 10—3 to

10-4 and these valueé change significantly/with changes 1in process

conditions. The 95 percent confidence limits on these parameters

_are very wide-(;.f. Appendix D). Theveffect is tﬁat the numerator of

the controller has barameters of the order df 103 ‘and the 'gain"

K is subject to large variations with wide 95 percent confidence limits.

Hence, in order to have a stable stochastic controller a reduction

e

in the value of ngainﬁ term wés attﬂ@gifd. . Vs .\\

4.3.3 Discugsion of the Results - : ‘

va

‘The performance of stochastic controllers obtained from

(_various identification runs was evaluated for two stochastic (first
4

K\ordernautoregressivé) disturbances and for an approximately 20 percent

\ z .
\\_// ’

step decrease im feed flow rate from 5.5 lb/min te é.5 1b/min.  The:
'various run coﬁditions and the standard deviations of feed flqw, steam
and product concentraﬂ&on are presented ;n Table 4.4 and Figs. 4.15'—
4.30.

‘During_the experimental control runs, periodic fluctuations
in the/building’yacuum Sprly wer; observgd. Iﬁ order to ensure.thaf
these fluctuations were external to the e&aporator apparatus, the
building vécuum supply was alsd’recofded in the Departﬁent'S'[ngtfument

Shop and is presented in Fig. 4.17. Approxihately everv T00 minutes

there was a sudden drop in the vacuum from -21.3 inch Hg to -20.3 inch,



[ LT PO Sy S DR S

C T et

o

L3

FIGURE 4.17

CHART RECORD OF BUILDIRG VACUUM SUPPLY PRESSURE.
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then thc‘vacuum slowly increased back tG -21.3 inch during the )
A _ ¢

next 100 minutes. 1In the evaporator system, the vacuum passes through
two vacuum damper tanks in series before reaching the separator. The
separator pressure'is éontrolled al a value of -18.75 inch Hg by
ménipulating a slip stream‘of air entering the separator. Even under
these conditions the sudden drop in vacuum supply caused a pressure
increase of approximately 0.25 - 0.50 inch Hg .in the separator. Since
the product concentration is very sensitivg o variations in gpcopd
. effect pressure, P2, these periodicg bressure increases caused SHQEP
decreases in the product concentration as well. as decreases in the'
separétor level.1 The’ vacuum behayiéur is shown in Fig. 4.17 and its
effecg on concentration is illustrated in Fig. 4.18 by‘presénting the
analog plots of prodﬁct concentration and P2. (The problem
with the bﬁilding éupply pressure was not présent during thé-identif{—
cation runs described in Chapter Three).v |

During the control runs these sudden decreases 'in concentri-
tion caused corresponding sudden increases in steum.flow rate. As a
result, oscillations in steam and concentration resulted and the
st@ndard deviafion of errors-increased. It was observed that tho
sfochastié controllers performed poorly whenever the concentration
suddenly deviated from setpoint val;e by more than %—percent glycol.
For smaller changes, small offsets resulted whereas for lérger
deviations, unstable‘behavidd; was observed. By contrast, the PI
controller provider 1tisfactq;y ééntrol (c.f. Figs. 4.23 and 4;27).

In éummary, the control would have been much better if the

A

vacuum had remained constant and the stochastic controllers did not.

r
i

oA
In Figs. 4.19 to 4.30 arrows indicate drop in vacuwn.

o
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prove very useful for handling these disturbances which tended o

resemble setpoint changes.

Table 4.4 shows that the error standard deviation for PI
R .
or stochastic control is 4 - 7 times lower than the values for open
loop (or no control). Compared to PI controllers, modified stochastic

‘controliers produced a 10 - 50 percent reduction in standard devintion'
for the same flow disturbances. The mean value of the product concentra-=
tion is almost the'éame as theisetpoint indicating no offset fér
stochastic disturbances. | |

"Although the standard deviation of‘prbduet concentration has
decréased when stochasticvconfro] is used the steam standard deviation
,has‘increased by approxlmately SO'perEent; witﬁfﬁhg exception of run
va—ZB.Q |

Runs £S-11 to ~FS-14" were carried out for 2 =20 percont
stepAdecrease in feed flow ratep The sténdard deviatidn was calculated
starting form the ﬁoint at. which st;p change was introduced. Here
also the standard deviations of the efrqrs are smalléf than those
obtained using PI contrel by 10 - 50 peréent,'in case of runs fS—lZ
and FS-13. Thé steam standard deviations‘weré nearly‘equal fér runs
fs?ll ‘and FS-13 ‘and were 25 percent more for run FS-12. Here the
deviations éf the mean from the éetpaint are more than for stochastic
distdrbances.
It can be seen from Figs. 4.18 to 4;20 that‘thé fgnal

VSteééy state values are different from the sé£point or the -initial
steady state Value. But the deviations did not generally begin frbﬁ
fhe timevwhén the step change in feed flow is intfo&uced asﬂthey were

caused by the sudden changes in vacuum.
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When the three controllers were designed, nolsc models

with one degree of differencing were used to provide integral action

K
in the controllers and remove offséts. But since the ocess model
has a root very near the unit circle (1.01) the effect of the (1 - B)

factor providing integral action is almost nullified and the result

is a controller without integral action.

4.3.4 Performance of Stochastic ControllerS”Baéed on Closed Loop

Identification

ihe MMSE controllers designed using closed loop'idéntjfication
 runs SF;ll to SF-14 aré presented in Table 4.5. an coﬁparison
with the controlle;s in Table Af3, these controllers have higher K
values.‘ Various runs were attempted using>the$e éontrol]ens and
shcceésively decreasing the value of K to ~19 but for all these
‘tuns, the sﬁochastic coﬁtrollers'failed ﬁo'maintain'the steady state
concentration even before the feed Jisturbances were inttoduced (i.e.
unsfabiewrésponses were obtained). A

The roots of the closed loop system in Fig. 2.4 when MMSE
controllers #4 -~ 6 were used, wefe studied. Withithe exception o§§MMSE
#4, when each of the two other MMSE controllers was considofedj the roots,
of the'glosed loob syétem‘were outside the unit circle indicating a Staﬁle
élosed-ldop sysfem. When MﬂSE.#a was qsed; it had a root (0.7033)
inside the unit cirﬁle indicating unstable behavioqr. -

Simulations carried out using the MMSE controllers in Table

4.5 produced oscillatory and unstable responses, both for constrained and

unconstrained manipulated-variables. The oscillations persisted even

after reducing K by fifty percent or more.
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TABLE 4.5

STOCHASTIC CONTROLLFRS DESTGNED FROM EXPERTMENTAL

CLOSED LOOP IDENTIFICATION RUNS

(Controller C{(B) = K CO(B))

No. | Run No. K ‘ CO(B)

—_———

1 - 1.920 B + 1.2698 BZ - 0.3541 B> + 0.0939 p”

4 SF-11 194.08 7 3 4
1 - 2.1952 B + 1.2391 B” - 0.2954°B" + 0.1243 B

—

1 - 1.658 B + 0.878 B2
1 - 1.7280 B + 0.745 BZ

5 SF-12 227.43

1 -1.176 B + 0.2714 B2 -~ 0.295 83 + 0.30748 BA

6 | SF-13 | 479.54} > =3
1 - 0.8679 B ~ 0.0902 B® ~ 0.1156 B~ + 0.0837 Bﬂ
v ’ . . I

2 3 - 41
1 - 2.580% B + 1.607 B” + 0.2336 B~ - (.2735 B |

1+ 6.0117 B - 0.4335 B2 - 4.5316 B° — 2.0466 B

i

7 | SF-15 | 205.71




4.4 Conclusions . .

From the.study of MMSF controller performance, it was

<

LS

.concluded that in simulation study the MMSE ollers, in all but

2t '
one case, handled: the problem of regulatory.géngrol hnder stochastic
and deterministic disturbances very well. Only MMSE controller #4
produced unstable responses It Qas also demonstrated that performance
comparable to PI controllers was obtained when setpoint changes werev
introduced. On the other hand, the controllers based on the
experimental identification runs ngeded some tuning before they cohldr
be sgcceséfully used. In spite of vacuum disturbances they
perfofmed, in most cases, better'thén-PI controllersp Sevefe vacuum -
disturbances led to different fingl value$ than the setpoint value.’
Because of small integral action; these seem like'an offset for short
runs. Observation of the responses indicates that the‘concentratibns
are slowly approaching the se£point value.

Eor systems with low'transfer function gains and large time
constants, tuning or modifying the MMSE controller may be required'to
¥ '

.

provide smaller input variations.
Althéugh the contréllers based on closed loop identifiéation
'performéd well in the simu}atioﬁ study,. they failed to‘ |
4produce stable responses in the éxberimentél study. This indicated less
feliéble process model identificatiop uﬁdgr closed ioop conditioﬁs froﬁ

the point of .ew of controller performance.

»

1y
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

The effectivenelss of theltime series mddel]ing technique
proposed by Box and Jenkins [ 1] ha$ been investigated using simulatecd
and experimental data for a pilot scale evaporator. The results
clearly demonstrate that this technique can be suéceSSfully emploved
to obtain simple, dynamic stochastic models for a higg order, inter-
acting process such as the double effect evaporator. Identification

using open loop and closed loop data, produced open loop process models

that are in good agreement and. exhibit similar trends. Comparable sum

u"‘

of squares\gf residuals and chi square statistics indicate that both
identification methods are equally efficient.

o A Transfer function models with model orders of . (2, 1, 1) S
proved adequate to model thé process under various‘tfpés of disturbances.
Autoregressivevpafameter estimates {éj} wére fairly inéensitivw to

process conditions and also to the choice of ndise model orders, whereas

the moving average parameters, hﬁ} wvere sensitive to changes in

process conditions and to the choice of noisé models. Different noise
models were required té model different disturbances.

MMSchqntrollers designed using these models produced stable
‘2sponses in the éimulatioﬁ study, except for one controller. However,
the experimental implémentation of MMSE controllers causeq large
édjustments in the inéut. Duevto physical cbnstrainté on the inpurt,

tuning the controller to reduce the input variance was necessary to

’ . -

achieve. stable responses. The éontrollers based on closed loop simula-

P

tion data performed well in simulationé, but controllers deéigned

I3
!
i
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using models 1dentified from closed loop experimental data were found
to be unstable even after large gain reduction.

All stoéhastic controllers exhibiting stable fesponses
producedvsmalier sum square of errors for both stochastic and determin-
istic disturbances than the well tuned PI controllers. However the
PI con%rollers_handled vacuum disturbances better.' In the simulation
study, MMSE control was successfully employed for setpoint changes-

This indicates the,robﬁstness'ofvthese stqchastic controllers.

It can be concluded that the time series modelling technique

" can be employed to obtain simple models for processes. Robust

stochastic controllers can be designed from these models, but in some

cases the cqntrollets produce highly oscillatory, unstable fgsponseSJ‘

\ - By comparing the error standard deviations using PI control,
(2 parameters) and MMSE control (0 afameters) in the experimehta]
study, the small improvement in con. does not seem to justify,

from point of view of industrial applications, the use of a larger

number (5 - 7) of parameters.

5.1 Recommendations for Future Work

.
)Y o

1. For the double effect evaporator application, by treating

feed flow as a measured disturbance, feedforward - feedbaék control
can be impleménted,

2. The single-input single-output éhalysis used in this

study can be exten®ad to multivariable systems, taking into account the

process interactions. .
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3. As some of the MMSE controllers broduced unstable or
highly oscillatory response, a gochnique to determine the stability
of thg closed loop system ma? he dPVCIOPGd.

4. A method of reducing the number of controller constants, -
without increasing the error variance significangly, needs to be
developed to achieve widér ;pplicabilityu

5. 1t was found for the application of MMSE controllers to
the evéporator that the input yariations required werc large. In
oFder to reduce :the input adjustments a controller that minimises the
quadratic cost‘quttion | ﬁ{ef+k ; \Xf} "may be designed using the

evaporator modelss

.
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NOMENCLATURE

(a) Alphabetic

a
B

b

. Bl

B2

o)

Cl
C2

CF

Hl

HF

e

01

02

Pl

White ndise

Backward  shift operator

Dead time as whole multiples of sampling interval

First effect bottoms flow, rate
Second effect bottoms flow rate
Output coeffiéient matrix

First effect cdncentration
Second effect cdnéentration
Feed céncentration

Dither signal

Degree of differencingi

.Disturbance vector

Expectationvoperator
Error

Feed £low rate

First effect An halpy
Feed enph;lpy

Gain

Gain matrix

Process noise

Overhead first effect ]

Overhead second effect'

. Order of autoregressive part of noise model

First effect pressure
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NOMENCLATURE (continued)

P2 Second effect pressure
Q Chi-square statistic for autocorrelation function
q Order of moving average/part of the noise model
fv Ordér of denominator ponnomial of the transfer
function model
rxy Croés correlation function between series
' Bt} and ’{Yt}
s Steam flow rate
S Chi-square statistic for cross correlation fupétidn
Th Temperature of first effect . |
T2 Temperature of second effect
TF Feed temperature ) &»
t Sampling instant N
u antrol vector
Impulse weight polynomial
wl -First etfect holdup
W2 Second effect holdup
X Input yariable
X St te vgctor
Y Output variable i
y Outpgt vecﬁor -
(b) Greek ‘
a. Prewhitenéa ipput'

N
&S

Transformed output’
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NOMENCLATURE (continued)

@

I

(@)

i

aa

Chifsquare statistic

Polynomial

Autoregressive polynomial in noise modeT
Partial autocorrelag}dh’ |
Autocorreiation function

Polynomial

Meaﬁ value

Polynomial . ' .

' Correlation function

Summation operator
Standard deviation

Polynomial

_Mdvihg average polynomial im noise model

Disturbance coefficient matrix

Subscripts

vith element

tth'sampling instant

* Pertaining to variable x, (i.e. o, - standard deviation

of x)

Steady étate

Vector

Mgtrix : !

Between series "ht} and ’;ht}
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NOMENCLATURE (continued)

(d) Superscripts

-1

Matrix inverse

Edtimated vaiue

"Normalized value

Matrix transpose |

(e) Abbreviations

_a.c;f.
c.c.t.
cC
CR
C.T.

'FC
FR
KI
KP
LC
LR 
MMSE
PI

p.a.c.f.

Auto correlation funétion

-Cross correlation fY¥nction

Concentration controller
Concéntration>recorder
Cénfidence iﬁterval
ﬁlow'controllér

Flow recorder

-Integral constant

Proportional constant
Level controller
Level recorder

Minimum mean square error

" Proportional plus integral

Partial auto correlation function

I~
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APPENDIX A

THE EVAPORATOR MODEL ’ . .

The fifth-order discrete state-space evaborator model

calculated by Wilson [20] is represented as:

x(t + 1) = ¢ x(t) + 4 u(r) + 6 d(c) ' (A1)

-

) = C x(t) ’ . ‘ (A.2)

The elémeﬁfs of tnae vectors x, u, d, y are defined
’ ' '

és normalized perturbation variables, e.g.
Wl - Wl
Ss

wl

x =
L1
SS

Where WISS is the normal steady state value of Wl. The vectors

X, u,~d and y arc defined as follows:

. ,
State Vector, x Normal Steady State Value:

x = [Wl, cl, Hl, W2, 2]

Wl First - - -~ct noldup - | ’ 45.5 1b

Cl First ef’ 't coﬁcentration : | 4.59% glycol
HI First effect enthalpy. ' © 189.2 BTU/1b
W2 Second effect holdup , | | 41.5 1b

C2 Second effect concentration lO.IlZ glycol

>
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Control Vector, u - ®

u =s, Bl, B2]

S Steam flew
Bl First effect bottoms flow

B2 Second effect bottoms flow

Disturbance Vector, d

4% = [F, CF, HF)

F Feed Flow
CF Feed concentration

HF Feed enthalpy -

Output Vector, y

yo o= [Wl, w2, c2]

149

2.0 1b /min
3.485 1b [mip

1.581 1b /min

14

5.0 b /min

3.27 plycol

56.9 BTU/1b

The coefficient matrices of the discrete~time’model, with

~a 64 second time base, are shown in Table A.L;
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APPENDIX B N
CAL};ULATION OF OPEN LOOP PROCESS MODEL FROM A

-~

MODEL IDENTIFIED UNDER'CLOSED LOOP CONDITTONS

!

Figure 2.3 and eqn. (2.23) indicate that the closed loop model relat-

}}i.rlg dither signal Dt and ‘output, Yt is the jdentified model:

Y o= G(B) D+ H(B) a_ (8, 1)
1
where
- v(B)
0y o v(B) ' '
and B
C(B) = controller transfer function.
V(B) = open loop process transfer function model .
¢(B) = open loop noise model. ’
G(B) ‘= c‘los;ed loop process transfer function model.
. “H(B) = noise mddellobtainsd.under closed loop.; .
' ) R Y S o
"‘conditions. -
- ~-_§‘ - -
P, i e B i - . o .

23 1+ C(B) G(B)

149 .. - ]
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®
For closed loop experiment run # S¥F-13 in Table 3.19
(1.08 + 0.378 B) x 107> B ,
G(B) =~ : X — . (B.5Y
1 - 1.697 B+ 0.755 B :
The proportional controller g&in used during‘closed loop operation
™ was K = -2.5. Then substituting eqns. (B.5) and (B.6) into (B.A)
. . oy 7/
- o A :
i : ' ’ y
gives ﬁﬁ o ”-‘ﬁ' ‘
: / é;l 4 4 -
3 . “ e D !
(1.08 + 0.378.3) B x 10> ‘
V(B) = 5 > , (B.F)
1 - 1.70 B¥¥0.754 3 R
N S N
ang N
5o
5. o e
. ) A S o \»
1 - V(B) C(B) = | . e e
1 - 1.700 B + 0,756 B*% 2.5. (1.0 B + 0.378 BY) x 107> 5.7

y 1 - 1.703 B + 0.754 B )

.Since the numerator and denominator of (1 - V(B) C(B))

o L . Ty
are almost identical,

1 - V(B) C(B) = I ~ (B.8)
hence
e : -
' (B) = H(B) = - : o ‘
VB = H(B) ="(1"70.4821 B - 0.2106 %) (1 - B) 5
' : , S
(B.9)
The complete, open loop process model is: o
’ . ‘ ] '; xi; h‘,'a_'
X . . ) : ‘ . ’ . R ) o



(. + - -3 ’ .
y = 108‘()3788))(10 X + !

L~ 1.799 B + 0.754 B> 7!

(1 - 0.4821 B - 0.2106 B (1-B)

(B.10)
L
(5
. . for]
L) i
a4
o
/
L
S,
. : %
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APPENDIX C
' MMSE CONTROLLER DESIGN

The process model identified for simulation run SSF-1

L
P

' ﬁs;%&@sentgd in Tablé 3.4. Using the procedure outlined in 2.3 o .
o, ""i;\ .

ﬁﬁi&&eiﬁum mean sqﬁare error feedback controller is designed as follows.
e - "The process model has ,orders.- (2, 1, 1) for the transfer

function part apngorders (1, 1, 1) for the noise model.

eyl

S "'Lft;> _ 'i v . | |
¥, 0.UL363 + 0.009609 B — X N .
(1 = ¥751 B + 0.5151 B%)
and
N & >
: i
4 . (1-0.1808 B) - . |
7 NQ (I~ 0.8704 B) (1 - B) a, (C.2)
4

Therefore R

Neyp = a g+ 1.6896 - 0.8704 B — & .3
- - (1 - 1.8704 B + 0.8704 B)
jhence
n(s) = 1.6896 - 0.87o§,B - , .o
(1 - 1.8704 B + 0.8704 BY)
and - o
rd
- i v ‘\\ a
- ‘j). N S

( A(B) =1 . o (es)

A
S’
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‘

Using éqn. (2.30) the MMSE controller obtained ‘is then,

_~8(B) n(B)
CB) = 5B ()

_-( -1.51 B+ 0.5151 Bz) (1.6896 - 0.8704 B)
(0.01363 + 0.009609 B) (1 - 1.8704 + 0.8704 82)

_ -123.96 (1 - 2.025 B+1.2930 B> - 0.2654 B°)

(1 - 1.165/ B - 0.4482 B> + 0.6136 B)

He  »¢: L L_ v | | (C.6)

g )
The control law for this controller 1is,

-

. ‘ ‘ ' ,A » ‘ (=Y -
= - . 2 3 2 N
X 123.96 (e, - 2.025 e | + 1.293 e, - 072654 ¢ )

t+ t-1 t-2
Q2
‘ . + 0.4 2 - 0. : ‘)
+ (11656 X | + 0.4082X _, = 0.6136 X _y)
.7
)
& .

o — - L

|7 . o
E fome .

}'\A \ﬁ"-

oy ’ Ch
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b
' ‘ o
, '
f: \
~
' APPENDIX D -
N .
RESULTS FROM PARAMETER ESTIMATION
1 4
~ N D
Model @ 85 W w ’ 6 S na<
1 : 0 1 3} ¢2 1 ca 3y 8%
RUN SS-4
(211 1.53° -0.5787 -0.00%27 -0.034619 -- = 15,84 -- 5.00
2 : *k
(000 { 1,557 -0¢.5491 0.02004 -0.01032 - —-——
. 4521 ~0,4083 -0,03059 - 0,06206 .-~ - - kK
(211 1.689 -0.7587 0.,007460 —O.?O4J1 0,914 - N,2071 8.67 47.45 J.a2
(101 1.777 0,6777 . 0,0317% o.01°a2 1.0110 —— 0. 3525
1,599 -0.8372 -0.01248 -0,02440 [B gf’4 -——— n.0618
211 1.600 -0.4097 N.01401 -0,0001 -0.7493 -0.1045 -0.,%712 B.44 485.16 1.65
¢ .- ’
« 2 0 1) 1.4600 *0-6077, 0.02694 0.00447 -0.4999 =-0,0226 ~0.43490
: 1.599 -0.6117" (. 0029 -0.20700 -0.8390 -0.1863 -0.7083
RUN §§-3%,
€21 1) 1,588 -0,5589 0.01330 -0.01540 -0.053%5 - 0.5298 -0.5352 99 _ 20,66 0.41
€201 1,548 -0.5569  6.02230 -0.00317 0.0200 '0.6205 4282
1.547 0.5410 C.30170  --0.C2010 G.1271 04370 =-0.06422 .
+
RUN §5-6
U
« 21 1) 1,820 -~-0.4377 0.01481 -0.,004469 "0.3173 - 0.1748 -0.4738 11,25 34.}ﬂ 1.38
. , , .
(201 1.820 06342 0.074p7 0,00387 Q..2748 2891 -0.,3489 1
. 628 0.6392 0.00476 —O 01/37 -04734607 0.0605 Q.5987 "
X
4* 1 Process transfer function model orders, ( r, "s, b ).
2 Noise model orders, ( p, d, q ) ’
%k

95 percent confidence limits for the paréhete; estimates.
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RUN S$SF-~1 - x 10
(21 1) 14510 =0.5140  0.01370- ~0.03942 0,9048  --- —— 28.99 26.41 1,'%
€110 1500 =~0.5088 0,01419 <~0.00896  0.9506  =--~ -—--
1,510 -0.5192 -0.01322 -0.009880 0.8%84  --- -
(211 1.810 =-0.5151 0.01363 ~0.00961 0.8708  ~-- ~0,1008 28,77 23.%3 1.32
(111 1510 -0.5100 0.01412 -0,00914 0.9299 =--- -0.,5912
1,509 -0.5202 0,0131% -0,01008 0.8109 ~~= ~0.2028%
RUN SSF-2
(211 1,510 -0.5147 0,01347 -0,00940 0,9634 -~~~ -—- 31.6% 03,63 1.7
) p
€110 1310 -0.5097 0.01429 -3.00g79 0.,998%  --= -
1,510 -0,5198 0.01306 =-0.01000 0.¢9322 =---— - .
' ;\I£' — ——
(21 1) 1.809 -0.5141 0,01350 =-0.00918  0.9431 - ~0.4759 20,87 30,08 1.8
C 11 1510 <0.5085  0.01404 -0,00824 0,9A37  ~--- ~0.3742
18509 =-0.5198 0.01294 <~0,01032 0.9028  =~-= ~0.5778
RUN SSF-3 X N
(211 1,509 <-0.5146  0.01371 =-0.00980 0,989 === - 24.00 179,14 2.87
)
(110 1.509 =0.5078 0.01423 =0.00928 1,000 =—=~- -——-
1.509 =-0.5715  0.01790 +-C.01037  0,957% ~-= -
€211 1.448 -0,a721 0.,01283 =C.00992 1.6490. -0,6859  ——— 22.97 2%2.77 1.58
€210 1,862 =0,4480  0.01315 =-0.,00953 1,7300 ~0.5995, ===
- : 14420 -0,4962  0.01250 -0,01032 1.,5630 =-0.7723  ---

- ( S ‘ — —_—
(211 1509 ~045130 0.01361 -0,01014 0.9697 ~=~ -0.5966 26427 5057  1.09
(111 1.509 ~0.5026  0.01403 -0,00071  1,0010 =—--~ -0.5049

1.809 ~0.5204  0.01319 -0.01057 0.9388 ~-- ~0.5683
— e e
(211 1,440 -0.2649  0.,01289 -0.00996 144960 ~0.8360 -0.2681 P1.79 0 22.85  1.5%-
211 1456 =-0,4423 . 0,01323 -0,009%8 “1,6400 -0.2632 ~0.1098 .
1,424 -0.48/6  0.01255 -0.10350 1.3520 -0.6788 ~0.4265
Tt S
RUN"SSF -4
ok . . . T -
211 1.5094§§p.5011 01439 -0.01050 0.9865 —-= - 21,89 203,11 %.09
110 14509 =0.4838  0.01%78 ~0,00976 1.0090  mw= -
1509 =045183  0.0:321  =-0,01140 049639 === -—-
€72 11 ) "1.366 <~0.4649  0,01215 =0.00987 1.6570 .<0.6958 - 26479 25,27 2.99
€210 1,438  =0.3919  0,01311 -0.00879  1,7390 -C.613% ~-=
: 1¢296 -0.5200  0,01119 -0.01094  1,37¢0 - -0.7772 -vw=
. . >
(211 12365 =004527 0401239 =0.01000 1e5360 =~0,5789 -0.2270 25499 20.97 2.90
C21 1) 1,438 <0.3750  0.01737 ~0.00895 16680 ~C.4%09 <=C.0740
10291 =0.5304  0.01142 =0,01105 1+8100 ~04380]

-0. 7070
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RUN 3SF-11
{21 1) t.003 J*O-lAUY 0,01389 -C.011/.6 0.0n5%0 .- -0.5114 11.19 aC,.13 2.94
C1Lr 1edn7 0.38nA 0.,01%01 -0.00%%3 Qa?174A kel -0.,4093 !
1.349 =~-0.%08% C.0127¢ =d.01¢59 0.0792 - -23213!
€21 1) @.393 -9,43%3 0.01412 -0.01148 0.9104 ——— —-—- 0,00 110,41 4.0
t 11 0} ’1.646 ~0.3774 0.01544 =0.00900 0.957% -_——— -——
1.540 -0.00932 C.01230 -%.9131¢ 0.083633 .- .- .
«(211) 1.27% ‘6-4372 0,011312 -0.,01115% 1,2410 =-0.4013%8 ~0.2578 1¢.00 21.68 2.7
t 21 1) 1.439 -0.3454 0,01420 =-0,0C7287 1.4180 ~0.2314 ~0.073%
“1.311 ~0.%2089 0.01205 ~0.01242 1.0620 ~N.5714 ~0.0421
e e . . —_— \ .

RUN SSF-12 «

21t 1.411 ~-0.4681 0.01340 -0.01048 1.8390 ~0.8%5%50 --- 26,87 40,47 1,44
( 200 )  1.343 -0.4308 0,01794 -0,00945% .1.9000 -0.T7687 -~

14378 ~0.5053 0,31235 -0.01151 1.7780 =-0.7154 - .
211 1.442 -0.,4964 0.Q1756 -0.00969 0.775%8 -—- -0s2937 24,96 23.94 1.38
(11 1 ). 1,475 <~0.4600. ©¢.01434 -0.00874 0.8510 --~= . =0.16%3

1.407 -~0.5529 0.01278 =-0.0106%  0.6901 -—- ~0e4182

______ - N - %

« 21 1.46¢  -0.52076 7.01765 -0.0C954: 1.C470 -3.2242 .- . 26402 23
(210 1.481 -0.4628 ¢.01439 -0,008%77 141570 =-0.1123 -

1.411 ~-0.5388 0.01292 -0.01050 0.93€3 0.3342 -——
RUN SSF-13 ’ . , T,

e et e s e e e n —— e e ———— e e JEp— . R, -
(.21 1) 1.423° ~0.4735% 5.0138% . -0.01084 9.9266 - - Q.92 123,60 1.08
110 1.443 +~0.4%21 0.01820 =-0.01024 0.9702 -~ -—-

1.404 ~0.8946 C.n1339 '-0.0134a 0.3329 - ——-
€t 21 1)) 1.427 -0.4790 0.01376 =~0.10710 0.8756 -~— ~0.8673 10.96 39,03 (.80
11 1)) 1.A47 ~0445372 0.01415 -0.01024 0.9239 === —0.3949 ) e
1.407 -~0.%00% 0.01337 -0.01118  0.8172 --- —0.5997 ) o
21 1) 1448 =0,49%4 0.013%51 =~0.01060 1.818C -0.83%2 ~—- 14.43 27.53 (.76
T (210 1.4359 -0.47273 0.01386 ~0400995 1.5080. ~0+4548 -——
R ¢ 1,416 =-0.518% 0.0131%5 ~0.A0850 1.2190 =0.4825 -——
( 2,1 1) 1.415 =-0,8717 0.01352 -0,01067 1.3110 =0.32475 =0.1911 1€6.1¢ 22,83 0.76

€ 21 11  1.43% -0.4467 0.01388 =-0.01023 1.0870 <-0.2739  0,000%
1.393 -0.4966  0.01715 -0.01112 - 1.1360 -0.6162 =-0.3828
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6 § w w ¢ 9 s Q. Ta ?
I T 2 a__'
RUN S5W -1y
211 1,432 ~0.4870  0.013%4 -0.01274 0,798  -=- ~0.260% 24,50 19,76 1.35
111 1,456 -0.4608  0.,01407 - =0.01007 0,880  --- ~Ca1 248
L 14408 -0.517%4 0401304 -0,01140  0.710C0 - -0.38853
________ S . s i S = T o e T T — 3 —— _______"_....__...____-__..—..-...._-.._
2171 1.447 -0,5004  0.01357 - -0.01038 0.006A -~=- .- 22.87 31.91 t,s0
110 1490 -0.47¢4  0.014C9 -0.0C964 0.9319  --- ~-- n
. . 1.425 -0.5243 " 0,01305 -0.91103 0,809 - ——
- RUN SSF-18 ,
et e — e ——— ——— [
\ 2139 16412 ~0,4624 ' 0.0137%5 -0.01097 0.8716 =-0.0 -0.502% 11.89 41.44 1,40
» . .
- t1 1) 10438 -0.4332  0.01427 =0,01034 0.9317 == -0.4002
1,388 ~0.4918  0,01323 =-2,01199 0.61186  ~== -~0.6048
211 1,402 -0,4602 0.C1329 ~0.01082 1.2190 =0.3718 -0.287} 1736 28476 1.42
211 1,432 -0.4260 0.01380 -0.01022 143970 -0.1997 -0.1092
10372 -0.4940 0,01280 -0.01143  1,0420 =0.5435 -0.4649
RUN SSF-16
€211 14423 -0.4728  0.01378 -0,01065 0.7650 --- ~0e2322 14,94 19,69 0.74
(111 12442 -0.4550 0.01416 -0.01018  0.,85%% --- -c.1018
1:404 -0.4966 0,01340 -0.01112 0.676% . -~-— ~0.3626
.2 1 1) 1.424 -0.4811 0.01327 -0.01066 o.o7e7&.x%o == 18,82 27.53 001
Y (210 1.448 -0.4592 0.01374 -0,01017 10930 -0,0795 -———
A 1.404 -0.5030 0eC1301 -0,01116 0.8600 -040312 -—-
RUN SSF-17 o )
. 021 1) 1.425 -0,a751 0.01382 -0.01071 0.85%2  ~=- -0,4908 10,37 1¢d.62 0.77
' Ct 1t 1,447  =0,4522  0.01420 -0.,0L027. .0.5174 " -0.38T3 -
‘10404 -0.4980 0,01343 JR.GI114° 0,7929 === -0.5942
£ ——-— —— -
(211 14423 -0,4820 0.01340 -~0.01047 1,4080 =-0.5%70 ~—— 1£425 25401 0,78
(210 1.447 -0.4571 Ce01375 =~0.0100% 1.5050 -0.4600 -—-
1404 -0,5028 0.01208 =0.01088 1.3110 =-0.6540 —==
21 1 14423 -0.4767 . D.01350 -0,01045  1,2646 -034074 -0.2125 14,03 20,94 0.7S
211 1844  -0.4526. 0.01386 =0.01013 1,4310 =0.,2716 -0.0190
: 1:297 -0.5039 . 0,01213 -0.01095 1.,0620 =-0.5832 ~-0.406" -~
vﬂ




160

‘v
: PN Y .
U Y~ i o L2
Model 81 Spfak wo w1 o ¢ 0, a
e e e e e e+ e e e et et e e e e e~ — e o o e o e m  emn vem ea [0 % SN : W, t.
X 2 X 4 :"\
RUN S=1 10 10 10
(211 14700 =0.7030  0.57C1  1.6126 ~== - - 17.05 === 17.28
€000 14700 =-0.7000 1.8024 1,256  ~== -
14709 =0.70K0 ~n,6646 -1.,03717° ~== --c
€ 2171 ) | 1,700 -0.7027 0.9396 -0.,4860 0.0840 0.1010  ~-= 17,22 .19 0.43
(200 1,700 =0,6970 1,151  C.%3r1  0.,081 042110 ==
T 1.700 -0.7088 .77 ~4.QQ%  5.777'8 -0.0082 _ -~-
211 14700 =0.704%  0.80€4 =1,2600 =-0.1177 -0.1230 --- 18.04 32.61 0.48
% I ’ ’ N
210 1700 -0.6985  1.0R18  1.fA72 -p PDFL -0.0287  -—- . -
14700 =04710Z  NuaS5AA -8.0720 005710 =0.2374  =—=
- TS e me s - - R T T T e s - - ST TTTTTTTT '.—' """"""""" ""—“."
t211 1,700 -0.7030 0.9990 0.2484 1.0130 =-0,24£0 . 0,1340 16,88 37261 0.43
(201 1.760  =0.A970  1.2677  2.RMAR0 1,400 0.8317 0.4084
1,760 =0.7005  0.7306 -2.5%P0  0.5357 =0.4808 -0,3380
21t 1,700 -0.7¢26  ©.9372 -0.%800 -0,1072 === - 17.62 139,60 0.473
.
(110 1.700 ~0.£99E 121306  0,8824  0.0023  -=- ---
10700 =0,7083  0.72/7 ~1.5620 042168 === _  --u
RUN S-2
€211 1.709 =N,704) 0748738 ~1e2%468 &.PAOK 0.0970 -—= 28,59 11,92 0,73
(200 14700 -047013 © 0,%572 046300 0.9824 =0.2005 -== {
1.700 - ~0,7010  0.741& =3.3192 0.7768 =-0.0059  =-=~=
t 211 1,700 ~0.7C38  0.7740 =-1,13404 ~C.0968 ==~ - 264,69 T11,76 ©.13
(110 1.700 =047C1%  0.977)  0.7866 0.0054 . == _— - .
1,750 =-0.70€4, 0.57C6 =-3.,058¢ 0,1997  ~an - N
AUN $-3 .
.
e e e e = e e e i e e _—— ———— ———
211 14692 =0.7180  0.6€42  C.8946  1.7310 -0.3950 === 20.69 6&.54 0419 "
€ 200 ) 10703 -Ga7000 048175 _ 2,80CR  1.4RE0 -0,7032  -=-
TeERZ  -0.7750  0.4%10 -0.8023  1.0020. -0.4WSE ---
. eI e - 7’ | e
C211) 14699 “0.7100  0.6975  0.SR3&  1.7180 -0.9217 0,730 12,99 1%.8% 0.18
t'2 01 10099 =0.60GC © 0.3305 149692  1.9740 =0.8678 ° 0.8418
1,699 -047212 045528 ~0,8023  1.£2230 =-0.9756  0.620S
' oA
C21 1) 1,682 -0.712% 0,£653 049515 0.4267  ==n —— 19.50 77.82 0419 g
tt 10 10703 =0.6832  0.810"  £.4¢30  0e%279 == ——
1,63 =0.7838 Oyt 10H 1=04592 041991  =—a- --- .
. - e
- . ;
o N
I A
- . J



On

‘\
)
. 161 h
! \,
v N
.
o <
- 5 . 5
] §s Wy Wy ¢ b G S LA
aa
——————— " oy T o o - - ——— ——— s - —— - —— 1= ———— e e ——— v mt = At e = = !
RUN S-4 2 3
x10” x10 x10
211 1.700 -0.7661 0«hn327 -2.9394 0.79%1 0.1974 e 20.89--21.34 1.03
t2 00 1.700 =0.7022 . 09196 -0.11239 G.9010 0.2031 bt
1700 -0.7098 02278 ~B.BNO2 0.E8B%¢ ND.R9LH --—
211 1,700 ~0470¢8 Qo112 =3.2490 ~0.1924 - —-- ) 20,57 20432 1.CA
¢t1 10 1.700 -0.7028 7.9090 0432816 -0.085%59 - .-
1.700 0.7101 C.3132 ~6.1%78 -0.2989 - . .- ..
- e — - et e
RUN SF-1
t21 1) 1700 =-0,7060 0.034¢ 9,8002 0.2738 - - 21.48 25.21 0.81
(3100 1.700 =0.70F3  2.7859 -~2.0898 0.9361 -— N
1700 ~0,708T7 -N.C9CB -17,6724 0.8118 - ,
211 1.700 -0.7041 -1.1848 242150 =-0.2210 - - 14,80 23.90 0.79
— »
Ct 10 1.700 -2, wE¢ 1.p4¢8 p.2278 -0.11 21 —r—— - . :
14700 =-247097 0.5227 =«2.7944 =0,23298 - ~-- 8 v
SO A IO . S .
{2 1) 16700 ~0.7C94 =~0.7429 -23.5980 0.7é82, ——— .- 40.€69 31,81 2412
(100 1.70¢ =-0.7C68 J.188% =-1.5118 0.811% - rfaing
1.70C =-d.712C “1+8T7AC ~=124,076C T0,2449 -— B aind hg
" - - e e e e e e e e e s s s e v e e im0 e i o o
(211 ) 14809 <~0.911¢& =0.1693 =~4.£890 0.,8060 0.1577  -=- 3¢% 93 22.68 2.29
t 200 1837 -~0.885¢& .0.452%5 1-5102 D.€180 0.2688 - 5
' 1.781 + ~0.,937¢ -0.7911 =-10.6720 0.6541 0v0a8? f—- : .
211 1.699 =0.7088 -0.917¢ ~2%,3800 0.7578 - 0.05723 a3.a7 “28.11 2.10 ' _
{1017 14€99 De70%% =0.0071 -1741324 0.8L40 - 0-2135
1,699 -0.7112 ~1.8288 -33.,66C0 046510 - -0.0989
(2111t 1.804 -C.91%) 041624 =4,0626 . 0.1582 —-—— 0.338a 41e15 22423 2.23
(111} 1.837 -0.5ga4 Q.a2¢2 1.8108 0.7473 - 0.5021 .
1.771 ~0+90549 -0.7510 ~9.9360 -0.4309 - -0.2252
el - —_— —— e e, e et e o e e e
RUN SF=3 .
{21 1) 1700 =~0.7050 0.973222 -2.0860 -0.2263 T - 1599 73.75° 0.1
(110} 1.700 -0,7032% 1.1211! 0.6]37 " -0.142¢ - - .
14700 =-0.7064 0.T335 ~4.1904  -0.2100 === === .
«t211) 1.700 =0,7085% 0;5985 -2.9222 0.994S8 - -0.0699 t2.29 31¢.80 0.18 -
t1 01 1700 <0.705S Ce182 03627 1.012¢C ——- 0.0aa0
1730 =047116 0.2788 ~€.2082 [ - -0.1840
(2211 14700 -0-7945 0.9%78 -11.599 ~042380 - ~0.0142 14,1¢ A%, 17 C.l1
C1 1) 14700 ~0.7030 121761 D.%0SA  -0.0940 ===  .0.1777°
1.700 =-0.,7060 0.7393 =3.9060 " =0.3757 - - =0,2062 . L Le -
, i -
£ - _‘ .
o Y
L ‘
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RUN SF-4 x10™ x10 : S x10
—— e e e et e e e e m mam e o s g e = . e
€ 2 11 ) 1,700 -0.70€3  0.,6886 -£.6320 0.90%a -0.0110 --- Q.M 80015 Cer?
¢ 2'0 0 ) 1.700 =0,76a9 1,0395 -2.0106 1.014C  0.081% ===+
1.700 ;0.7977 Qe2714 -Q0.e%34 Qe7737€ ~-0,1038
(211 L.700 ~0.7C50  0,9572 -1.619¢  0.5566 === 0.6837 2%.44 17,77 0.23
(11 1.700 ,=-0.7028 123166 1.0927A - 2,5237  -== 0.7747 ;
1,700 -0.7071 A 2 V2 SRR L 0.5271
(211 1.700 =0.T708%  1.0525 =-2.65%0 0.8267 - === -0.0867 15,66 118.11 0479
(101 L .700 -0.7053  1.881A . 1.7604  0.8529 ° === ‘v 0.0313
1.700 -0.707%  0.6233° =7,0704  0.7984  --= ~0.2048
AUN SF-a (1)
) 1.732 =0.7373 0.5058 ~=-3.0132 === - -—- 22,68 ---~  4.01
) 1,723 ~0.73%) 2.2140 14,0508 --- -— ---
1,732 =0.7395 ~-1.2031 -20.0700 =--- - ---
- o e e == IR
sP-4(2) i i
21 1) 1.902 -=0.9077 =2.1150 =-25.,7220  -== .- - 85.77 ~==— 2.91
il .. B
o .
«t 000 1,902 ~-0,9086 ~..3¥48 -18,7020 —-—— - ---
1.602 -G.906b =2.7936 =32.7620 --= -—- .-
SE-4(3) . ]
- ‘ — e e
211 1731 =0.7379 0.5195 =5.7294 -~~~ - - 17,31 =-=-- 1337
000 1,732 ~0.7366 1.11C6  0.6428  --= - -
1731 ~0.7391 =-0.0718 ~12,1032 ==~ -—- ---
- -——— - - ——————
SF—4(4) .
t 211 1e726 -0.7334  0.9122 =4,6494 ==~ —— [ 64,33  ~-= 0,31
t o000 ). 1,726 =-0.7324 1.3484  ~0,5485 --- - ---
1.726 -0.7343 0.47%59 -8,7552 -=- —— -
SF=4(5) i~ . - -
.
t 211 Le7T33 -0,T740€  C.aS25 -~a.,3102 —--- -—- -—— 46.30 —e= 12459
{000 ) 1,733 -0.7384  1.8990 10,5210 --- -—— .-
1.733 -0.7431 =0.9940 -16.1520 --- - -
e o oo e e e o e e T i e —— b S,
SF-4(6) .
2113 T 1.728 -0.7317  0.5231 ~-T7.284¢  -=- -— —— 55,64 —ee= ' B.96
(000} 1e724 -0.720% 147320 S.2704  --- —— ---
: §4724 -0.7333 -0.8858 -19.83¢C  ~=- .-~ .-
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§ 8- wy oW $ b v S Ia?
1 0 1 ! 2 1 aa t

' . x10° x10 ' x10

SP-at7)
211 ) 1.734 -0,7408 0,567 -5.4342 - - - 13.20 - 1,61
000 1,723 -D,7400 049886 -0.93%6 - --- s ‘
. 1.738 -0,7431% 0:1478 -9.9288 .- ---
SF-a(0)
c . -
211 1727 -0.72136 0.€878 ~6.235¢ - ——— -—— 422,12 - 1.02
7 .
(000 1.727 ~0.7731 1413370 . -t.711a - —— - -
1.727 ~0.7742 Ne235 10,9386 -——— - -—-
SF ~a(0)
211 ) 1.700  -0.70%9 144945 31.9762 EE --- - 27.51 -—- 6.72
(000 1.700 -C.70a8 243006 12.209e .- .- -
1.700 +0.7070 0.6881 ~&.23570 --- -—— .-
RUN SF -5 s
11 1.861 =0.6672 1.2245 0.5742 ' «0.8159 20,84 3€6.%4 2,26
1 1) 14863 -0.8631 2.1942°  1.%714 -0.7711 -—- ~0.7287
1.863 -0.B8T14 042540 -0.4248 -0.8921 -— -0.9031
1t 1.510 0.51823 0.3349 -~1.5048 -0,2399 -0.2010 -—=0 1€.31 33.76 2.08
170 1.511  -0.S114 1.2214 -0.5400 -0.1415 =0.1079 ---
1.809 -0.%252 =-0.6%27 -2.4650 =~0.3382  =~0.2921 - .

—— - SO, - -
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