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o . pABSTRACT-~
by . | / ‘ .

Tﬁ%_contro]]ed behavior of a fully instrumented

I3

: . - : a . o/
eight trav, nine jinch diameter _glass disti11ation co]umn,

separat1ng é“m1xture of methano] and water, has been
studied using feedback, feedforward agﬁ comb1ned feed—
’forward—feedback'control. Single point overhead product
composition control was implemented. by man;pu1at10n‘of®
the reflux flow rate compensating for: distdrbances in the
feed f]ow*rate The dynam1cs of the co1umn, determ1ned
us1ng the‘pulse test1ng techn1ques, were successfu11y
represented by f1rst order p]us time de]ay mode]s, wh11e ff}

~

the process gains were determined us1ng the trans1ent

i3

response testing procedure Due to the non11near process,,ff

- responses exh1b1ted by the column, two process mode]s_
x~were deéerm1ned one for 1ncreas1ng and the other for,

decreas1ng overhead product compos1t1on responses.

+ C
i

The feedforward operat}ng character1st1cs, measured

exper1menta]1y, were found to be. 11near, resu1t1ng in a -
X ,

,constant feedforward ga%n over the range of feed flow
rates stud1ed The feedforward gain wa;\gubsequentTy

found to exhibit a s11ght funct1ona1 re]at1onsh1p w1th

A
the -feed f]ow rate dur1ng the on- 11ne eva]uat1on of the

feedforward controllers. el ",ffly”f“ % L

iv



Ca]cu]atﬁon of the. frequency response of - the feed-"

forward contro]]er us1ng the frequency responses “deter-
- .

m1ned from ‘the: opéﬁ 1oop pulse tests showed- that the K

process responses cou]d be cﬁéracter1zed by s1mp1e trans-.

v

~fer funct1on mdde1s However, ‘the feedforward controller.

, frequency response values ca]culated from the s1mp1e mode1s

used to predict the transaﬁnt response did not agree with

_——

,those calcu1ated directly from the pu]se tests.

Ga1n, gain plus time de]ay and ga1n p1us time 1ag

feedforward contro]]ers, ga1n and ga1n plus t1me lag

. feedforward contro]]ers with feedback trim were 1mp1emented

us1ng an- IBM-1800 d1g1ta1 computer The effect1veness of
thesé contro] schemes was compared to that obta1ned us1ng
a convent1ona1 feedbac. contro]ler for feed f1ow rate dis-
turbances ~ Both in.reases ‘and decreases away from and
return1ng to a reference steady state- were emp]oyed

pe
_{ )

~The resu]ts indicate that .
o {a) ga1n feedforward contro] is not as effect1ve ;i‘
as feedback control | _ Af
(b) .dynamic feedforward COntro1 in the forh’of A
| e1ther a t1me delay or first order t1me 1a%j?y
resu]ts in an 1mproved control- behav1or

'compared w1th that obta1ned us1ng on1y:‘

jfeedback contro] : '_ co

v



the addition of feedback trim to a feed- .
. forward éontro]]er, besides =liminating
.. offsets in the controlled response due to

errors in the gain determination or- im-

measurable disturbances, also improvéd the .
effecfiveness of the combined control |
scheme over that obtained using oh]y the

same feéﬁ?or@ard'control]er.

o vi
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CHAPTER 1.
- ' INTRODUCTION
D1st1:]at1on co]umns are one‘of petrochem1ca1
1ndustry s most vgrsat11e and 1mportant unit operations.
There are relat1ve1y_few processes ava1]ab1e which do not.
involve at‘]egst one distiTlation co1umnvt For a large . -
number of these processes the d1st1]1at1on'co1umn is at’
the\heart of the process, where the ab111ty to ma1nta1n-
c]osemcontrol over the d1st11]at1onp\olumn ref1ects the
\ab111ty to ma1nta1n econom1c contro] ovgk that process.

Th1s is exemp]1f1ed 1m such processes as cata]yt1c crack—

1ng, where even sma]l 1ncreases in the recovered gaso]1ne

yield and the b111ty to ma1nta1n 1t can markedﬁy 1ncrease

the. prof1tab111ty of the un1t '”L”b : ',‘tj"ﬂ

V-

Desp1te the extens1ve use of d1st111at1on co]umns in

“,1ndustry, they rema1n among the most d1ff1cu]t un1t opera-’

tions to contro] due to the 1ong character1st1c t1me con-
stants assoc1ated with the response of the co]umn outputs
'S1nce d1st111at1on columns are a]so genera]]y among the
f1na] process1ng stages of a product they, too, are sub-
JECt to all the d1sturbances wh1ch may occur throughout the
Drocess o ”;‘Q\' e B

o
/

8 F

The qua]ity'of the prbductseproduced-from{disti]Tationo

O
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1

A

columns 1is norma]ly controlled using feedback gontro]1ers,
whtCh operate either on ‘a direct measurement o;\the product
qua11ty or on an 1ntermed1ate measurement, such as ‘tem-
perature, from wh1ch the product qua11ty may be 1nferred
Many methods have been developed to se]ec¢ which %nter—
| med1ate variable g1ves the best contro] However, the
control of this intermediate var1ab1e does not genera]1y°
guarantee that the prbduct quality w111 rema1n constant,
un]ess the exact re]at1onsh1p between the 1nferred and
contro]]ed var1ab1es is’ known exact]y For examp]e, in
a number of processes, temperature is used as ‘an 1nferen—'
tial var1ab1e supposed to ref]ect the compos1t1on How—
ever, s1nce temperature will on]y be an exact ref1ect1on
~of the composition for a binary system ‘at constant pres—
sure, cohtro1 of a. mult{component'product usiné‘a‘tem—
perature to infer compos1t1on wiill not guarantee a con—
stant compos1t1on product. The best measurement to use
in‘a feedback.contro1_séheme 1s.the measured va]ue of the
'property.of'the”product.streamvwhich it is desired to
'maintain‘constant. o |
: It is 1mposs1ble to comeete]y eliminate a trans1ent
dev1at1on in the contro]]ed v€r1ab1e us1ng on]y a feedback
contro]]er because, as. the name 1mp11es,‘a dev1at1on from

~the set po%ﬂ% must occur before any correct1ve action can

be 1ntroduced. The amount of the dev1at1on that w111 resu]t



with a feedback cpnt;pl1e%, as measured by thé integral of
the absolute error,(iAE), s proportional to the prqduct of
theAprOportiona]fﬂband, the reset time and thg disturbance
size. (115). This product is generalty large for most -in-

4 dustr{gl‘co1umnsvdue to the 1ohg time Eogstants associated .’

with these columns.

';;: Thégfeedback contro11er does not kndw,ﬁa priori, what'
coﬁfforfactioﬁj?%/impTement forfa disturbance, but contin-
ua]]yvadjusts-;ﬁs manipu]atiVe variable until.the measured
value of the controlled variable and its set point'are in

'agreemeht. In éssence,.thé‘féédback-controlTer eliminates

. the effect of a disfurbaﬁce using a trial and error solu-
. tion, characterized by the OSCinatory behavior which
-~ ‘often results. | | ..
. v
Th?_advaﬁtages Qfﬂgéjngjfeédback contr01 are ﬁhat
esSent%a]Ty no'ﬁ_pw1edge of tbe'procesézdynamics is required
énd_thét corrective acgjoh,caﬁ'be.imp1emented no matter
'”which’input variable caused the disturbarnce. 'Thé mdjﬁf
di;thantages_1hc1ude‘ﬁhe s1ownéss.of fesp0n§e, the dsf‘
Cj]]atoky control actioﬁ.ahd»the iargevinfegraJ of ﬁhe "
'abgolute error‘(IAE)iobeihéé. h |
| From the preceding discﬁssion,fit would seém obvious

thét_if the corrective action could be‘introduced when the

3 i <
N . . »
. . -
Y .
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disturbance entered the columh rather than after the dis-

‘ turbance has made itself ev1dent in the product qua11ty, a
much more satisfactory contr01 system wou]d resu]t This”
ijs precisely the purpose of a feedforwardyco troller. '
Feedforward control can, theoret1ca]1y at least, comp]ete]y*

. eliminate the effect of a d1sturbance on the product qua-
| Tity, if the effect of the d1sturbance_qﬁ the product qua-
Tity can “be described exact]v thce,-ih'most cases,

‘these re]ataonsh1ps are very difficult to model, very
simp]e fFunctions, such as a first*order lag (79), a ttrst
order lead- 1ag (115), a second order lag plus dead time
(66) and a first order lead p1us a second order lag .(82)
have been used to approx1mate these re]at1onsh1ps The

!

most str1ngent constra1nt on these model descriptions is

placed on the steady state, s1nce small 1naccurac1es 1n
the feedforward gain can be amp11f1ed into quite sizable | \\
offsets in the controlled var1ab1e0du@-to ‘the relatively =
* large gains associated with the open loop responSes.~sThe'
~ values of the parameters invoived 1n.thesetapproxihate
contro]]er models are chosen to m1n1m1ze the dev1at1on _
(IAE) in the product qua11ty If the parameters of thev
approx1mate mode]s are not chosen carefu11y, the contro]]er
- may exhibit too much 1ead or 1ag act1on, resu1t1ng in a
contro]led response that would be less sat1sfactory than
that obta1nab1e us1ng oniy a Feedback contro]]er |

. The main‘adrantage of ﬁeedforward,oontrol is dits speEd; &

L



e

feedforward contro]ler.

of response, with the lead act%onvbeing obtained by intro-
”/ ducing the corrective action on the basis»of the measured y

-disturbances entering the column_rather than on the dis-

turbances leaving the column. The major drawback gf fee'¥
forward control is that it has no indication whether or

not it has taken the-correCt control action, making the

_ effect1veness of the contro] dependant upon the accuracy

of the feedforward model. and the absence of unmeasured | %
d1sturbances.' |

. Since their advantages seem to comp]ement each othsr,
it is obv1ous that the feedforward and feedback schemes

should be comb1ned . The combined contro] scheme shou]d

exhibit the fast initial correct1ve act1on due tofthe lead

act1on of the feedforward contro]]e s and also the long-

_term nemova] of any offsets by feed ack act1onnno matte~

eaaix,
A
what their source The presence “of “the feed*orward contro]—

"ler does not make the process Tess d1ff1cu%? to control

using feedback control; the gain in e‘fw“§1veness 4s ob-

rodFe st do less work’
"-—“’&gw

to 1ncrementa11y trim the correct1v,;?mt1on taken by the

integra1 feédbaCk control s the m1n1mum necessary .
Whether proport1ona1 or der1va£1ve control” are be@éf1c1a]
depends upon the need to correct for on]y offsets dUe to

errors in the model description or forxdev1at1ons caused. S

<



by,immeasurabTe disturbances;

For a simple disti11atioh co]umn,fthe main measurable

disturbances include the feed flow rate. the feed composi-

‘tion, the feed enthalpy and. the reflux enthalpy. Special-

purpose controllers have been proposed to control both of
the Tatter'(57) ' The d1sturbances wh1ch are genera11y not
measured. 1nc1ude the steam entha1py, the cool1ng water
enthalpy and'the heat }oss to the atmosphere. .Both the -
ref]ux flow r te and the steam flow rate are considered
as the maJor ma 1pu1at1ve var1ab1es, a]though depend1ng
_fUpon the contro scheme chosen, the overhead4and bottoms
flow’rate and Lhe feed p]ate 1ocat1on have a]so been con-
's1dered T, overhead and bottoms product compos1t1ons |
are. genera]]y cons1dered as the main contro]ied variahles.

" The- maJor1ty of the pub11shed 1ndustr1a] effort (57,
66,68,82, 90,115) appears to have been directed to deve1op—
ing feedforward contro]]ers which compensate for feed
flow rate d1sturbances, wh11e most of the "academic atten-
tion (18,30,56,69,70,71,79,105, 133) has been focused on
deve10p1ng feedforward contro]]ers compensat1ng for feed

: /.

~composition d1sturbances Feed flow rates tend to vary

much faster and more often than does the feed compos1t1on

s

and, :in fac&ﬁ both Sh1nskey (115) and Lupfer (57 68) suggest

)

o that feedback contro] des1gned on the bas1s of feed f1ow



-a unique solution for each case.. . i e

t1]1at1on columns, Scr1mgeour (113) has recent]y reported

f]1terature of the past e1ght years ‘The economic resu]ts

rate d1sturbances should b; sufficient to compensate for(
the gradual ;eed compasition changes They do strcss, g e‘
however,:that no‘standard;solution‘can_bedapp}ied’to each
situation: resu]tﬁng in.an indtuidua1 ana]ysis and‘probabjy
) _ , v - o

J

r-”‘.ATthOUQh industry seems’ to have accepted feedforward -

’ control -as a standard control algorithm, surprisingly few 1{

results,haVewbeen pub]ished ~While Fdxboro (34) has're4

ported the 1nsta11at1on of over 100° feedforward*control

systems, of which more than. half have been app11ed to d1s—

that of over 150 feedforward contro] systems installed on
distillation columns throughout Canada\and,the Un1ted

States, on]y four app11cat1ons have been descr1bed.1n the

reported (66 68, 82 90,115) 1nd1cate that ‘the ga1ns poss1b1e'

in areas. such as c]oser compos1t1on contro] 1ncrea$ed

—

I3

)
_{.an exper1menta1 compar1son of the effect1véness of a

throughput or decreased ut1]1ty ‘usage ‘can pay for the 1n--

sta11at1on of a feedforward control]er in an extremely

' short per1od of twmes'

5 o
s

Thelpresent study Waslinitiated in order to obtain - *

o

S1ng1e po1nt feedforward contro]]er with that obtawned

using a standard feedback contro]]er subqected_topd1stur¥ .

Y

\
s
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‘bances in the feed f]ow rate. This information would hope-

fu71y f111 an apparent v01d in the 11terature It was a]so
ored that a s1mp]e method for est1mat1ng the approx1mate

feedforward contro11er parameters could be estab11shed as-
. 3t
- suming only a m1n1ma1 know]edge of the dynamwc behav1or of

v . . Wy e : . . |

the co]umn :

\
Although this study:was not carried out oh tie com-

p]ex mu]t1component, mu1t1p1ate, mu1t1product co]umns
characteristic of 1ndustr1a] co]umﬁ;, it.was hoped that the'

pr1nc1p1es outllned wou]d he]p br1dge the gap between*‘

17
o theory and app11cat1on | DR - |



© CHAPTER .
LITERATURE shRVE{
2.1 ‘intrdduCtidn-
RS Lo I o o u
:The iitenetune survey'considened pertinent'tO'this:
study w111 ‘be - presented under the fo]]ow1ng top1cs
1) d1st111at1on dynam1c mode]s N
: ji) feedback control ;
ii?) feedforward control E
‘iv) pulse test1ng technlques )
v). comp]ex curve f1tt1ng techn1ques
e
2.2 Distillation Dynamic Models - - :_f o
L oo ' 7 . | b @
E*_Theivahious néthods'nhfeh havefggengemp1oyed to re-

present”the_COmp]ex relationships invo]VedfTh\distiT]ation:

. column dynamics will be reyiewed; wijjiams (137) and

Rademaf@f’ahd Rijnédbnp'(99) have presented exce11ent'de5':Alu§f

~

;cr1pt1ons of the comp1ete set of d1fferente d1fferent1a1

. equat1ons necessary to descr1be p]ate dynam1cs These

'v'fre1at1onsh1ps resu]t from the comb1nat1on of equat1ons d81

: scr1b1ng the mater1a1 and energy ba]ances, the phase equ1114

sbr1um, the p]ate eff1c1ency, the p]ate hydrau]1cs, the'

’hp]ate m1x1ng and the phys1ca1 propert1es i These authors

‘d1scnss the-va11d1ty-of some Qf-theuassumpt1ons which are f,'

Pt '.f’
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Y e e
'cémmon{y LSEd in order to s1mp11fy the set of equat1ons
50 that trey can ' . so1ved more read11y | In aQL}t1on, "
fGoqu (37) and Eijn-. dorp (100) emphas1ze the 1mportance?
epf;soqf_qf_the,secondary effécts such as hydraulic de-
‘ieysband miXinghoﬁ thpxﬂ]timatekdjhamic hegponse. Other .
revieW‘articles“availébTe inc]ude.those-df Archer.and
Rothfus (2), Rosenbrock (107), and the‘annual rev1ews of
; dwst1]]at1on«11terature pub11shed in Industrial and a
Eng1neer1ng,Chem1stry (51).

E *Tinatfen of the vdTuminousa1iterdture pertaining °
o the dynam1cs of d1st111at1on co]umns 1nd1cates that
the 1nformat10n may be c]ass1f1ed accord1ng to the assump-
t;ons made and the method of solution utilized. These
bop1cs 1nc1ude o - - o T' |
”(a) 'anelytiea1 so]ution.of the 1ineariéed‘
| }mter1a1 balance equat1ons
(h) ’ana]og computer so]ut1on of the 11near1zed
"mater1a]_ba1ance equations - ‘
' ‘Ie),_treeuency respohse stéppinQ'Sotutien”of the
/’~i_11near1zed mater1a1 ba]anﬁe equat1ons us1ng
a d1g1ta] computerh‘-*’“‘
tf.(d) numerica] 1ntegratzon of the non]1near mater1a1

and energy ba]ance equat1ons usxng a d1g1ta1

computer



(e) approxfmate‘modebs where the parameters
\ ~+ are determined from the steady-state

condit1ons. | R -

&%

(f) approximate models where. %he parameters are

determived exper1menta11y

(g) ”m1sce11aneous'methods.

The articles of Armstrong et al (3%4,5, 140,143)
112ustrate the early attempts. to obta1n ana]yt1ca1 solu-
t1ons to the 11near1keo mater1a1 balance equat1ons A
number of S\\p11fy1ng assumpt1ons, 1nc1ud1ng the exis-
’tence of a linear vapour- 11gu1d equ1]1br1up relation,

must be made in order to obtain the ane1yt1ca1 solution.

These authors have comparedvthe results of their analyses

" to experimental transients with modere%zfsuccess; The
!wriargest deviations appeared in the portion ofrthe re-
sponse for short times. o ' |

‘Lamb et al (60 105) and Gerster et a] (6 7, 81 129)
have presented a method of solving. the linearized- mater1a1
‘balance equations deve]oped at the Un1vers1ty of. De]aware

¢

us1ng an ana]og-computer This procedure a]]ows the use’

of a vapour- 11qu1d equ111br1um re]at1on wh1ch has bee;’j\J

Tinearized for each tray The maJor d1sadvantage of this
approach 1s the large ana]og computer which i, genera]ly

'requ1red to so]ve even re1at1ve]y sma}l problems. The

) L
| }y_ | s

11
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results predicted by th1s mode] compare quite favourably -
'w1th some experimentally determ1ned trans1ents Lamb and
R1ppen (105) have a1so descr1bed a method of so]ut1on of
theésame set of equat1ons in the frequency domain us1ng
a stepp1ng procedure on « digital computer. These cal-
culations result 1n a series of Bode diagrams which il1-
elusc;ate the re]atwonsh1ps between the 1nput and output
variables. The frequency response can then be fFit using
a transfer f.o =ion of the appropr1ate degree of complex/-
1ty or s1mt11c1ty A more. ‘receént descrlpt10n of this
,procedure has also been presented by Bo111nger (11)
A

This mode] ‘has been used extens1ve1y to describe
the plant transfer matr1x descr1b1ng the response of a
d1st1]]at1on column 1n suhseﬁuent contro] system§ ana-
41yses byvkuyben (69,70,71, 72,73, 80 123), Jan1s (56) and
Wardle and Wood (132) among others. Wood (141) and ¥
”Cadman et al (20,21 22) have also- adapted th1s mode] to
- describe the dynamic re]at1onsh1ps 1nvo]ved in mu1t1com-
‘hponent'disti]1atﬁon. ST ' hl"\,~, 3

Huckaba and co- workers.(SO 48, 49) have presented‘a
deta11ed theoret1ca1 and exper1menta1 evaluat1on of a
—non11near model. This procedure uses a spec1a11y de—
've]oped'predictor—corrector numer1oa1.1ntegrat10n a]go-

rithm to solve the set of_differentja1 equations,vin4~
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c]ud1ng the. non11near mater1a1 and energy ba]ances and ©
nonlinear, phase equ111br1um and enthalpy relat1ons
S1m1]ar models have been used in other’dynam1q studieslv
by Svrcek: (128), Davison (28) and,Peieervand'Grover (39,
95), These 1etter workers have_inc]uded‘a description |
of'the plate hydraulics, plate holdups, reboiler andefeed
preheater dynamics té ana]yzevan ;ndustria1'column which
was ex er1enc1ng unstab1e bottoms product contr01 The
‘suspected cause of the problem, namely flooding, cou1d -
gnot be established using a steady state model, but was
subsequent]y ver1f1ed‘by so1ut1on of the dynam1c mOde1
The mod1f1cat1ons proposed, eva]uated using the dynamlc
model, 1mproved ‘the situation and resu]ted in stab1e |

. bottoms product control.

The'caTcuTatjon of the dynamic responSes of dis-
“tillation cofumns using the models outlined previousﬂy,'
vgenera1]y requires a Targe general-purpose d1g1ta1 com~e

pbuter., In many cases, th1s approach to control systems.
A _cannot be JUSt1f1ed nor can the 1arge genera1 purpose
h /(ftomputers be used for rea] time on-line process control
ﬁk seems obv1ous then, that methods of" e1ther pred1ct1ng
or determ1n1ng approx1mate mode]s for the co]umn is very .

necessary. A. number of workers have attempted to corre-

a%e the parameters of swmp11f1ed transfer funct10ns based

T~ X N

-

. v

|
on resp- ses ca]cu]ated from 11near1zed models s1m11ar to

a,

o l“ X . " J,«
Vol o ’ ~ .
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that presented by Gefster et al, generally with_limited

success. These Studies_include the work per‘wrmed'by
6i11iland and Mohr (36), Mohr (87); Mocéek z%%% and
Williams (85, 86), Bhat and Williams (10) and Wahl (133;
134). Wahl's approximate modet is based on Qhe solu-

t1oﬁ'of the model of Eerster et a] using the stepp1ng

14

procedure of R1ppen et al for a Targe number of initial

o o . 3
steady states. Examination of all the Bode diagrams

indicated that the co]umn responses could be represen-
‘ r

ted by 51mp1e transfer funct1ons of the form:

a) feed compos1t1on,

1 - (t_s+
‘fer al  p]etes X . KNX (st 1)

N - (2
L XF:' : (T]s+]) (T3s+1)
"~ b) feed flow
for all p]ates. X KT S :
below the feed _ N _ NF | o (2.2)
point . . TF (f]sfl). :
for al] p]ates X ) Koo (T_s+1)
above the feed N 0 NF 7 . ' (2.3)
point. : CF  (as+1) (tos+1) 4
c) vapour FLow LT N . N
~for all plates JX» o .
pla. N Ky |
[ —_—t e < (2.4)
oV (s '

VI A A At et N T

1)



L | _ o | - .5

d) reflux flow .- o -

for all plates = X. ' Kyr ‘ , ‘
L, time response N = ______J;' ' '_ (2.5)
. - R” i - (T1S+1) ' ‘ ’
for all plates X, K - N
high frequency N - NR { ] }N (2.6)
response R (T]S+]) (THS+])

)

The time constants (T TysT3sT75Ty ) ca1cu1ated from these

: s1mp1e transfer functions have been presented as graph1-
‘ﬁ'calbcorre1at1ons based on the initial steady state condi-
_tions. Both Wahl_(]33) and Beaverstock (8)thave uSéd.,_
}37€.method to model a»dTSt111ation column for-an anafffe
]ysisvof a feedoack'contro1 system. ‘Williams etha] (TE,'
85,86)'assumed the response of the COjumn cou}d‘be;repre-
- sented'by a second order.plus time detay'transfer‘tunction.
They have deVe]Oped a re]at1onsh1p between these t1me
constants and any overa]] time constant ca]]ed the 1nven-
tory t1me, for the d1st111at1on column w1th 1ts p]ate
heldups- 1umped into an effect1ve ho]dup Th1s method was
used to ana]yze the control of a 1arge 1ndustr1a1 coTumn

produc1ng very pure products (86)

" Osborne et al (92). have proposed d1V1d1ng the co]umns'

hlljnto secttons and wr1t1ng 4 set of 11near1zed equat1ons;_“

i

'descr1b1ngrthe mater1a1 balance by  Tumping all . the \



individual ‘tray ho]dups in each section into a single
overa]l value. The vapour and 11qu1d material ba1ance
equations for each sect1on are coupled by the mass trans—v
 fer occurring between’ thevphases; This mass transfer
constant can be determ1ned from the steady state rela--
t1onsh1ps while the ho]dup parameter must be adJusted
to f1t the exper1menta1 response. . By adJust1ng parame—
ters, th1s method could pred1ct exper1mentaj1y determ1ned
responses as well as any other. i |
Approx1mate mode]s determ1ned using var1ous standard
dynam1c testing procedures have been eva]uated for a
number of different industrial co1umns (50 98, 112, 114
136,142). The mode]s deve]oped have been presented as
Bode diagrams. w1th no part1cu1ar attempts made to f1t L
hese responses ‘to an approx1mate transfer funct1on |
R demaker (98) subJected a ta]l turbogr1d co]umn to both
tre ency and trans1ent response tests to determ1ne the
response~of he co]umn to var1ous 1nput d1sturbances
These measnre _responses compared favourab1y w1th the
responses predtc ed from a model out]1ned prev1ous1y by
~Rademaker and' 1Jnsd0rp (99) wood and Robins (142)
have compared t e response of a 30 tray 1ndustr1a1 co-
Tumn measured’u§1ng step, sinusoidal and stochast1c

_ var1at1ons 1n var1ous input var1ab]es to the responses

pred1cted us1ng the 11near1zed perturbat1on mode] of

L
Y.
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Gerster et al. The comparison was considered sufficiently
successful to justify its use in'a subsequent control
study (132) Janisl(SG) a1so arrived at a similar con-
c]us1on by compar1ng the responses of a d1st111at1on
scolumn determined using the pulse test1ng technique with
- those predicted from the 11nearized model” of Gerstef et al.
S S g | _

Numerous misce]]aneous-methods have_been proposed
to determine the dynamic.response of e disti]]ation co-
Tumn - These 1nc1ude, among others, so1ut1on of the 1i-

nearized mater1a1 ba]ante equat1ons usmn; flow graph
. /

.analysis '(52) and matr1x a1gebra (64)

LeVy et 31 (64) have presented an interesting com-‘
;f“par1son of the maJor time constants of three d1fferent
ode] formu]at1ons based on an: eﬁgenva]ue ana1y51s These
mode]s ‘consisted of equat1ons estab11shed from
a) component, mass and entha]py balances |

'b) component and mass balances

c) component balance.

It is 1nterest1ng to note that for a11 cases «the

dom1nant ‘time constant 1s aSSOC1ated w1th the accumu]a-
/

. tionlof chemical spec1estwh1ch appears.tqhbe equa]ly»
~~disturbed throughout the column. The second largest
- time constant of the more comprehensive.model (a) indi-

-

g
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gups are made sma11er
. e;‘a .,. .
type of cond1t1ons the so]ut1gn pﬁ tﬁe 11near1zed com_;
s; '

_representatjon of the respanse-O',,;

PR S
ST

Although most of the column descriptions developed
te date have concerned binary systems, a few artic]es'
~ have been presented for the mu1t1component case (19,111,

]41)

‘Examination of'the'results presented, previously

" indicate that the numerical methods are advanced enough

Lot S o : : ‘ ’
to solve the problem for either the linear-or nonlinear:®
case. A1thougﬁ the set of equations describing the dyna-

mics'cah be easily developed, their solution is made

d1ff1cu1t by the 1ack of suff1c1ent know]edge concern1ng"

'3the evaluat1on of the secondary effects, such as dynam1c

p]ate eff1c1enc1es, p]ate hydrau11cs and plate mixing.

Under most conditions the contributions of these effects .

are small, but can become fmportant 1imitiné'thditions.
The majority of the studies repbrted here_ihvoTvede;he
~salution of-Tinear models. However, a‘greai number of-

industrial columns, ie product purification columns,

&

P
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operate in a hon]inear range;where extremely pure products
.are produeedi More work should be done to determ1ne the
effects of these non]1near1t1es The large mode]s are
hnot generally useful for control system ana]ys1s due to
the substantial amount of computer time requ1red-to
obtain a solution. More;work shduldwheﬂdone“to provide
p‘workable methodsvtompredict approxtmate dynamic re1ation§
“for the column, wh1ch cou]d ‘be used" 1ﬂ\e1ther the ana-
lysis of, or as mode]s 1n, an on-line computer contro]

system.
2.3 Feedback Control

Since the theory of feedback control has been fully

'deve]oped 1n most standard process control texts (16,27,

o 39, 40 115), on]y those references of spec1f1c 1nterest

to d1st1]1at1on column contro] will be ment1oned

Numerous authors (44, 74, 101, 108 109, 138 139) have
\'rev1ewed the various ava11ab]e methods wh1ch are commonly
used to ma1nta1n control of the mater1al and energy ba]ances
‘;1n the column. It is genera]ly accepted that the. product
; 'quaTity is much more sens1t1ve to changes~1n the materja1“
ba]ance rather than changes in the /hergy ba]ance 3 Tmo |

methods are ava1]ab1e ‘to contro] the mpter1a1 ba]ance The

: f1rst method des1gnated as d1rect dnvolves contro111ng v;&

A

:Eﬂﬁ'
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the overhead product flow rate and'a110wing~the-ref1ux
- flow rate to be reset by the level in the ref]Ux accumu-
1ator The second method designated as indirect, in-v

volves contro111ng ‘the reflux flow rate and allowing the

Pt
¥

1eve] 1n the ref]ux~ae€umu1ator to reset the.overhead
product f]ow rate. . Both Shinskey (115,116,117,118) and
Nisenfeld (89 90) have advocated the direct approach,. while

Buckley (17) seems to prefer the fwdﬁnect'approath Using

both a steady state and dynam1c s1mu1at1on, McCune and
Ga]]ier (84) have presented a‘compar1son of both approa-
ches to the materia] balance controT. They concluded
that the direct approach would be the most preferred con-
f1gurat1on Desp1te these confT1cts, the 11terature

’conta1ns many referencés 111ustrat1ng the popu]ar1ty of
both the direct and indiwect mater1a1 balance contro]
schemes.
\
Lupfer et a] (67) have out]1ned Lhe deve]opment of
‘var1ous special- purpose’ Contro]]ers to contro] the 1n-

terna] ref]ux, feed entha]py and the rebo11er heat and

bottom 1eve1 ,
, - g

s - t
o :

If a direct analysis- of the overhead or - bottons compo—f
"s1t1on cannot be made;, then contro] may still be oota1ned
‘ us1ng any other measurab]e var1ab1e to wh1ch the confro1] d
var1abTes.can bevrelated. The control of product ~md0si-

fn



tion by contro] of anvantermed1ate tray temperature hag -
’been ana]yzed by Jafr1 et al (55), Luyben (75 76 ]20)/?
Shoneman and Gerster. (119), Harr1ott (39) and Chanh (23)
'.Chanh has compared the predicted contro]]ed response of
'an e1ght tray p11ot d]st111at1on column with that measured
‘exper1menta11y u51ng var1ous contro] p]ates

-

- The simultaneous control‘of.both overhead and bot-.
toms product compositions using only feedhaCRHCQntrol is
’compliCated by the'interacttons*experienced between the

two man1pu”at1ve var1abies,~usua11y ref]ux and steam flows,

: ﬁ13nsdorp (102 103,104), Luyben (73) and Berry (97‘have'
*Azllustratedearxous methods ava11ab1e, wh1ch are\capab1e
of decoup11ng the 1nteract1on,,mak1ng the . two p01nt feed-
‘back contro] scheme feas1b1e "A recent art1c1e by Masel-
1i and M1T]er (83) suggests that the 1nteract1ons ex1st1ng\f\a;
in a. two po1nt ﬁeedback control scheme can be m1n1m1zed by o
dut1]1z1ng a contro] scheme at one: end of the co]umn, con-
s1st1ng of an 1ntermed1ate p]ate temperature contro]]en
- whose cascade set po1nt is reset from the overh ad compo—

51t1on_contr01]erf

‘2.4 _Feedforwardggontrol'

"
|

Feedforward control has been successfu]]y apg;?ed L

'[to numerous un1t operat1ons other than d1st111at1on co]umns,

o7

L



“including reactors (42,77,80,131), driers (34), neutral-
izers (34),‘b0i]ers (34) and evaporators (34, 53 &8)
Th1s section, however, w111 br1ef1y descr1be on]y a few

of the app11cat1ons re]ated to d1st111at1on co]umn contro]

A | o o .

The general theory concerning-feedforward’contro] has

.Tbeen described in a number of recent control- texts (SQ\\“\N;w;.
45,79, 115) Sh1nskey (]16 117) has der1ved‘6//?mp11f1ed ;

feedforward controller, based on a dTrect mater1a1
ba]ance control scheme;.wh1ch ma1nta1ns the ratios of D/F
'|{and S/F constant for d1sturbances in the feed flow rate

"and compos1t1on~ Adequate dynamic compensat1on was ob-

RS

taihed using a first order 1ead/second order'lag dynam1c-

compensator‘ This mode] was used by MacMu]]en and T

:Sh1nskey (82) and N1senfe1d and Strav1nsk1 (90) as the w___.‘

"':bas1s for ggwelop1ng feedforward contro]]ers for a 1arge

e ,l.

Lt

,1ndustrra1,sg§erfract1onator and an 1ndustr1aT\azeotrop1c |
— T ~ : . o
~distillation column. ~ ' ”

:\ 'Lupfer'et al'(53'§8 65,66,68) deVeioped a simple
ih;feedforward control]er wh1ch was used to control tﬁ%
"_1ndustr1a1 butane sp11tters The mode] ca1cu1ates the.
bottom product flow as a funct1on of- the feed f]ow and
comp0@1t1on from the overa11 mater1a1 ba]ance | Steady L;
~state s1mu1at40ns were performed to obta1n a re]atron

: ¥
T between the reflux f]ow rate and the feed flow rate and

>compos1tjon, The” ref]ux was then 1ncorporated 1nto the



model usinq;a repression equation'which provided the
best fit to the simulation resu]ts A dynamic cdmpensa—
tor cons1st1ng of a second order 1ag p]us a t1me delay
: ’/Mas added to the feed f]ow S1nce-the changes in feed
compos1t10n genera]]y ogeur wjth a low frequency, no
*dynam1c compensat1on was cons1dered necessary for a feed
ﬂcompos1t1on d1sturbance Bornard et al (]4) have app11ed
S a f1rst order 1ead/1ag feedforward contro11er to -a 1arge
'jndustr1a1 superfract1onator based on a mode] determined
- exper1menta1]y us1ng a trens1ent response ana]ys1s

‘.

_Other 1ndustr1a1 app11cat1ons of, fe dforward contro] tof

3 2
r : ﬂ‘i
5
'fnact1onators have been presented by §k111ern and w11- 3
11ams (121),vRoach (108) S rcek and Wilson (129) and .
Maselli and MiTler (83). =~ . = -
R1ppen and Lamb (105) have ut111zed their f@pp1ngn )
procé%ure in con3unct1on W1th the 11near1zed model of -i'}n\\~

| Gerster et a] to determine the two- p01nt feedforward 0
contro]]ers requ1red to ma1nta1n both overhead and bot- o
toms product compos1t1ons constant by man]pu]at1on of the |

: ref]ux and steam f]ows to correct for d?sturbances in the '\i’

'_feed flow nate and the feed compos1t1on The feedforward

fcontro]]ers, presented as Bode dtagrams, were f1t W1th -
4Epmb1nat1ons of f1rst and second order Tag' terms. The

‘control of the‘d1st111at1on co]umn, descr1bed by Gerster s

model, was s1mu]ated on an. ana]og computer us1ng the appro—



»b"'forward contro]]ers used in these

ximate feedforward controllers. King et\a] 05973have
tha1ded ar express1on for the steady state ga1n based
on the so]ut1on of the a]gebra1c equat1ons of Rippen's

stepp1ng procedure

Bo]11nger and Lamb (12) have formalized the method
requ1red to synthes1ze an ideal feedforward contro]]er
‘:g1ven_the p1ant transfer matrix. Thts procedure was
later extended to inctude feedback-trim of the feedforward

‘controller (13).

Luyben and h1s co-workers (69, 70 71,72,73, 78 79,124) ~
:have made extensive’ use of the protedures presented by
7R1ppen and Lamb and BQ111nger and,Lamb_throughodt their
_‘numerous analyses of feedtormard ControT systems; These _
“studies have dealt ‘with the ‘determination of feer orward-

e contro11ers requ1red for two point compos1t1on contro] by

man1pu1at1on of reflux and steam flows (69 79), reflux

_f]ow and feed p]ate location (72, 123),‘as we]] as the de—d

termination of feedforward contro11ersvfor co]umns which

exhlbqt inverse responses (71) bz%ySQn has f1t the feed-

stwﬂ1es w1th s1mp1e

R P T

-comb1nat1ons of f1rst and second order 1ags S1mu]at1on
. resu]ts 0bta1ned by Stu]] 1%7%3 us1ng the 11near1zed
mode1 of Gerster et a] that very s1mp1e dynam1cs,

such as f1rst order 1ag fo ; ﬂf1ow d1sturbances and no

!




~

~

dynam1c compensat1on for feed compos1t1on d1sturbances,
are adequate for contro111ng most columns. - Stwso (125),
using the comprehens1ve model of Huckaba et-al, . has also

-

shown the advantagé“of US1ng s1mp1e ‘dynamic compensagizi v _
ove@ static feedforward control. . . g!; T
T'Janis\(SG) has compared_the feedforwdrd controllers
pre@ioted using the 1inearized.m0de1 of Geréter et al and
cafoulated using Rippen and Lamb's stedping procedure with
‘those calculated from the oper loop reSponses determined
exper1menta1ly u51ng the pulse test1ng procedure The'
'two methods gave good agreement for low frequenc1es, W1th
‘ 'major dev1at1ons-oocurr1ng at frequenc1es above approxi- -

mate]y 1.6 rad1ans/d1mens1on1ess time. 'The dimEnéion1ess

t1me was-defined as tota1 ho]dup/ref]ux flow).

Cadman et al (19;20,21) have also uéed_the'steppingu

procedure of"Rippen and Lamb to calculate the Open loop

t

ynamic response of a mu1t1component d1st111at1on co]umn

, rom the ]1near1zed ‘model of Gerster et a] These open

.

Tpop._ mode]s were then used to ca]cu]ate feedforward con-

-

t o]lers “for two-point control, and single po1nt overhead
and bottoms composition contro1 us1ng the method outlined :
'by Bo111nger and Lamb. The effect1veness of the var1ous_
| feedforward control schemes were stud1ed on a s1mu1ated

%

| f?ve p]ate d1st111at1on co]umn separat1ng a ternary m1xture

=1
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A number of oﬁher atfémpts have been made to exper{l
‘1menta11y illustrate theteffectiveness of feedforward
control as applied to' a disti]]afion column (1,18,30,31,
79, 89) During-these sthdieé, the'feedforwafd controller
was "ot d1rect1y interfaced with the process The cont#ol
strategy was calcu]ated for a speci”ied d1sturbance of f-
line, usua]ly onna 1ar§e digita]»or,ana1og computer,

using the variaus_feedforward modelévproposed, and then

\
implemented manually. '

A notewOrfhy éxception was the étudy presented’by
_‘uard1e and,Wood'(T32). These workers have.;tudied the
effectiveness of feedforward control as épplied‘tO'ah
industrja] scale column. Both sihg]éonint control of
overhéad composition by manibu]ation of either reflux
or boilup fiqw rate, and two-point control of overhead
and bottoms compositibn-by maﬁ{pulétioh of sboth reflux
and boi]upr1OW'rate$ we;é egamihgd for diéturbapces
in the feed cOmpdsition only. The feedforward control-
1ers were ca]cu]ated frOT_E/lL earized model similar

to that of Gerster et 1 which had-previously been’veri-
fied expérimentaf]y°(]42), us1ng fhe étepping technique
of Rippen and Lémb;: The‘Bodg diagrams which were cal-
culated were fit wfth‘poiynbmia] trénéfer functions;

" third order lag for the single-point contfroller; tﬁird’

. order ]ag,p1ﬁs'first order lead or the two-point control--
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1er;.ustnglthe'comp1ex curue fdtting prodedure outlined
by LeVy (635 The bb]ynomial transfer function contro1:
iers were implemented using pneumat1c analog e]ements

A compar1son of the stat1c and dynam1c feedforward controlf
was made by compar1ng the contro]]ed response to ‘the

.~ column's open 1o0p behavior. o Lo

Under feedforward contro] ﬂsmall offsets occurred
in the overhead compos1t10n 1nd1cat1n§ that the deterf
: 1nat1on of the steady state ga1n of the feedforward con~
;gtroller was not suff1c1ent1y accurate. Lhe Targe dinitial
error obta1ned under stat1c feedforward contro] could
be sharply reduced us1ng the calcu1ated dynam1c feedfor—

ward control]er.

VVery few art1c1es have. been pub11shed concern1ng the

"t1mp1ementat1on of comb1ned feedforward feedback contro1
systems. Both Sh1nskey (115) and Lupfer (66) mention

.that feedback tr1m has. been added T some feedforward

“control systems but gTve very few deta1ls Luyben (70)

‘has analyzed a_ feedforward contro]]er w1th feedback

tr1m from an 1ntermed1ate plate temperature contro1]er,
but g1ves on]y scant s1mu1at1on resu]ts Mase111 and

'M111er (83) have out11ned a ph11osophy of feedforward

" control w1th Teedback tr1m wh1ch is used at Sun 011

Th1s method' ses a feedback tr1m from an. 1ntermed1ate
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tray temperature‘centrplTer whose set point is reset.
from an overhead composition analyzer. ThfS'technique
has proven successfulton a’nUmber.of co1umns,‘intTudihg,
deethanizers, butahessalitters, depropanizers and de-

butanizers.. Howeye%;fygry,lfttle operating data is

| ,
- oy R

Wardle and Wood (132) added feedback trim to the

single-point feedforward pohtro]ler cdntroi]ing the over-

head vapour composition. They found that in addition to
eliminating the steady state .offset caused by jnaccuracies

in the modé],_it‘a]so acted as a dynamic_element in the

control 1odp, reducing the need for any further dynamic

" compensation.

4

In summary, it can be stated that“only sparse ex-

' per1menta1 studies are ‘available in the Jiterature des-

cribing the effectiveness of feedforward contro] systems

Although some industries appear to have accepted feed-

forward contro] as a standard control strategy (14 83,

121), the details of the majority of the systems 1nsta11ed
have not been pub11shed (113). Therefore, re11ance must
be. placed on the many university studies wh1ch are mainly

based on computer s1mu1at1ons for the maJor1ty of the

'1nformat1on necessary for the synthes1s and 1mp1ementat1on

of such systems.
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2.5 Pulse Testing

| The theses of Wildman (135) and Lees (62),
receﬁ% papen by Pollack and Johnson (97) and the mono-
graph‘df Hopgen (46) concerning the pu]se‘testing pro-
cednre were consulﬁed‘ddring this study. No attempt

- to survey ‘the ]1tenaturev1n this area Was undertaken.,

2.6 Complex,Curye Fitting Techniques

S

Strob]e (]26) and Bos]ey and Lees (15) have recently
eurveyed the various methods ava11ab1e to fit transfer
functions in the frequency doma1n Chanh (23) has also:
o made pre11m1nary compar1son between severa1 compTex
'\curve f1tt1ng techn1ques, 1nc1ud1ng that presented by
Levy (63), and fitting of transfer functions to time
data using the search procedure'probdsed by ﬁosenbrock
(110);.:He con;]Uded,that curve fifting dn-the time do-
nain was the pfeferned'hethod. when\compared amongst
_ thenseTves, nofEbVioue advantage could be claimed fd%

'any one of the frequency doma1n complex curve f1tt1ng -

techn1ques stud1ed

-t
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. CHAPTER 3 |
. PROBLEM FORMULATION

3.1 Introduétion'

Tﬁis section contains‘a brief des;riptioh of:

| i)} the runghtesting technique and the ~
subsequent curve fjfting df.the
frequency response véiue§ |

ii. the general expression.fdr'idea1_

feedforward control and tﬁe’modifiéétioh'
necessary for its applftatfon'»

liif)z the use of various loop‘recqrd fthtipng
~available in the d{rect digita],gontrol
(DDC) pngrém to imp]emeﬁt the different

forms of the'féedforward.contrd]]ers;usedﬁ
3.2 Pulse Testing

Since a complete mathemat1ca1 descr1pt10n of the
pulse test1ng procedure has been given e]sewhere (62,135),
only a,brlef d1scuss1on “will follow. By def1n1t10n, thé
trahsfér function of a prdcess, assuming the initia]bl
conditions are zero, is given by the Lap]ace transform

" of - the output d1V1ded by ‘the Lapgace transform of the

input.
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Loy e ttae
STy T e

i
}
i

The frequency response of the transfer function may be

3

G
dt

B

‘evaluated by substituting Lo
s = iw

into Equation (3.1), giving -
- - o -iwt ‘ :
’ o (t)%i “Tat L 4
6liw) = 7% | o (3.3)

»gwx(t)e‘iwtdt

.‘ ‘ ) . -. .' -t
° Substituting the Euler relation for e et

e'iwt = cos(w;) - sin(wt) : " (3.4) .
-and replacing the infinite integration limit with a finite
value T,lEquation'(3.3) may -be reduced to a complex ex-

pression of the form

. AA + iBB. o
Gliw) = —m— ) L (3.5)

- .S occ* ipp :

| [ | "

where AA = ny(t)sﬁn(wt)dt. _(3.55)
BB = ny(t)cps(wt)dt (3.5b)
cc. = 5 x(t)sin(wt)dt {3.5¢)
(3.5d)

DD = ﬂjx(t)cds{mt)dt'
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An on-line'pu1se teéting ana]ysif program (PTAP)

'(]35) is ava11ab1e on the IBM-1800, which calculates
the freguency response over the frequency range of in-
terest using Equation (3.5) from the transient response
‘tfme recgrds for the input and output verieb]es. The
program also contains the option of evaluating the in- .

- tegrals usiﬁg tnfee diffeeent methods;

g v (a) }FiTOn's method

“,_' ~(b) Trapezoidal rule’

,‘b - {c) AFast-Fourfef transfbrmll

) as well as either listing the frequency response values

,vor plotting them.as a Bode diagréh Geﬁere11y, the tran-

. s1ent pu]se test data ‘was also saved on cards for 1ater

g§£~11pe,ana1ys1s using the pulse test programs.

jWi]dmgn (135) also | outiined ﬂ-series of guidelines,
5
wh1ch sh0J1d be followed dur1ng the de§1gn of 2 pu]se

,testing,exper1ment. 1is rec“mmendat1ons were: o

; ' . : ' e
b . . . .

(a) obtain an aporoxivate value for the dommnant

time constant‘(r) of the_process response o
;fo be’studiedg ' . -
~(b) .select a pulse duration that,ie of fhe-same
:vorder of magnjtude as the approx{mate.time
?lq‘ ceﬁegaht | | '
~{c) employ a pulse he1gh‘ of - such magmtude that .

'\ ’ a s1gn1f1cant measurab]e response resu]ts,



(@)

’gteady state data;
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yet sufficiently small to cause a minimum

excitation of any nonlinearities in the

process response;

use a sharp pointed pulse if;pbssible, an

however, a rectangular pulse shape

‘should be adequate for most industrial

testing; »

the frequency range to:be studiqﬁ.“ﬁould
inciﬁdevthe decade .above and beiow the
deéade.containing'theqfrequency value
given_by-the reciprocal cf the approximate
time conétant; |

the time record of the respénse shou1d;
containrat-]east five approximate time
constants of data in addit%ohlto appro-

ximateTy one time’constant of initial

-~ [
<

the sample interval for the-data is

given by
: : 0.1n" o

w .
maXx

while the total number of data points.
to be co11ected37saca]éu1atedwfrom'

-

N

5T ' v (3'7).
ot :

NPTS
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3.3 Frequency ResponseVCurve Fitting

The mathematical deve]opment, wh1ch fol]ows,' s
based on the outline presented by Chenand Haas (24) of

the method proposed by Levy (63) © The transfer function
kY.
is def1ned in the frequency doma1n as a ratio of poly-

nom1a1 expre551ons of the . form
. . . N
B eofe](1w)+a2(1w) +...+an(1m) B 5.8)"
G(]w) = : — .
C . 7 o
b +b](jw)+b2(1w) +...+bm(1p) S

0

In order for ‘the transfer funct1on to be phys1ca11y
realizable, the order of the numerator must be less thdn
or equal to the order of the denominator. Equation (3.8)

can be rearranged to express both the numerator and"deno—”’

_minator as a single coﬁp1ex number. s .
NUM(iw)  a+iBw. .
- Gliw) = ——— = (3.9)
- -~ DEN(iw) otiyw
whefe a = (a 0 2“ +a4 ) (3. a‘
B = (a1—33w tagw ----); R B
. o b b oieb et | | ' (3.9¢)
d‘¢“;4§(ﬁ0- 2w>+ 2% -...) ‘ ) : , (3. o .
R U T . | v R
) Yo .= (bJ—bBw +b5@n:£5.) : | (3-9€)u”5' 5

If F(iw) is a function, having a _
imaginary part I(iw}, which is defined to fit the ekperi:f'

hentél data exactly
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Fliw) %‘.R(ié) #r i 1(ie) L y ~(3.1d)‘

-

then am error funct1on can bel defined as the d1fference
'between the perfect_f1t transfer funct1on F(1m) and the

" ‘best fit' transfer function Gliw) s

T iw) = F(iw) - Elie) (3.11)
‘ o o S
= Fliv) - NUM(ig) - ) “(3.11a)

| CODEN(iW) T
Multiplying both sidesfof.Eguation4(3,11} by DEN(iw) gives
£(iw) DEN(w) T=;DEN{1w) F(w)v- M) (3.12)
wﬁich may-nowibéléigfessed.as'a comp]éﬁfnumber
E{iw) DEN(w) r(m) + is{w) B A  .'- :'  k3;Té)
The méghitu&é oftthé mod%fjed efrd; térm is
S B . _ . L

;;|.E(%;) DEN(w) | = /¥i(@) * 7 {(w) (3

A weighted error func t1on, E,“is defined by squaring the
hmod1f1ed error magn1tude .and summing it over all frequenc1es

of 1nterest.

nem ’ " n+m

E - I [DEN(w )»E(Iw )|2‘ =,k50(r2(wk)+52(wk)) (3.15)
nm T

» . ‘ N . _ l. ‘2 + .
RACL R T (3.16)

. —

. v ‘I‘;',- - : ‘- ’ 2 N



Equat1on (3.16) can-be*differentiafed wiﬁh respect to
each of the unknown coeff1c1ents and the resu]ts set to @ .
zero, which will minimize the error function. A set of-

linear -algebraic equations.resuTt of the form

WHOCOEF = WV o Ean
whose solution may be obtained using standard'matrix
. procedures, g1v1ng the coeff1c1ents for the po]ynom1a1
transfer function. A program cal]ed LEVY has been written
to solve Equation (3.]7) for ‘the best fjt coeff1c1ents g1vem'.4
(a)' the experimental amplitude racio, phdse _ -
angTe'end frequency values o |
(b) . the'number,of experimentalipoints‘ |
(c) the degree of'the poiynomiolgmode1;reduired,

P

“n, m.
_A°re1at1ve1y unsuccessfu1 attempt was also- made to'
1nc1ude the determ1nat1on of a best fit time delay. The
time de]ay does not contr1bute to the amp]mtude ratio,
only to the phase ang]e of the frequency response ,Given ”hf

- the. magn1tude of the t1me de]ay, TD the exper1menta]

phase ang1e ‘was mod1f1ed by

_¢kvv__“¢k - %% YT : ‘ o | (3.18) =
. N (j "
The amp11tude rat1o and mod1f1ed phase ang]e va1ues

‘were curve f1t us1ng LEVY The program would’ attempt a’
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simple search to find the ‘'best fit' value of the time -
delay yielding the minimum residual variance in;the ' .
'amp11tude‘ratio data. However, the results obtained ” '(é

1nd1cated that the evaluation. of the t1me de]ay by th1s
lprocedure was unrediable.
The major drawback 1n us1ng the comp]ex curve f1tt1ng

procedure to estimate transfer funct1on mode]s is the\\\—-
“evaluation of the s1gn1f1cance of the fit. How good muStl‘l
ﬂthe fit be in the frequency-doma1n to y1e1d a ‘good appro;
x1mat1on to the’ actua1 t1me response? Shoneman and Gersterw

(119) have recent]y suggested that fitting the amp11tude‘
rat1o to w1th1n 10 dec1bels and the phase ang]e to within
®40° 'gave an.. adequate representat1on of the trans1ent

‘response Although Wardle and Wood (132) cons1dered ‘the

f!trans ey funct1ons fit us1ng the Levy procedure to be

Judgementywas made.

'3t4:'Idea1 Feedforward Controh
Bollinger and (12) have presented 4 genera’lized
procedure for ca]cuia-1ng 1-ea] feedforward contro]lers

g1ven “the plant transfer matr1x ‘ Assum1ng the d1sk111at1on

column dynam1cs can be represented by a ser1es of 11near_‘

L o ' | / .: : .)

, i ) ) L
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dynam1cs can be represented by a ser1es of 11nearr‘

L




3

v

e
/

4

39

~This equat1on descr1bes how the {ef]ux shou1d be ad-

JUStEd for d1s$urbances in var1ous input var1ab1es

S1nce

only feed flow d1sturbances were studied during th1s pro-

cribed by

_Ject, the ideal feedforward contro]1er of 1nterest is des-

(3.23,

By a similar analyéid&‘the‘feedforward conzroile-s

can aTso be derivéd, which woqu maintain bothnt;e

head and bottoms product. compos1t1ons constant In

case, the mode1 descr1pt1on (Equation (3 19)) ‘can

simp11f1ed,to o fyf
G G . .G G 0
D PFPX  PT PL Xe.

1 1 t 1
X8 Gpr Gbx G “pL T

|t

- Sobei ut 1on of the control’ strategy,

-
~

and solving for the man1pu1ated var1ab1es R

. o -
R 6. G .| |6, 6py Gpr G

PR “PS| | PF UPX TPT TpL

151 1% Gps ' GPF pr GPT GPL

el

~
(ie X

and S

e

~:§§ﬁ25)

o\ er-
this

be

(3.28)

D f»X = 0)

B.

gives -

| The 1dea1 feedforward control]er descr1b1ng how both

«

ref]ux and steam f1low shou]d Qg ad;usted for feed f]ow

-/
(-

1



disturbances ‘is

Gk
| . | . -]
Spr. Gps - Bpr  Gpp
Gpr Gps - Gps. CGpr '
Gf,f =; '-‘ _" . . 1 1 X . ' v" Al . ' (3.26)’
Spre Bpr 7 Bpp Gps
Gpr Bps ” Gps CGpp

3:5 imp]ementation of the IgeaI;Feedforward,Contro11er

The bToqk diagram of the feedfprward control scheme
jimp]emented duhing this project is given in Figure 3.1.
~ The response of the reflux contro1 ~loop to a change in

its setpo1nt is g1ven by
. . ! -

: - R Ly o :
) GR = . .R— = RC4.'5"‘7RV w\ s . (3527)
Tsp | ‘_ERC#GRV GRM'
In order to sat1sfy the control cr1ter1a, (e " = 0)

‘D
1t is obv1ous that the effect of a d1sturbance in Teed Now

’ on the overheag dompos1t1on g1ven by

F S C (3.29)

must be e11m1nated by an equa] and oppos1te react1on from =

'?the contro]Ter



- T - (3.26)
Spr Gpr 7 Gpp Gps | |

- Bps Gpr

lementation of the IgeaI;Feedforward,Contro11er

bToqk diagram of the feedfprward control scheme
ced during this project is given in Figure 3.1.
)nse.of the reflux control loop to a change in

yint.is given by

;-
¢ & - -

R _ RC +:-RV o (3.27)

R ~1+6_ G, G ’ '

\
Tsp ~TTRCOTRY RM -

irder to sa;fé?y the'contro1 criteria, ( e jD = 0);

'jous thggﬂihe effect of a disturbance in veed flow
'erhqu“gqmposition, given by )

Ty

{;;!GPF;f : . o (3.28)

z]iminated’bylgh equal and oppqsitebrédétion from -

o

'd]Ter_
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G R , ‘

Xp0 = % B g G P 0 (3.29)
FR sp , : A

This may be‘expressed as

6. o= - Sew Ber B G T (3.30)

Gru | | \

So]ving Equation (3.30) for the feedforward controllér,

fo, gives : ' _ .

G _ PF  “RM - | L |
fe = - . . (3.31)

This"expression can be further simplified usjng the

f011ow1ng assumpt1ons based on the observat1ons of the

- response of the reflux .control Toop and the flow measure—

ment transduce 'S :
(a) 'the-gain of the closed Toop transfer
function of the reflux -flow control 1bop
to a set poiht Ehange is 1.0,
. (b) the dynamics of‘thé closed loop responseé’
" of the reflux flow control loop iszést
| COmpéred.to_the response of the column,
(c‘ the dynamics of»the'flow‘méasurément
transducers are also fast with respect
“to the respohse‘of the column.

~ Equation (3.3])_can then be réducédftb'

. Gpr  Kpy e ey
S . RM_ o (3.32)
"R Em
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f: in erder to impaement the ideal feedforward eontro1]er, ‘the
"ste@dyﬁktate ga1n must be modified to reflect the d1fferent

‘calibFation ranges exh1b1ted by the reflux and feed f]ow'
rate trahsdqce§§. |

3u6‘;Loop Record Functions AvatjabTe'ih Direct Digital

Control (DDC) Program

This sect1on will describe some of the funct1ons
eva11ab1e in the direct d1g1ta1 control (DDC) program
used to implement the feedforward and feedback-controlé
]ers."51nceva complete description of the control pro- ;
gram exfsts e]sewhere'(29), on]y those functions of d1rect: -

interest w111 be out]1ned

3.6.1 Expenential Filter

S OUT = (1-FF) INPT + FF MEAS | (3.33)
-where QUT "- filtered value of measurement at this
C sample 4nstant ' ' '

INPT - raw unf11tered.measurement at this

sample instant o . ' I
MEAS \— f11tered va]ue of measurement at the

previous sample 1nstant

"~ FF hb - f11ter constant . (O<FF<])

- .3.6.2 Proportional plus Integra]tContheller

ERROR = (MEAS - SETPT) + BIAS oY (3.34)



DINTR = R KC KI ERROR +3(REST1:REST2) CT (3.35)
o DPROP - QIKC ERRQE*; .q~«¥ﬁéﬁg E . | (3.36)
OUT = DPROP + DINTR S . (3.37)
| - | o :
. where OUT - calculated controllér cdutput

DPROP- proportional-controller contribution
, to control output . ' '

DINTR- integral controller contribution to
‘control output

R °- indicates whether controller is
reverse acting -

KC - proportional chtro]1er'gain
KI - integfal épntrd]]e?_constant \¢%

>

"REST1:REST2 - sum of past integral contri-
butions to the control output (reset)

-~ MEAS - curreht'filtered measurgment,
SETPT- set point for contro]’]oop

BIAS: - output bias

3.6.3 Proportional Controller .
. AN
The proportional controller may be obtained as a
special caée 6f the proportional plus integral contk611er

- with the integral constant (KI) set to zero.

2

3;634_‘Ratio'ContkoT]er

UT,= RATIO MCF - (MEAS - SETPT) - BIAS = (3.38)

44

ST
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where RATIO desired ratio
'm1sce11brét1on factor, rétio of
gains' of wild measurement to
_controlled measurement

MCF -

<)

MEAS+ - current filtered wi]d}measurement

SETPT - ratie of zero Effset to gain of . .
, wild measurement (genera]]y zeroﬁ
B . u
BIAS = ratio of zero offset to’ ga1n of
f controlled measurement’ (genera]]y zero)
¥
0UT . - set point of‘contr011eq measurement
3.6.5 Engineering Units Corversion
OUT = A MEAS +B . o . (3 39)
where QUT - value of the current measurement in
. feng1neer1ng units ‘
MEAS - current value of filtered measurement
. A - twﬁCe span Qf_ca]ibration o
B - calibration offset

3.6.6 Data Accumulation Loop Record

The DDC program w1f1 aT]ow the'accumu]atioh of histo- -
r1ca1 data in a spec1a1 type of 1oop record w1th the |
oldest va}ue in the last pos1tmon.. This 1oop can then be.
used to give a time delay. | |

v . . Y
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ETPT - rat1e of zero'nffset to gain of
wild measurement (genera]]y zero“il
. u r~" L
IAS -+ ratio of zero offset to’ ga1n of B
L controlled measurement’ (genera]]y zero)
¥

UT . - set point of‘contr011eq measurement

ngineering Units Corversion

L2

= A MEAS + B - x oo T (3 39)

B

utT - value of the current measurement in
'feng1neer1ng units : ‘

IEAS current value of filtered measurement '
\ - twice span of calibration
; - calibration offset

Jata Accumulation Loop Record

» DDC pregram w1f1 aT]ow the'accumu]ation of histo- -
1ta in a spec1a1 type of 1oop record w1th the
ralue in the last pos1tmon.. This 1oop can then be

give a time delay.

v . . Y




TABLE 3.1

‘loop,
recovrd

" number .

0170
0175
0250

0251

0252
0260

0261
0262

v

L d

ALGORITHMS FOR LOOP RECORDS USED

JO IMPLEMENT THE CONTROL SCHEMES

‘ 3

loop fecond functions used

Ve ' : ‘\\

data acqu1s1t1on of feed flow

data acquisition of overhead composition
input from measurement of 0170 -

time delay algorithm

input from either measurement of 0170 or

oldest value +in 0250 o
pro ortional plus integral contro]
Fgorithm

.exponent1a1 filter a1g0r1thm'

input from output of 0251
ratio.algorithm,

sinput from output of 0252

proportional plus 1ntegra1 control
a]gor1thm

input from measurement of -0175

proportional plus integral control

input from output of 0260

- -proportional plus integral control
» algorithm -
output to current output station



g
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- This funct1on is 1mp1emented on the IBM- ]800 using ‘the
- proportional plus integral controller funct1on represented
by | /

6 (1) = KC(1+KIatze) S (3.41)//
' : . L Y -
‘Figure 3.2 illustrates the values of the important loop
wecerd parameters for the feedback contro11er The compo-
s1t1on measurement is obta1ned from thewmu1t1p1exer The
~calculated output 1S app11ed to the current output |
stafjon”(COS), whoSe~current‘output acte as the process
set,point.:.A feedback'controller requires aﬁly a single

« <

Toop record.

3.7.2 Gain ﬂ?edforward Control
:Q‘,' B . .
B

The transfer function describing a static feedfor-

ward controller is given by ~
G = K . , S . - -(3'.42:): .

Four loop records were.required to;iﬁp]emeut'this contro]—
ler usfng the Teop recerd funetions'f]Jusfrated in Figure
3. Ifie first loop recqrd cajcuiétee theadeviation_of_the’v
feed flow rate disturbénee frem its‘re%erence steady state
va]ue us1ng the proport1ona] control a]gor1thm w1th a unit
gain. The . second 1oop, set up uswng ‘the ratio a]gor1thm,

ca]cu]ates_the necessaryereflux correc;von requ1red. fThe

el
L
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third loop, set up as a proportional controller, addsutheu

ref]ux'correction to the reflux set point. This loop s

a]so adJusts the va]ue of reflux pr1or fo ca]cu]at1ng the

&
square of the ref]ux in the fourth Toop. The output of’
the fourth 1oop, a s1gna1 wh1ch is proport1ona] to thel
o/

ref]ux squared 'is cascaded as the set po1nt of the

reflux f]ow control]er.

#

IR 2

The transfer;functioh describing this controller is

given by R o L.

(3.43)

Five 1oop records are requ1red to- s1mu1ate thxs contro]]er

;USJ%%.]OOD record functions. The first 1oop is a speC1a1

'ﬂgga#hccumu}at1on Toop record The length of the .106p,

VNG 1s spec1f1ed as the c]osest 1nteger value wh1ch sat1sf1es,'

]

gthe fo110w1ng re1at1en S T

;? ?’ ‘ . ‘ )
’ Noat o= T o : o (3:44)

'Thevremaihing 1oob'rec8rds are identicaT to- those described .-

prev1ous]y for the stat1c§fgedf0rward contro1]er, except

\that the second Toop, wh1ch ca]cu]ates the dev1at1on of
_the feed flow. dlstUrbance, obtains 1ts measurement from

,the oldest h1stor1ca] va]ue in the data accumu]at1on loop

©
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record, -rather than d1rect]y anm the mu1t1p1exer This

3.7.4 Gain plus Time Ldg Feedforward Control.

arrangement of 100p records is 111ustrated in F1gure 3. 4

¢
Rl

't‘"\ .

- . Yoo . s
. 5o .
I3 7 s

B4 r

The transfer function descr1b1ng th1~ contro]]er is

g expressed as. _ " 'i ',f . *f, _
. K s e o g
o = o (3.45)
ff - 1s+] o ‘- S LT
Four 1ooo\?e%ords“are requ1red to 1mp1ement this contro]ler

using standard 1oop record funct1ons These 1oop records

are 1dent1ca1 to those descr1bedégrev1ou51y for gawn feedj

oty
forward contro] except in th1s case the f1rst ]oop applties

an exponent1a] f11ter to tne measurement it obta1ns from

. the multiplexer. AThe re]at1on between the f1Lter factor
»(FF) afrd the'tﬁme constant~(¢) 1s g1ven by Jacobson

" and Fisher (54).to-be .

T

- Sato: A
A T _,.: ) S _ Y . ’
FFo= e . s (3.4

'-This'expréssion'isiya1id.for filter factors in the range .

"

0.75<FF<1.00 T T (3.7)

Figure 3.5 illustrates this arrangement of 1dop records:;

\
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e, r

,transferrfunction'déser%@ing‘thi: controller is

K, o , “ N o e '. .
= 1 ) S . (3.45)
CoTs+] o & S S

h\re%brdS“are requ1red to 1mp1ement this contro]ler

andard 1oop record funct1ons These 1oop records

tical to those descr1bedégrev1ou51y for gawn feedj
N k\l ‘ N .
control except in tb1s case the f1rst ]oop app11es

ent1a] f11ter to the measurement it obta1ns from
Jp1exer AThe re]at1on between the f1Lter factor
the'tﬁme constgnt~(¢) 1s g1ven by Jacobson

er (54).to-be !

A T '_,.:' _ » . g
= e - : I (3.46)

réssion'ieiya1id.for filter factors in the range . ¢ \

S<FF<1.00 T gy

.5 i]]ustrates this arrangement of 1dop records:;

\
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3.7.54 Feedforward{Feedback Control o
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’ : e el :
v . N ;‘x’x s ‘ o

. : o
Y ]

b2
. Combined feedforward and feedback control 15 Tmp]e«

'mented with a gain and a ga1n p]us time lag feedforward; PRI

controllers. The 1oop records requ1red are 111ustrated'

11 Figures 3.6 and 3.7 respect1ve1y These 100p record

conf1gurat1ons resu]t from the comb1nat1on of those re-
qu1red for feedback contro] and those required for the

feedforward control. .The on1y change required is .that
| v

1nstead of app]y1ng the output of the féedback 1oop di- .

rect]y to the current output stat1on, i is used to bies\

»

the;output of the feedforward/controllerm

|

S ~ g
3.7.6 Other Feasible Controllers

~ . ‘/
. -
=
A f1rst order lead/lag feedforward contro]]er cou]d
be emp]oyed by comb1n1ng loop record functions for ex-
i
ponent1a1 f1]ter1ng and a roport1ona1 p]us der1vat1ve
controller. fhe t?me constant. of the 1ag element 1s still
given by Equat1on (3 46), wh11e the time constant of the
lead is given by , h”
Ti'= Ky At '_e . .] . (3.48)

\

_Some pre]1m1nary tests were performed us1ng th1s cont (01-*

1er, but when the results us1ng the much s1mp1er time lag

mode] proved sat1sfactory, further test1ng of this contro]-

o : P ) | . R . {
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ler was discontinued.

It appears that a general transfer function of the

(3.49)

could be obtained by using a series of - n prd@&?tiona]
plus derivative controllers in series with m 'ekponehtia]
filters. ‘This contro]fér would be restricted'te those
transfer functions in which no complex roots -appear.
'3.7.7 Discussion

¢ EZE -
» I

It 1s?1mportant that the loop records be ca]cu]ated

Do

in the prbper order, and not be alltowed to get out of

)

phase, This can be accomp11shed by adjusting the phase

[ 4

: time parameter of the loop record ~ The proportional

4 +

contro]]er a]gor1thm could a]so have been used in place of
the rat1o a?gor1thm, wh1ch in some cases; wou]dohave
ﬁsaved‘a ]oop.record. This method was non “sed because uee
of the ratio algorithm allowed the storagevof thevfeede'
fquard‘gain'and the'miscanbfation cohstant-parameters
| sepabate]y. If the phoportiohaT'cqhirOT a]gorithmJWere
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used, it would necessitate “lumping these terms into a

single parameter.

A1£h0ugh ihé-digita]'cbﬁmﬁaer is actually a sampled
data contro]le}, fhe analysis which has been performed
has assumed.that the computer.acts as’ a contjnuous cgniro]-
ler. This assumption isvjusﬁified since the sample time

of 16 seconds 1is small compared-to the dominant time

- ..-constant of the'to]umn,"whiéh is of the order of 600

seconds. ' . o _ . , T

. . R ’ | 2



CHAPTER 4.

4

COLUMN DESCRIPTION AND OPERATION 'é'jf-,47

4.1 Introdugtion

Th1s chapter conta1n5 a br1ef descr1pt10n of the'?
-y

. P B i-f;_': - -‘

d1st111at1on column and 1ts anc111ary equ1pment SR

‘"Q

tabulation of the process var1ab]es that were mon1tored

a. d1scuss1on of ‘the data transduc1ng requ1red between

~

the process and the computer and a d1scuss1aa of the

cg%}@pl schemes employed dur1ng th1s 1nvest1gat1on

lw\

’ The ?berat1ng procedures requ1red for co]umn start uph
~and shut-down_and _the cal1brat1on~techn1ques used'are yi:~{
a]so out11ned1 T;E\/kﬁpter is conc]uded w1th a. d1scus- d;
's1on of the 1n1t1a1 steady state cond1t1ons se]ected L
and the mater1a1 ba]ance errors of closure typ1cal of 51

‘those obta1ned throughout the study

€

e

4.2 Distil]atibn CoTumn'and Anci]]ary‘Eduipment

- A nine inch diameter, eight tray.g]ass'djstjllation>
_cb]umn'separatdngwa binary mixture of-methano] and water‘
was Used to study the effect1veness of the var1ous contro]
‘schemes stud1ed-dur1ng th1s proaect Each p]ate conta1ned '

four 2 1/4 1nch by 1 7/8 inch bubb]e caps mounted in a

: square_pattern,'l 1/2 diameter inlet and out]et we1rs,

Ty

o~
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and a one inch diameter downcomer. Each pdate 53¢ also
'equ1pped with a feed location inlet, two thermocoup]e
slots for measuring t. e plate temperature, a togg]e—

“valve. samp]e 11ne for obta1n1ng a sample of the p]ate

'11qu1d and two samp]e po1nts used -for the contwnuous

© plate compos1t1on sample (not 1nsta]1ed far the present

o 3

project-(128)). Thetp1ate.spacing was.12 jnches.

v

’ Four three foot d1ameter tanks are available to p
conta1n the fresh feed and each of the two product
fufstreams These tanks are p1ped to al]ow either con-
t1nuous or batch mode operat1on “Normally the- methano1—
Jr1ch product 1s stored in one of the tanks, labelled
f:the top product tank and the water r1ch product. 1
,-stored 1n another tank "labelled the bottom product

,tank Th1s 1eaves two tanks ava11ab1e for storage of

i gfresh feed:l Tio fresh feed tanks are norma]]y requ1red.'

;?'"for stud1es concern1ng feed compos1t1on d1sturbances

- For. batch operat1on, the des1red ,eed composition is

“prepared 1n one of the. feed tanks by m1x1ng the requ1red
hamounts of water and methanoTafrom the product tanks

' _The contents are- c1rcu1aged through the feed pump and .
‘;back to. the fe@dﬁtank to ensure a- un1form compos1t1on.

“Wh11e the column 1s 1n a batch operat1on, the feed to

' ;f-the co1umn is pumped from the feed tank wh11e the pro*t

“ducts are w1thdrawn from the column to the1r respect1ve



product tanks. For cont1nuous operation, the feed is

Y

w1thdrawn from the feed tank and the products are re-

7

c:‘{b

bed to that feed tank . At'present the feed can -be
introduced on edtherdthe fourthfor fifth tray from the
- bottom through a smallwshe11'and_tube;teed'preheater.J
The reboi]er‘is a verticai basketftype with’ton--
den51ng steam on the she]] s1de It conswsts of 38
1/2 1nch tubes, two feet in 1ength with a three 1nch -
,d1ameter centra] downcomer to. fac111tate ]1qu1d rec1r—
cu]at1on The tube sheet is six 1nches 1n_djameter.
The sect1on above the tube~sheet‘ the-g]ass vapour
'return Tine and an extra g]ass sectton be]ow the bottom
}p]ate, act as the vapour/11qu1d d1sengag1ng vo]ume for
the reboiler. The bottom p]ate of the rebo11er contains

facilities for 1nsta11at1on of a thermocoup]e, the low

- level leg of the 1eve1 d1fferent1a] pressure cell, the

'bottom product w1thdrawa] a 11qu1d s@mp]e toggle va]ve,

. a capaC1tance probe and 1ts temperature compensat1on

therm1stor,‘(wh1ch were not 1mp1emented dur1ng th1s pro—j

Ject (]28)) a”d the out]et and inlet for a. small con—

e twnuoustsample to be wwthdrawn through an on- 11ne process-

gas chromatograph. The bottom.product, W1thdrawn from
the rebo1]er base, is returned to the appropr1ate tank

B through a serles of sma]] coo]ers
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con*a1ns“§-q any 1/2 1nch diameter Urshaped tubes as the

"volume wou%d@ﬁllow The coo]1ng fluid is water on the

tube side.

inch diameter to>1 1/2 inch d1ameter g]ass reducer at the
bese of the condenser. The base p]ete is equ1pped with
taps for a capacitance probe and its temperature compen-
sating thermistor, a cherchoup1e,‘the high and Tow

1eds of the 1eve1 transducer and'a41iqujd sample toggle
va]ve The overhead product is-sp]it-With the reflux
being pumped back to the top plate through a small she]l
and tube reflux preheater and the overhead product be1ng

pumped back to the appropriate tank through-a series of
SN o

small coolers.

c The overhead‘compééﬁtéi; was measured with a small

parallel plate capacitance prdbe.conneeted to'a‘Foxbore
Dynalqg capacitance recorder/controller. The plates of

theAprdbe'are approximately 1/4 inch square with a gap

- of about 1/8 inch. The p]ates'are imbedded in a plug of

teflon approximately 1/2 inch ddameter.l The capacitance
anal&zer.measures‘the difference in the die]ectric con:e
stant of the mixture: due to changes in the compos1t1on

S1nce the d1e]ectr1c constant is also sens1t1ve to tem-.

perature var1at1ons, the recorder;1s_equ1pped-w1th a

-

thermistor which detects the temperature so that compen-
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sation can cancel this effect.” The basic theory of this
.method and(detai] concerning the design of the'capaci—
tance te]] are available from Svrcek (128).

The bottom composition is analyzed every 30
seconds using an on41ine‘industria1 gas chromatograph

’

A sma]] stream'is circulated from the reboijler bottoms
past &he chromatograph samp]e valve and returned to J.M
the rebo11er._ The chromatograph is under comp1ete contro]
of the IBM=1800 computer The computer generates a
.control 51 ra1 causing the chromatcgraph to ta e a sample.
The cpmputer then monitors the detector@current, detects
ethe peaks, caiculates the cohposﬁtions,lbresents the
_ repOrt, and then cemmeﬂces ahother ana1yeis-cyc1e by
command1ng that the next samp]e be taken at the appro-
priate t1me The chromatograph may also be used to
‘obtain an ana]ys1s of the feed compos1tlon, when necessary.

N

Qperat1ng 1nformat10n and procedures as well as a,de—

T

tailed description of the chromatograph syStem are avail-.

able from Berry (9).

A1l flows are meashred with‘f1ange;tap oritice

. p1ate$ The . ref]ux,'feea overheadwahd bottoms product |
f]ow rates were suff1c1ent1y small that quadrant edge
(130) orifices could be used. The remaining flows,
steam and,cooling.water wereLmeasured_USing'stahdard

¥
&

<7
e



square edge or1f1ces . The d1fferent1a1 pressure created

\

at tﬁe 0r1f1ce was- transduFed to a 3-15 ps1g pneumat1c
signal using a prboro di"ferential pressu.e cellr, The
W;Veis'in'thevcondensersand reboi]er were’measdred wfth'
1dw range (30 1ﬁch) roxbpro differential pressure ce11s.
“The column pressure was measured"using a;FdeoronPres-
sure Transm1tter with a range of —10 to +]0 inches .of
water. A1l temperatures vere measured us1ng iron-con-
stantan thermocoup]es. A more deta11ed descr1pt1on.of
.the column and its associated insfrumehtation is avail-

able from Pacey (93). A detailed schematic diagram of

the column is presented in Appendix'Ba

It is worthwhile: to note that the chumn, as used

. by Svrcek (128), Was d1sassemb1ed and reins* 11ed in a

.............

new 1aboratory pr1or to. the test1ng reportad 1n£th1s

- work. During re1nsta1]at1on, theyco]umn p1p1ng was
-modified so;that varidus pdssjbie”eontrol sehemes~cdu1d
bevstudied with .a minimum of[physica1‘effort eXpended

in ecohfigurating the. tontrbi system -Most of.the pneu-.

matic 1nstrument Tines were 1nsta1]ed w1th a flex1b]e

ic tub1ng, wh1ch can very easily and quickly be
changed }A1so,'a11 recorders, 1nd1cators and ¢ vrol—
1ers were p]aced in speC1a1 modules which were 1nsta11ed
in a series of cabinets. This modu]ar type of 1nstru~v

“~

mentation permitted the standardizat1on of-modules wh1ch



~64
fac1]1tate the borrowing: of a s1m11ar 1nstrument from
other equ1pment in the event of an 1nstrument failure.

4.3 Process Variables Monitored

Throughout this‘project the data acquisition capa-
bility of the IBM 1800 DACS computer 4h§111ty was, used

to measure and record the process variables listed in

““VfWTéB1e 4. ] A11 variables are available to the computer

,through the mu1t1p1exer, but not all variab]es were'

. supp]1ed thh afloop record. A 1oon record ma'es the
measurement tha variable ava11able to the dtrectsd1g1ta]
contro] (DDC)‘trogram, which perfOrms bu1k3df‘the .
data acqu1s1t1on and contral funct1onsEﬁi;;;erISpeciaT—
purpose data acqu1s1t1on and control funct1ons Wwere per—
formed by user wr1tten programs- by e1thervd1rect access
to the mu]tip]exers, or by’obtaining”the;measurements
from the DDC loop records - In edditiah, the va]dES of
most of the process var1ab1es are also ava11ab1e from
standard anelog indicating and‘recordtng‘1nstruments.

Table 4.7 also indicates that sufficient analog control-

£

‘lers are also available-to completely control theecolumn;q'*

and that only a few df,the digital controllers héve been }

implemepted; The column at present can be.operated under

.ana1ogteogtro]; but a few extra digital control loops

mhst’be:implémented before it can be run_comp1ete1y;via'
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computer control. o | ' .

4.4 Daia.ConversiYP BetWeen the Prbce;s and the

Nt

Computér 2 ' ‘ \ a

Before the computer can perform any function, it

¥,

.must have the process 1nformat1on ava11ab1e in a form

o

which it can use. The process var1ab1es are avaijlable

in p$ysica]:Un:ts, 1e“OF, psig,‘in‘H 0 and\lb/min”‘but

tr k

the compuuer requ1res a d1screte o.g1ta1 va1ue, e 7509.

'”{_the computer, this digita]-data must be'"converted into

\

"Simi1ar1y, to make use of the 1nf6/mat1on generated by

'?a phys#cal var1ab1e in order to drive the final control

glament. Th?s sect1on w111 111ust ate the methods USed

13

during ;his project to convert tne,phys1ca1 process .

variables into d1g1ua] values, and"’1D d1g1ta] Cdmputer

-

.

a

outpdté‘to~physica1.conjrol var1ab1°s Figure 4. 1

“+tlustrates the various stéps- 1nvon/ﬂd wi;h the data -

l .
v 7R

‘LY&“S?UClng'pTOCES;:.fi i S - \, _
R : ° - - T
T i 2 L s / S
4.4.7. Anatog to Digital CenvVersion . 7. R
I S . ; ’ ¢ B X ¢ ’ , ‘ s
. \ . 2

- »"

.Tﬁe.fir§ﬁ*acep 1n convertwng the process varlables

'15 td genérate\a's1gna],¢evther nheumatic or . electronic,

'uh1ch is pro ortional to the measurnment. ~The flows are

Ponve.tec tc @ pneumat:c 3—15 ps1@ §igna1 using

1 | . |
1 T "
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ai or1f1ce plate and a d1~‘erént1a1 pressure e]] The
levels and co1umn d1fferent1a1 pressure are also conQerLed
to Eneumat1u 3-15 ps1g signals using low range, dwffer—
ential paﬁssure cells. An abéolute pressure transm1tter
fé used to conVeft the column preSSQre to a pneumatic

3-15 psig'eigne]. The qveﬁhead composition is converted
-to a- pneumatic 3-15 psig.51gnan ising a special pen
\positjon\transducer for use with ‘the DynaWog capacitance

%ecorder.‘ A 10-50 mi11iampeYe current‘propbrtioha] to = -

the pneumat1c s1gna1 is producedoirom a pressure to

' .
6 - T 3 .

<@
volt e]ectr1ca1 signa] across a 100 ohm reswstor. Al
i temperatures arewmowverted to a O- 10 m1111vo1 electrigal
Py s1g1@15 asbng 1ron con@tantan thermOCOLpWes These .

eleCLx Gal swgna1s are transferred to thes computer,
3

"/
usua]]y on sh1e1ded Lw1sted pa1r wwres,,and‘each var1—

'able is ass1gned co a un1que set of -te} 1na1 .on the

ﬁult1p1exer. The mu%§1p1e@ﬁr is essent TTy;a bahk/ﬁf

v P
’ . ; /)

relay swwtches : Hhen Lhe tompuLer requ1res a medsur@— .

[ad -

a . > e ‘g v . L.
g .. mena the appropf1@te mu1t1p1exer re]ay s«c{osed, ap. .

p]y1ng ‘the vo]tage s1gna1 to the Jna1og*' digité?”(ADC)
fconveruer The runge of the anaTog to digital conve,ter
is norma]]y 0= 5 vo1ts Thus 1ow>1eVe1 e]ectn1ca1_57gna19,e

e O 10 m1?11v01t temperature. measurements, must be '

app11ed to “he aPa]og to: d1g1ta1 gonveruer through an

v
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ok
’

appropr1ate amp]1f¥er to produce a proportwona] 0-5
vokt signal. The cont1nuous vo]tage s1gna1 is digitized

¢ analog to digital converter in the range 0-37767,

by t
which is the largest integer contained in the 16 bit
. word len: -f the IBM-IBOO ‘This measuremeht is now
VA.lab1e to. be read. 1nto the appropriate core storage

v

1ocat10n to »He used‘by the computer software.

L

4.4.2 Digital tO»Ana1eg‘Conversion v

" MWhen the computer has cbmﬂleted Ehe calculatfon
.algorithm and 1s\readj %/Japply the'resuTt to the.pro-
cess, 1t 1s ava11a61e in an appr‘!rifte core. sLorage
location. ds' a b1wary 1nteger in the range Q—g2767 -lhis
F1g1tax value s app11cd to a digi tal to analog. P;nvew—
terfiﬁAC resu1u1nc in a proport1ona] 0—10 volt electri-
:cal gigna1 - Thé COﬂputer activates- the appropr1ate pu{se

foutpuiﬁ(PO) re]ay wh1ch app]ves the O 10 vo]tbelectr1ca1ﬂif

"sfgnal to-the CUFT?HL Guput stat o (COS), The current

« v e N , o

oufpwt?station is essent1a1ly ¢ zero order kold devide -
ol
»

o wh1ch main u1ﬂS the 1npu‘ s1gna1 Uﬂu1] changedithe'nemt"

SRR t1méﬁv The'rurre“t qut puu st¢r1on converts Lhe app]1ed

vo]tage‘tb E: DPODOxLTOﬂ T 1O 50 m11}1ampere e]ecfr1ca1‘
.SWQnaI\ The 10-50 m1t11ampere e]ect”1ca1 gagna] s further
A@QhVefted to @ proport1ona] 15 pswg pneumaL1c pressure

~signal, which is used to dr1ve the final contro] f]ements



[ §, )

\ ’ | | B

The final control elements in this project consisted of

4

the set pointé—of the pneumatic flow Contro] systems.

These signals coild just as easilv have been annlied

directly to the control valves.

.3 Cqmments

"

“The magor probiem assoc1ated with signal conversion

and transm1ss1on u@ no1se -{ip, which should be avoid=
L e ‘

'

ed if possvﬁ@ , or at 1ea-ﬁg% Aimized. The transmissioﬁ

»
* ’

d1stance of bOth current ap*

3

m1n1m1zed, us1ng frigh 1eve1 vo]tage signals, vhere pos—

pneumat1c s1gnaTs shou]d be

sible, to uransport process information over ionger

& o

distances., The

fgh level voltages are preferred. for

-

!

"
te

ct

data

2
w

N A ) : - X ¥ ., .-' -
nsmission because‘or_che Smal?er amount. of sig-
‘ ‘nal deter1ora?1on exper1enced -due to nowse p1c up than
R ' : C

) }w1th a, w ]eve] s1gna1 wnenhiow level sigﬁa]s,mustlbe

AR 'used, ie ehermocouple volfaqes care muc -be ta not-
- - Vd
to run the transm1ss1on 11nes past noise generators strchw

§
&

as' fluorescent lamps, etc.
o ' :
o ca e e Rt ' - »

‘Dneuwau1c ’nstrumeﬂuau1on is not . no mally recommen-

-

.ded for eomouuer concro] app11cacxons, s1ncebequ1va1ent

. e?ectwon 3nstrqmentat1oz is ava11ab1e wh7ch_can elimin-

ate some of the requircd data conversion. ie pneumatic to
I . . : .

current. Less opportunities for signzi distortion can

‘(. L . PN
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result from these fewer ‘conversions. HoWever, the pneu-

maL1c co]umn 1nstrumentat1on already existed and the

3

“data aCﬂl)1§1t10 ‘svetem wag degi

AN in
'on

nad e +hAm
- Mo 2t “v i

e

~
o)

4.5 Description of the ControT.Schemes Implemented

KLY

4.5, Degrees of Freedoh

According to.Smith (122), the number of degrees

of freedom avzilable in defining the sqeady stafevopera—
tion of a,djsti11ation co]umnﬁwith a -total conﬂenser“dnd
. a partial reboi]er.arek A ‘_

| DF i COMP + 2 NSTAGE + 9 o (4.1)

However, Howerd (47) has suggested that for control

rd

}burposes ‘this eApre551on is 1nadequate since it neglects
the add1t1ona] trans1ent degrees o7 1reedom re]ated to .
the ho]dups on eacw SLag T*:his woqu add an add1t1ona1’;

;NSTAGE + E degrees of freedom, so that the . tota] degrees

of freedom wou1d become - - PR

bbe ‘= COMP + 3 NSTAGE + 10 (o o, (42)
X S
S1nce the _ontrol eng1neer 1s co“ferned with an

ex%sn1n _column, the fo]]ow1ng var1abTes are genera]lj :

71,1f1Aed by the. des1gn g7 Lhe collmn S 4
pressure drop in each stage ’ . NSTAGE ’
pressure drop in reflux divider : 1,

heat ©0ss in'each stage (except z~eboi]er) N3TAGE -

. . . . . I "
i . . . R o . L ' . -
. L ; ..
| . : 1
. K . . . . e .
. . s . i - N : .
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:Fﬁ” . _ -]
.age (except yeboiler) NSTAGE -1
: S 1
. ' 1
Total: 3NSTAGE + 2,

In add1t1on to these variables, the reflux température“'s
nera11y flxed by the operat1on of the condenseﬂfwh11e

the feed conditions are usua]ly determined by the opera-

tion Gf‘che downstream nrocessés, fixing the following -

Pt

-

e

.........

oegrees of freedom

: r“

feed conditions , . | coMP  + 2
reﬁ]ux temperature o j 1
| ; Total: ~  COMP ~ + 3

0f the CONP + ;; N;;AGE +.10 degrees of freedom

0
ava11ab1e to defnne”the cotumn operatnon, COMP + 3
NSTAGE #-5 degreas ¢f freedom have new been fixed by the

S : . A
column desian and operation, 1eav1ng on]y f1ve var1ab1es.

‘available for specffication by the‘control_engyneer.

o

y

Lo these spec1“1catﬁons, ‘one is ‘used €0 dé?inefthé

P

\_coiunn pressu“e, whw]e two- are used .to defwn@ Nm levels

(5

“in Lhe condenser an_ L}e rebow]e \ -!ie rﬂma1ang two}

\

degrees of .freedomn Mre used to ma1n*a1n Lnﬁ nater7a1 and

R

energy balances. 'TWe spec1f1cat1on or tneserdegneeshol
freedom,  as definec in'uh1s,scudy,_ln¢4ude:

a) coolingrwa. r flow rate (column pressure) -

)

“ b - overhead pvoduct flow rate 4e(condenser'1eveT5
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c) bottoms product f1ow rate (reboiler level)
d; ref]ux flow rate s (materia1.ba1anee)
) e) sceam flow rate” . ~~~ (energy balance)

.
Ll

~"With these ébecffications, the‘column operation 1is

cOﬁp1ete1v defined The contyol scheme implemented -
. -%
is 111ustrated schemat1ca11y 1n F1gu.e 4.2.

. T {gu‘

W{\{r
SR

4.5.2 Material end.Energy:Balance.Contﬁo1

Control of the dist111ation'proceﬁﬁ'requires the

3 »
maintenance of the mater1a1 and energy halances. The

A : ,
yar1ous contro] schemes proposed to ﬂuﬁ zi these re-

' qu1rements have been reV1ewed by many'auuhors Fi§,40,44;

-84 89 115) From the-many contro] schemes suggested, o

I

: on]y two bas}q contro1 ph11osoph1es‘emerge, dubbed

‘d1rect and 1nd1rect mafer1a1 ba]ance contro] F1gures
‘ |

4 3 and 4 4 1]1usbrate s1mple examp]es of 1nd1rec¢ and

direct material ba]ance contro] sch@mes In the 1nd1reci\f
'\ . e

ma ema] balance cont*o]?cheme, the energj baTance is (
1'man1pu1ated by the sbﬂam f1ow rate nnd the. mauerwaﬂ 1' L

iz» a]ance 15 ad] LSLed 1nd1rect1y by the reT]ux f1ow rbbe

G '\\zbrougq the refluw accumulabor ]eve] ﬁontroller Ro‘th

‘pr oduct lows are then adJusted under 1eve7 control to

_'ma1ntawn thelco1umnv1nventbry;. In the di recn 1ater1a1

‘balance,contro1 scheme'i11ustrated, tha energy bal“\ is

controlled directly by the steam flow rate,while che

ot

. . C - " . -
) 2 . . LY .
) . . N ) : )
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¢
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material ha]ance:is controlled direct]y by manipulation
of the oVerhead product flow rate. The reflux and bot— )
“toms product flow rates are then ad1uqfnd under level

- control to ma1nta1n the column 1nventory' This control
scheme could ea51]y be reversed with the reflux flow rate‘

defining the energy ba]ance and the bottons flow rate

dinectiy def1n1ng the mater1a1 balance The steam and

a»“ac ~«

4 .

f\\l
v

heud p roauct flow rates wouid then be adjusted under.

\
]eve] control to maintain the’ column 1nventory

7

EAam1nat10n of Lhe many articles suggests a contro—
W

verwy ex1sts in ‘the use of the direct and 1nd}rect contro]
‘ schemes The advancages r1n1med for the d1rect mater1a1_
baaance syscem (84,89, ]15) “include

- greater degree of se]f regu]at1on

T greater degree of accuracy

- reduced intevactions

- tighter control
- simp]icity

B T

. ;o
Buck]ey (16 17) has suggested that thl main d1sadvantage

- of the d1rect mechod is the large reflux cyc]es which may
be set up. 1n the column due to Uncontro11@d ref1ux tempera—
“ture c1uctuat1ons, resu1t1ng in an osc1]1atory product

‘—.

{ qual ty. ; o ‘ o e
N
Despﬁte the many advantages cﬂa1med ‘or the d1rect
macer1a] balance approach the ]nc1wect method of material

ba]ance control has fem *ned an extremely popu]ar 1ndustr1—*g

L —

]
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. . . . * . . . »5‘: ) {r\"z .
- R ; N A . . i) . .
al control scheme. For this reason, the indirect mdtecial®

wr

balance control scheme has been impleménted during-this

- project.  The fact thatﬂs'ch a controvers

X! rey does exist ;

 suggests'that an experimental comparison of both corntrol -

~

schemes: should be made.
In order to completé the definition of the column,

the specification of the varfab]es not fixed by the

column design is accomﬁ]jshed as follows: o

<

ayﬁthe feed and reflux temperatureélare
maintainéd a few degrees below their
boilingiﬁbints by‘a temperature controller

which adjusts the steam flow to a small
TR ,

~hedt ®xchanger; o , e . B

the feed flow fate; the reflux flow réte

rr
—

_jAHthhe”steam flow rate are.maintéjned"'
qndér flow control; |
~¢) the feed-compositioh is prepared in the
feed tank; | E o { - . P
d) the o' rhead ahd-bottoms‘product,f1ow
rateSJdée-cpntro11ed'§f5m3the Tevels
ﬁn.fhé‘f%f}ug'accumulétor\and the rebdi]ei
'féspective]y;
_e? thg‘9dlumn pressure is - maintained by‘adjuSt 
f: mené\vf~tﬁe cooiihé wa'ter flow rate to the

overhead condenser.. .

\
[ )



. i - , - |
The overhead'produet flow rate, the bottoms product flow

rate and the cooling water flow rate are adjusted by con- -
trol valvas, which receive their pneumatic control sia-
: . ' A ‘ R ) _

nal directly from their respective eontr6]1erl This

method of7contr01 is genera]]y considered bad pract1ce

(115) due to the hystere51s exh1b1ted by the va]ve

3
f} The 1nst§11at1on of either a valve’ pos1t1oner or a flow
controlTer whose‘set péght 75 cascaded from the pr{mery<
control]er will e]1m1naue any’ effects caused by these
?non11near1t1es
405,37 CompositionvContrbl‘ o
\x,.\ljir ' - - » - :

. ) s ? - . X - < .. . ! . '.
Once the operation of the co]umn'has beéh-complete F

)

;_;.a1y def1ned by the mater1a1 and’ energy baTancLs, a compo-l
57t7°” contr01 scheme may be spec1f1ed 'wh1chﬁ”ﬁ

S

achieve
L

};;f ka:particd1ar obgect1ye'v The conLro1 ob3ect1ve, chosen 7‘7

Hdufing'thfy stud\{ was 0 majntain the overhead product'

compos1f1on bv man1pu1at10ﬂ of the rew.u ~Flow raue ;_/f

',Th1s contvrol strabegv is current]y 1mp1emenped us1wg//'

N4 »

e1bher standard ana1og contro11e S @“ the tOﬂwuoi'C7p‘ e
Y , ] o

.'b111tyvo the IBM 1800 e A '

ya
Various a.a]og con;ro]]ers have also been prov1ded

(.

1nc1ud,ng an. ntermed;ate tray temoeratuwe contro]]er;

(23),. a diff henc1a7 pressure concro]]ew and aurqt[o“
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Agd K 0 L 80,

| re]ay, a1though theyj%ave not been used during the present

kyﬂdy . ' g '» - | -
A b1ocfl\?¢gram of_the’ana]oglfeedback contro]

, édheme 1mp1emented_1s_shown'1n anure“u;s. "The\ieedback !

contro]]er is a special capac1tance measur1n'“'aREUmat1c

Foxboro Dyna]og contro]ler The output of
‘iﬂ w

3 )
'*controller is cascaded to the pneumat1c setpo1nt ﬁﬁ the

’ Foxboro Congotro1 contro]]er contr0111ng,the ref]ux f]ow

rate The. same control scheme 1is a]so 111ustrated id
Figure 4.6, excegﬁ\that the function of the ans]og comdp—
- sition gcntr911erdhas been rep]aced by the.IBM-18OO
‘digital computer.. fHe‘On]y difﬁerence’beqyeen fhese twal
! control schehea exists in the control aTgorithm-by whﬁch .

. @ .
~each controller calculates its output. The digital com-
puter uses a'digifal apprdximation\to the ideal edback s«
controller expréssion (29), whiJe'the analog controller.
- < » . . -l " . .

. Aapproximates: this %xpress1on:w1th,a series of mechanical

linkagés .and pneumatic resistances and capacitances.. An”

-'example'df a complex expres§ﬁbnv which ha%.beenvdeve1&ﬂed
to deSCribe therdynamicé of the‘ppeumatic'Dyna1cg contfo];'_£;
ler .is ava11ab1e rom Svrcek“(128) "Conseddencdy; a |
_correspondence between the controﬁ parameters of the two

feedback control schemes wou]d not be expected to ex1st

. In both cases, the feedback control action is g »
- L SR = ; _ o o
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4

actlvated Dy d1sturbénces measured in the overhead

qua11ty. The contro] act1ons, calculated . .d on

e

excursions from the set point, ‘are cascaded to the

- 3 -

‘matic‘set point of ihe‘ref]ux flow rate controller.

3 L

82
product.
these

pneu-

The feedforward contro1 is implemented-using the

~-d1g1ta1 computer as shown in F1gure 4.7. The feedforward

Q
control adtion is act1vated by the measured d1sturbances

in the feed flow rate as they enter the_coJumn, The con-

trol actions, calculated based on these excursions

the reflux f]ow'conthbl1eh{,

"

}/fa\tng] schemes suggests the ne;; 1og1ca1 step; the com-

[

from

their set point, are also cascaded to the set point of

e *

N

Exammatwn of the b]ock d1aas for these two

o

b1nat1on of the two contro] schemes, wh1ch is illustrated

“in F1gure 4. 8. ..This contro] schemg“has’also been imple-.

~ mented using the computer.

~

\\\\re above f1gures are examples ofggga & called

ana]og superv1sory control in contrast to direct d1g1ta1,

control (33 53. 88) Analog superv1sory control allows

B the local ana]og contro]]ers to contro] each 1nd1v1dua1

,,]oop,.mh11e the computer only.supp11eiathe set points

for these local contro]1ers."ﬂThUS,'if the cbmpUter féils,

‘the pTant cantcontinue,toyoperatevby sqpplying_a manual

\s
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~ set point to each contro11er The computer can now spend
most of. 1t§ t1me opt1m121ng the process operat1on, rather
~ than controﬂ]1ng tbe many 1nd1v1dua1 control. ]oobs

-,

4.6 OQperating Procedures and Calibration

Since no foé‘h] operat1ng procedures ex1sted for the
co]umn, the start up and shutdown procedures_(93) were
evo]ved ‘It will be noted that the column was not started
up. on tota] ref]ux; but ra{ier as soon as the reflux
accumu]ator conta1ned a suff1c1ent 1eve1 the value of the
des1red ref]ux f]ow was set on the ref{ux.contro11er
and the co]umn was a]]owed to come to steady state
hOperat1ng in this mannerg}hsureg that_the'column cdu]d‘
'.be tested v “hin_ two to’three.hours aftér initial starteh

ups

o
'l

Al] the co]umn measur1ng 1nstruments were ca]1brated
‘Us1ng the methodsxout11ned in Append1x Al 2 The ca11bra—
h t1on resu]ts are g1ven in F1gures Acl to A. 7 and Table

XA‘1bof Append1x_A.

‘; 4.7 > Column Operation

The operat1om_of the column was fwrst checked by

Iattempt1ng to reproduce some of the steady state data

T '_._‘ L i B _' « . ; . : T~

_— . ~ .

=
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.

prev1ous1y reported by Svrcek (]28) Typ1ca1 resu]ts of ;!-
these steady state compar1sons, wh1ch 1nvo}¢ d tak1ng
.s1mu]taneous samp]es from all plates, are presented

Tab]e A.3 of Append1x A.
B -4}8v13e1ection of the Reference Steady State Conditions

S1nce the behav1or of the co]umn was.to be. stud1ed
- for re]at1ve]y 1arge dlsturbances (of the order of * 20%)
in the 1nput var1ab1es, feed ref]ux and steam f]ow rates,_ )
the selection of a su1tab1e 1n1t1a1 steady state to a]]ow
for-normal operat1on after a]] such d1sturbances was
,necessary The 1n1t1a] requ1rements sought - 1nc1uded
| 5a) the d1sturbance should not cause the
co]umn to f]ood, weep or exceed’ the
'condenser or rebo11er capac1ty,
',o):,the d1sturbance shouTﬁ not force the
';co1umn operat10n through a p1nch cond1t1on;‘.
-:caus1ng extremf J non]1near responses,» .:d['ﬁy ,}?f
c) the product f]ow rates should be approxq-
: mate]y equa] s1nce “the feed will nom1na11y
be made up of. equa1 quant1t1es by we1ght of
bimethanol and water “Lff L - S ‘~' /2

.o

, >
i

The typ1ca1 steady state cond1t1ons used by Svrcekv

(128) were 1n1t1a]1y emp]oyed but_the_large 1noreases inr;.

S .
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he feed reflux or steam flows caused ‘the co]umn-to

o

— -k "

aod These steady state cond1t1ons were adJusted unt11

'fthe disturbances d1d not ‘cause F100d1ng The reference_'

PR

-steadyNState cond1t1ons estab11shed and the reproducag?

ifnty as g1ven by the standard dev1atlon obtained. bhneugh—

fut the course of. th1s study are presented 1n Table 4 Zk,ﬂ
(f-".

' e 3H oo . . T ;‘ S

SR : :

The choice of the steady state operating conditions
N

‘_fepresented a comprom1se "based on the requ1rements pner:@

B v10us1v outlined. The responses to fhe various d1stur—

wlbgnc \,exh1b1t very nonlinear behav1or, in that the over-

.duct‘composwt1on is dr1ven into or out of thé

3 A

conditions at the top of the column, while the°

. 3 :
i %bottgms product composition response is discontinuous .*
?%@é a%haerd'nehcent.by.weight'methano1.jnuaddition to.simttahwkj
,& N . . : RRRTNT
The choicetof a steady state, exhjbitjng non]tncah
tdynanai@,'& de]d, however, be.expected to give the proposed
‘feedforWaé%;e“tr W'sqhenes‘a muchamore severe test than
would choosing”a steady state:which eXhibits agmdhe 1i-
,near dynamic r%spdnse. o X

v : 3

4.9 Material Balance Errors of Closure

Material balance calculations were performed using
. ! . N . /

L
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~\the data acqu1s1t1on capab?71t1es of the IBM -1800, in
conjunction w1th the user wr1tten programs DASS DAIAé
and BALNC “abtle 4. 3 111ustrates the &verage mqteria_T
ba]ance er orc with its standard dev1at1on obtained »

| throughout the course of this study, while Tab]e A 4 p

~ o of. Append1x A gives a spec1f1c examp]e of the report

1produced by the material balance programs.
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| | ‘CHAPTER 5 ','fgiﬁg%f ':*; o
. DEVELOPMENT OF AN OPEN LOOP -DYNAHMIC
v ©  MODEL of“th CoLUMN

5.1 Introductian

.-

The various methods used 1n prev1ous stydies to
2

1

describe and evalmate the dynam‘;_behav1or of the dﬁs—

Ctillation system have been outh

’

%ﬂmed in Se&tion 2.2.
These methods 1nc1ude ’ ) R
§§’ j)~ der1v1ng the comp]ete set of fUndamenta1
s "equat1ons descr1b1ng the: re]ated phehae

- mena, mak1ng as’ many s1mp11fy1ng assump-'

. - tions as necessary 1n brder to obta1n a.

‘\;. analog or d1g1ta1 computer techh1quesi
& to obta1n a so]ut1on |
i) 4us1ng an appréx1mate correlat1on method
- to obta1n the parameters of a-transfer
funct1on representat1on as a funct1qn of
"the 1n1t1a1 steady state operat1ng cond1t10ns
iﬁi)f determ1n1ng_the parameters of an‘approx1mate
E transfer_fuhctibn representatidn using

stahdarg dyﬁamjoatestihg'techniques. .
- ST . e . L

vro

‘3;' Since obtaining a solution tdvghe general equations

SO]“t‘O" a“d applying e1ther ana yt1c,

90



!

N

*

'“thevcorreTat1on methods deve]oped.up,to now havé not

“\;\ﬂ : ,.' - Y
character1z1nd,the system 1s ﬁBt difficult with the - E
large dfgital computers currently a(ay]ab]a, no 1onger~1s
it necessary to 11near1ze these equat1ons, sb consequent?y
the nonlinear behav1or of the process may‘be ana]yzed,
The Tack of'suffictent accurate information'describing“
such phenomena as plate. m1x1ng, p]ate hydrau11cs_-and |
dynam1c p]ate eff1c1enc1es, among others, are the maJor

~

11m1tat1ons to th1s techn1que "The ease with 1ch the

[ &

”'so1ut1on can b¢ obta1ned depends on the number of assump-

-t1on5’made; ie the more Z@sumpt1ons made, the easier the

so]ut1on The large d1g tal computer requ1red to- obta1n ",Ffé-

R

PR

the so1ut1on is generally unsu1tab1e for contro111ng thk l

'/

process Thus, for contro] purposes, a s1mp11f1ed mode ﬁﬁv;s'

\,,vn’ .

would st111 have to be deve]oped, whose parameters couTéﬁ“h f

\ ,be'updated'per1od1ca11y based on the off-11ne solution

of the large moel. |
e BEC I

C o

N

”

' The advantages of ob£a1n1ng a reasonab]y good appro-
x1mate mode] based on the 1n1t1a1 steady state operat1ng
cond1t1ons-are obvious. However, the relat1onsh1ps be- v\i
tween the c;%umn 1nputs and outputs,'as descr1bed pre-
v1ously, are very complex, suggest1ng that even 1f a ;‘ ‘f
corre]ation can be: found, it too may be equa11y as comp]ex

A]though a recent study by wahl and Harr1ott (134) has:

1ntroduced a’ corre]at1on wh1ch may have mer1t in genera]

[~
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experienced wide spread'acceptahce%

-

Approx1mate models 9f a,number of co]wmns (50 56 85

{98) havex~ been successfu]ly determ1ned US1ng.var1ous dyna— ﬂt

m1c test1ng techn1ques The range of*the mode]s‘deve]ﬁped
exper1menta11y is. Dy necess1ty, 11m1ted by the restr1ctedr
.operat1ng range of the co]umn inputs *so gs not to causeﬁ*
;undu]y 1arge trans1ent§ 1n the cglumn output var:ab]es

)Y

when the 1n1t1a1 steady state cond1t1ons of the column

=7change apprec1ab1y, a new determ1nat1oh of the approx1mate
mode]l parameters would’, J;deally, be requ1red Th@s method
»_coqu of course, be used w1th the 1arge fundamentﬁ]

modél to ca]culate theaparameters of a s1mp1e mode]loff—

:11ne, wh1ch cou]d then be used to update the para neters

cof”the on- 11ne mode] for the chang1ng cond1t1ons

Le .
4 At
R

A comb1nat1on of trans1ent response and pu1se teséﬁng

'L ana]yses were employed in th1s study - to obtatn the steady

, g
f3tate and dynam1c re]at1onsh1ps descr1b1ng the C°1“mh
3.

| respohses The pulse test1ng procedure was ‘chosen based

'on the resu]ts presented by Lees (62)\and Wildman (135)

A computer program, PTAP (puTse test1ng ana]ys1s program)

was a]so ava11ab1e on the IBM ]800 hav1ng been deve]oped

by W1]dman (135), wh1ch ca]cu]ated the Four1en transform '

. of the 1nput %nd ouﬁput var1ab1e t1me da a, y1e1d?ng the =

,jﬁamp11tude rat1o and phase ang]e versus frequency d1agr;h
. e

e . \ . - A

IR
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|

Due to the non]1ﬁear1ty of the System,vthe steady state
process gains could not be accura 1y determ1ned frpm
the pulse testing data; consequen 1y, a trans1ent response

N

analysis was used to determine them.

In the fo]]ow1ng,sect1ons the data used in the
determ1nat1on of the process gains w111 be presented f1rst
fo1]owed by theﬁﬁata used in determ1n1ng the dynam1c para;
. meters For a s1mp1e f1rst order lag- plus t1me de]ay ap-
prox1mate model . The resu]ts of fitting the “measured ‘f
frequency response d1agram5 to more comp]ex po]ynomna]k

transfer funpt1ons“wl11-also be presented.

9

' 5.2 Determination of.the Process Gain

Pane

e

5.2.1  Procedure.

?The'feed f1oW%rat§;;refiux flow rate and.steam flow

. rate were the input u&r%abtes; the overhead product
compos1t1on and f]ow rate, and tge bottoms product compor
51t1on and flow rate were th- output var1abVes cons1dered
dur1ng this port1on of . the 2t.dy. The column was ini-
tially a]]owed to coment: steady&state with a11-the=tnput_

.r\ariab1es set to'their re*erente steady state Va]uest as
11sted in Table 4. 2 Azter the co]umn had reached this

steady state, the va]ues of" a]] the co]umn var1ab1es were,;“

A

P S
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- oo . A i ‘, ' . : at
documented 1n a mater1a1 ba]gnce report, similar to that
"presented in F1gure_A.4 prepared by 6rograms DASS/DATAC/
BALNC.: Details of these programs are given 1nMAppend1x G

The»input'variab1és‘Were then varied, one at a time, over

: _ k4
the ranges: o : ' ©
feed flow- - 2.47 = 0.50
. i
reflux flow - 1.95 ¢ '
steam flow - 2.05 =

when the codumn has reached the new steady state, 'a se;
ctond material ba]ance report \s generated, fecordtng all -
the column measurements The 4esults obtained us1ng the
feed compos1t1on as -an 1nput variable were also measurau,

but were reported e]sewhere (94).
fi_5.2.2'&ﬂesu1ts o R - , J,'

'éf' ~ The ebpe 1menta1 operat1ng cond1t1ons from Wthh the
dprocess istwere ca]cu]ated are g1veﬁ in TabTes C:1,

".C 2 and .3 of Appendix S{ The gainsy’ 1n1t1a11y calcu1a—w
ted from the unsmoothed operat1ng data, are presented in
Tab]es C g, C.5 and C 6. of Append1x C The dependence ot

"Zthese open 1oop ga1ns on the magn1tude of the disturbance.
'1n the var1ous 1nput var1ab?%s stud1ed is 111ustrated 1n

. F1gures 5 1 5 2 and 3. A 1east squares f1t of the pro-

cess ga1ns, asvgiven é@y’the express‘mns n Table 5.1, are/

;sthn in these: f1gures by the dashed Tine. Exam.uatién~ N
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TABLE 5.

H

. 98:

AW
» ..\ '
. \

A

LEAST SQUARES EQUATIONS FIT TO THE o

aEXPERIMENTAL OPEN LOOP PROCESS GAIN DATA

"<"~"'v"~"" . .4 .v - : ) L ] ‘
"Reflux Flow o o

range -0.25%5'ARv5 0.40 - I
.8

13.33 - 14.84.AR'.;E;_ = 9.69 + 25.52 AR

-0.38 - 0.48 A%\\___ = 0.33'+ 0.35 AR
SR S U
’ Steam F1OW' e
range -0.30 < AS < 0.20
Xg

-21.72 -'52.86 AS ——
s

S17.77 '+ 124,80 85

» . w‘ . " > B :
0.62 -  1.41 AS —
5 S

- 0.72 + 2.63 85"

S Fegd*F]ow', R
_range -0.40 5;AF < 0.50

LT T e
6.21 - 7.40 AF —2_ = 5.28 + 13.38 4F

=
0.38 + 0.32 AF B = 0.64 % 0.07 AF -

Fooy



of these f1gures 1nd1cates

stra1ght T1nes 1s apprec1ab
.obe more approprxate to smoo
caTcuTat1ng the ga1ns The

: ooTumn, smoothed by v1sua1

\,‘

that the scatter abopt these’

]e, suggesting that nt woqu f

th the Qperat1ng data before

operat1ng cond1t1ons of the
(

exam1nat1on,'are d1sp1ayed in

' F1gures C. T C 2 and C 3 of Append1x C | The dependence

of the process‘ga1n§V(a1cu1
. t1ng data on the magn1tude
‘ compared to the dependency
. F1gures 5. 1 5 2 and 5.3.
Tated from the smoothed ope
'S'-shaped curve character1
“when plotted aga1nst the in
terest1ng to note that in
squares stra1ght T1ne 1s a
 the ca]cu]ated non11near re
true 1n the case of the pro

i'lvarlables;

TabTe 5 2 11]ustrates
reference steady state as. i
viation obta1ned throuamout

errors, a1though smaTT\when

va]ue of the mea?urement ‘are 1mportant when a ca]cu]at on

~

requ1res &pé use of the dif

- the ‘same order of magn1tude

ated from the smoothed opera-\

of the lnput var1ab]es,is7

caTcuTated prev1ous]y in-

‘ The process ga1ns, when ca]cu-

rat1ng data, exh1b1t the
st1c of non11near systems'
put d1sturbance ' Ito1s in-.
aTmost each case; the Teast
reasonab]e approx1mat1on to
1at1on This is part1cu1ar1y

cess ga1ns for the compos1t1on

the reproducab111ty of the
nd1cated by the standard de-

the trans1ent tests These

compared to the abso]ute

ference between two vaTues of

S1nce the process ga1ns are

99
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calculated from the ratio of two such differences, small"
errors can cause quite 1arg§ errors in the calculated,

_gains. S X , :

| Certain]yasome of the scatter,nparticuﬂar1y in the
case of the overhead and bottoms product flows, was also
d@e to the fa11ure to ma1ntatn'a constant feed compos1t1on
7Exam1nat1on of these resu]ts, given in Tables C. 1 2“ "/
and C.3 of Appendix C, indicated that some of the scatter

1n-these process gains appears to corre]ate with the

the overhead and bottoms product compos1

“

ion gain

The overhead and bottom product flow rate process\\
o

gains can be re1ated by the fo]]ow1ng express1ons
o4
' : S -

ﬂfeedpd1sturbances) KDF + KBF = 1 ) (5.1a)

(reflux.disturbances) K + K = 0 {5.1b)
R oo "DR.BR

(steam disturbances) K.+ K =0 . (5.1¢)

DS BS
The cons1stency of the overhead and bottom product
flow rate gains, as. ca]cu]ated from both the or1g1na1
data and a smoothed representat1on of the’ same data, have
been compared us1ng»Equat1ons"(5 1) in Tables C.1 - C.6

of Append1x C Exam1nat1on of the re51duals presented 1n‘

A L
... / . ' ' . . o - : / vt . -
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‘ {
these tables indicates that Aespite the good closure on

. S
'the_material.balanCes obtained, generally less.than a 3%

discrepancy, large deviations occur when the gains.ca1cu—
lated from the drigina] operating data are'snbstituted {n—
to Equation (5.1). A]though the variation in the values
”1c37cu]ated’from Equat1on (5 1) is sma]1er us1ng the ga1ns.
ca]cu]atedpfrom the smoothed representation of the opera-
ting data, the vartatfons are still {arger than»wduld hey
.‘ant1c1pated for such close mater1a1 ba]ance elosures
These d1screpanc1es reflect some of the dsz1ru1t1es en—
countered in us1ng-the 1nd1rect mater1a1 ba1ance‘contrvt)
‘vsghemes_as discussed by Nisenfeld (89) and Shinskey (135).

RN |
5.3 Characterization®of the Cdiumn-Dynamtg Behavior
o o ) :”\? )’l‘\'ls ~

5.3.1 Procedure B S

) - I’]“

J

The pu]se test1ng procedur%,é‘_Signed using the

gu1de11nes presented by W1E:t\ff'\f5), was used to deter—

%

_mine the dynam1c re]at1onsht%£*‘§§the column. The co]umn

was allowed to come to steadyﬁjgete with the 1nput var1ab1es
set to the values 11sted in Tah]e 4.2, When the steady '
_state cond1t10ns were ach1eved they were ﬁﬁcorded us1ng
the on 1yne mater1a1 and energy ba]ance programs ~In
add1t1on, the system data acqu1s1t1on and buffering to d1sk

~-programs were.1n1t1ated to»save the.data,, Col]ect1on of the
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.
—

tnitia] steady state data continued for a period .of -
“about»10-15-mtnutes in order to define the steadyrstate‘
conditions‘forVthe’pregram'PTAP. A rectangutar pulse
of atout 10515’m1nutes duration'andvof sufficient'hagni—
tude to cause‘a neasurable respense Was implemented by

fadjustment of the set point Qf he input variable‘f1ow

'contro11erv The pulse disturbgntes were app11ed to each

vahtabie'invtunn,_the feed, .feflux and steam flow rates
" The output var1ab1es of inte est in this port1on of the
study 1nc1uded on]y the. overheau and bottoms product

: compos1t1ons The responses of the p]ate temPeratures
were also recorded (94) for use dur1ng a subsequent pro— .
JECt (23). Each pulse test was repeated a number /of t1mes,
in both the pos1t1ve ‘and negative d1rect1ons, in order ftﬁ
“to qua11tat1ve1y compare.the (eproducab1]1ty The magni-~ '

Ca

tude and duration of the pu]se were varied s11ght1y dur1ng

“.. a few tests, but no.attempt was made to quant1tat1ve1y

analyze the effects, if any' At the comp]et1on of,ﬁhe
”pu]se test, when the response returns to the 1n1t1a1
steady state, the steady state cond1t1onsvwene/aga1n re-
'_4cordeﬂ by the on-line matenialyand energy ba]ance prograns;‘
The complete set of trans1ent response data was then
wirecovqup from the system d1sk files us1ng the program .b
tGTDAT A hard. copy of the data was. obta1ned on the sys—

tem pr1nter in add1t1on to a set of punch cards ‘The
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cards; besides acting as a historical record, provided
Cinput to the puise anatysis program. |

_ .The‘program PTAb Yaé modified s]tghtfyifrom.that. '
'described by Wildman (135)'1n‘that thevgrdgram‘cdntaéned‘
an option to punch thentaTcudated Frequency'respbnse |
von cards, and the frequency response plotting subrout1ne,
.employed by Farwe]] (32) was subst1tuted for the or1g1n—

.

al p]ott1ng subrout1ne " o

Based on the QU1de1dnee bf'Wf]dman‘(135),.the nutse,
testing“prbcedurevwas)governed:by the fd]Towinqycharacterf
1stﬁcs; .;? h. v .h o ,:' 4.“‘ B o . ‘_ - }

L:»a) bthe approx1mate t1me constant determined - ‘
from the data of Svrcek (128) and by o e
vpre11m1nary trans1ent response tests was
found to be between 10 and 15 m1nutes'
"Ab)»'the corner frequency is between 0. 067
and O 1 rad1ans/m1nute "."E ;“r

c)_ the frequency range of 1nterest 1s

_ B -0, 001 to 1.0 rad1ans/m1nut - ' . o
.. 0on . the basis of these cond1t1ons, ﬁ\fo]]owed that ¢ . 'v;i
| qd) the samp1e interval shou]d/be 1ess than . | |
”7;3 vt ~19 seconds, based on the maximun frequency

of: 1nterest and the Lees Dougherty cr1— o

B! "ter1m (135) for m1n1m121ng the numer1ca1
' : : A



- 5.3.2° Results

"Ttrans1ent respon/e data for a]]

'rate..vFJgures p.2, D.5,.D.8 and F1gures D.3,

: rapproxfmation error;‘oonsequéntly_the.
closest samole interta1 available in
the DDC prooram ot 16 seconds was’ _'
’employedw : __, . o S
e) . the tota1 time record ‘to be collected
shou]d requ1re about 10-15 m1nutes of “_‘|l
‘steady state data and between 50 70 - . |
“ . ‘minutes of trans1ent data i S
f) the freqoency response va]des ca]toQ,_e'
lated Befon a normalized freoueney'i
content‘va]oe otﬂO.B are not oonsidered

reliable. - fs}

- s
J

Y

-Thetreference.steady state,-about'whioh“the-po1se

_tests'were conductedt a]ong w1th the pulse character1st1cs

.are conta1ned in Tab]e D 1 of Append1x D The compvfteﬂ~

e pg1se tests are

*Lava1]ab1e elsewhere (94) ' Examp]es'of typ1ca1 trans1ent -

to both pos1t1ve and negat1ve .pulses \in the 1nput varl-

ab]es are shown in F1gures D. 1 D 4 D:7 and D, 104 Par-"

't1cu1ar note is made of Fﬁgure D 7, wh1ch 111ustr£tes an

1nverse trans1ent response 1n the overhead product compo- -

L s1t1on for decreas1ng d1sturbances in the steam f]dh

/

105

5responses of the overhead and bottom product compos1t1onsr



. D%6, D‘9‘111ustrate the'frequency responSe representatidn!;
of 1ncreas1ng overhead and bottom product compos1t1ons |
responses respect1ve1y, wh11e F1gures D. 11 D.12, D. 13 v;vﬂﬁ

yshow the frequency response representat1on for decreas1ng

'overhead product compos1t1ons The frequency response

_for a decrease in b ttoms product compos1t1on was not "&:

.evaluated since the d1sturbances caused thefcompos1t1on

_ to pass through 'Zero percent by we1ght‘methan01 _caus1ng

a d1scont1nu1ty 1n the response

' Compardson of the. frequency responsehresults“ca]cu;
lated from the repeated pu]se test 12d1cates thati'by L
“V1sua1 exam1nat1on at Teast’ the agreement obtained: 1s§}:
‘ qu1te good at the lower frequenc1es, whfle maaor d1screp-‘ .
anc1es appear to occur in ‘the . sTope ofbthe resu1t1ng .»
h1gh frequency asymtotes These d1screpanc1es are undoubt—-
ed]y a resu]t of the aon11near behaV1or of the co]umn ‘,

‘.response - No spec1a1 effort had been made to 1nsure

: that an exact repT1cate~puTse wou]d be formed dur1ng the

~'~frepeated pu]se tests, 1n\fact for a number of tests the .

f.ﬁtpu]se durat1on was de11berate1y var1ed

e
\

‘ The frequency response d1agrams, for frequenc1es a.
o'greater than 0. 3 to 0 4 'ad1ans/m1nute, exh1b1t a. great
n[yjdeaT of scatter. characte 1st1c of the pulse test1ng

fprocedure The reasons for th1s phenomena have been

2y
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d1scussed in deta11 by Wildman (135). These unre]iab]e
frequency resp01st a]ues genera]ly occurred for norma]—

:i>1zed frequency content va]ues 1n the range 0 3 to 0. 5

| ‘but in some cases are as high as 0.7 to 0.9 (94), com-
pared to the va]ue of 0.3 suggested by W11dman (135).
nThe term1nat1om of the data co11ect1on before the process
had returned to 1ts steady: state and the round1ng of the
corners of the rectangular pu]se , imparted by the re-
sponse of the flow contro]]er to its set po1nt change,

w'-probakly contr1buted to the excess1ve]y 1arge values of

e

. the norma11zed frequency content cut off point obta1ned

e
o

. L B ' o a
5.4 Approximate Column“Model
. “;D . ‘ a ' . .

&)

» 5t4.1 Procedure

The parameters of a first'order Tag plus tihe delay
approx1mate ma/21 were obta1ned us1ng the fo]]ow1ng methods
ﬂa)_'the transient response wWas: fit us1ng the .
o Rosenbrock (110) grad1ent search techn1que ;
as out11ned by Berry (9) . q
e o b). the frequency response J:é fit us1ng theg
| : complex curve f1tt1ng techn1que of Levy
(63) mod1f1ed such that a best f1t t1me
*de]ay could be 1nc]uded~

_ y :
- c) the parameters were determ1ned based on the



L
: 4
ﬁfrequency response charatter1st1cs

_exhibited by a first order 1ag and - g
time delay funct1ons.
- the time delay makes no eontribdtton
to the amplitude ratio  | »
- the first order time constant is
defined as the reciprocdl -of the-frequency
| ",?t Which the va]de ot the amplitude
;_-;‘ ~ratio is *0.707 (=3 deeibeTs)
SN —‘the t1me de]ay is ca]cu1ated from the
d1fference between the measured .phase

ang]e (¢).and 45 degrees as

in’D = (¢-45) _*___ L (5.2)
S ] 57.3 - 7
4»d) the process ga1ns, based on the magn1tude
of the pu]se test, were determ1ned from the
. ga1n express1ons estab11shed by trans1ent
’ requnse_test1ng. |
VA :

Several of the~opeh Toop frequency responses'were
also fit‘by a seriesvof more complex po]ynomia1 transfer
.functions . No att empt was made, hdwever, to determ1ne
:wh1ch of these more comp]ex models gave a better approx1-

‘ﬁ'mat1on to the trans1ent response than does the simple"

f1rst_order lag plus t1me delay model. _ {

. . 3 ‘ - L
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5.4.7 Results

X

TOA first order lag plus time delay transfer fuﬁftion,
of the fo}m :

A

=TS : L
e D : 5.
G. = — . (5.3)

Ts+1

7/

has«beeh'assumed‘fo'describe.the'dynamic response of the \\
hdjsti]]at%:ﬁ column.  This form of approximate model has
been used!successfu]]y in a nquérfﬁf‘prevfous'tontro]
_studﬁeé (9,14;112): The‘ﬁafametefé of this_modef,.deﬁef—
_miﬁedﬁfor thé\Various pulse testslpefformed; arngiyeh

in Tables 5.5, 5.4 and 5.5. Averagé transfer unctions
“are presented in Tabfe 5.6,,describing'Fhe;res onse of
' £hé_composftioh'dutpui variables to each of bhe flow
inpuéévarjablés studied based.on the.yalues determined
fromfthe'iime;domain curVe_fit. Tﬁéctrahsignf response

, ca1cu1atéa'from ihésé'Simplg\mode1s are com%éred with

some actual transient responsesSmeasured in Figures D.1,
: , N . .

D.4, Df7, D.10 of Appendix D. addition., the frequency

_response of these approximatf models is also compared
SR N ] | L - .
with the.- frequency response calculated from the appropriate

_transfer function model preSented in Table 5.6. This
compariﬁon.is shown in Figures D.2, D.5, 0;8; D.3, D.6,, '
D.9, D.11, D.12 and D.13 of Appendix D. The values of the

parameters determined for the more complex polynomial _

.c};vi"
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Test Designation ~ Model

Positive Composition Responses

TABLE 5.6 NORMALIZED TRANSFER FUNCTION MODELS

. ‘ Co -6.0s
Feed + _ XD A e
| | F - 27.0s + 1
- ‘ | -4.0s
 Feed B - X, e 08
o F 12.5s + 1
| o -0.8s
Reflux  + X ; e :
- . . D _ g
R 17.5s + 1
Reflux B _a‘ Xg :e-B'Qi
7 | R. 11 0s + .1
: . ) : ] . - by
Steam + | X5 e 275;
s 21.0s + 1
Steam B ‘ , X e
| S, B g
Sif 12.5s + 1
~ Negative Composifion Respohse
' _ - -8.0s
Feed - : X , e _
eed o D . .
oF 10.0s + 1
Reflux- - i R 'e‘1~35-’
. ' ' .‘ D = -
RS R 15,05 + 1
Steﬁm - Xb_ e-3.3s
'S,. -

17.0s + 1

S
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transfer funct1on representat1ons of the column S dynam1c
response, us1ng the method of Levy (63), are given in

Tables D.11, D.12, D.13 of Append1x D. ‘

5.5 Discussion
The process gains and the. parameters of a first
pprder 1ag p]us t1me‘de1ay transfer function, descr1b1ng_
the co]umn.dynam1c-responses, werevdeterm1ned from~1nde{v
pendent testsf The nonlinear behavior of the co]umn
responses nece551£ated the determ1nat1on of the process'
'ga1ns as a funct1on of the magn1tude of the 1nput dis-

turbances, and the determ1nat1on of the mode1 parameters

as a funct1on of the 1nput d1sturbance d1rect1on Bor- Q.

v ?

nard. et al (14) have’ a]so experienced the similar non—
_11near behav1or of the process ga1ns - They also con--ﬂ
‘sidered that desp1te the non]1near behavior of the ‘column,
the model parameters of their process model would not
©vary significahtly with the magnitude of the disturbances.
The dynam1c parameters determ1ned d1recg1y from the |
time: doma1n data, were used to determ1ne an average mode] ;@'
pdescr1b1ng the cqjumn dynam1cs,"rather than.those calcu-

Tated from‘the frequency response‘data;' These dynamic

parameters were considered the best available, sihceethey

were determined . directlysfrom the,time domain data



techn1que used to f1nd the *ﬁ&h ;me de1ay 1ncorpoﬁ£5y e

ated into the method of Levy e 3mant1tat1ve compar1-”

' e

&L

~son of t1me doma1n and frequency domé1n curve f1tt1ng

'procedures has'been 1eft for a_future proqect._“ .
. ¥ ' _ E : :. o .' A wn

In genere], the gains eetculated from the puTse

. testing procedure do not ‘agree with those determtned

from the'transient response ana]ysis.fnihis is because,

-the pulse does not excfte the nonlinearities to'the_

'same %egree as a step of the same magn1tude | Figure A “

. 5.4 represents the response of a hypothet1ca1 system to

kboth a step ‘and a pu]se of the same magn1tude " If the

~ process 111ustrated is non11near, the response to the

pu]se cannot be expected to ref1ect the non11n ar1t1es"'

in the process that it d1d not exper1ence (ie thbse

non]1near1t1es in the: output wh1ch were exc1ted by the

‘step d1sturbance at t1mes greater than the pulse dura—'

't1on) ‘Thus. the galns ca1cu1ated from the pu]se test_

~would be expected to be b1ased.

A comparison of the process gadns and the dynemic

. T
&
2NN ‘.
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FIGURE 5.4 RESPONSE OF SYSTEM T0 A STEP
~AND PULSE OF SAME MAGNITUDE

parameters of the approx1mate mode]s 1nd1cates that both

product compos1t1on responses are much more sens1t1ve

'to the steam flow rate than to e1ther the ref]ux or feed

flow rates. The product compos1t1on responses are ]east

o sens1t1ve to the feed flow rate.

n

- Since: both feed and ref]ux f]ow rate disturbances‘
nessentlally alter the internal reflux dIStrabut1on in the
column, it would be expected»that their re]ative effects

would be of the same order of magn1tude, while those for,

steam flow rate d1sturbances WO d e expected to be much

: greater,‘due to the changes i

e

the wapour b011 up rate.,f

'_’The response of the co]umn to vapedr fiow rate changes is %

Lt
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3

much more rapid than that due to. Tiquid flow rate changes.

The dynamie response ofwthe overheadAproduct compoF
sitionvto feed flow'rate resembles that of a feed compo;
sition thangev- TabTe 5.7 compares the‘parameters of the
;%pproximate dynamic model, tor each of'these &isturbances.
The Values determined for\t\émgime de]ay and‘time constant‘
are of the same order of mag;%tudef* This suggests that
the overhead product compos1t1on responds at a. rate re]a—
tive to composition changes,.wh11e the bottom product |
composition résponds at a rate relative to Tiquid f]ow rate
changes. ThﬂS would indicate why the bottom product
compos1t1on response is much more sens1t1ve to the feed
,'ftow rate d1sturbano§s_than 1s_theloverhead produqt:compo:,
sition response-» These.resu]ts tend to -agree wjth the_ |
d1scuss1on presented by Nah] and Harriott (134) THe
re1at1ve speed of response, s]owest for compos1t1on d1stur-
bances, fastest for vapour f1ow rate d1sturbances, js'
also reflected in the order of magnitude of the t1mej
“delays assoc1ated with the response of the overhead and
'bottom product f]ow rates g1veh in Tab]e 5.8.

_USing the comptekucurvedtitttngvteohnique‘of Levy-i
v(63) the f1t of the frequency response data can be: ﬂm— -

)

'_proved us1ng a more complex: po]ynom1a] transfer unct1on\\

ey

representat1on“ A f1rst order ]ead/second order “lag
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TABLE 5.7 COMPARISON'OF APPROXIMATE'MODEL,P%LAMETERS.-
. ~ DETERMINED FOR FEED FLOWRATE AND FEED
~ COMPOSITION DISTURBANCES -

Increasiﬁg ”DeckeaSihg‘ 
Model Composition - Composition
Para- Responses- - Responses
meter . ~ T
AF A}F AF\» ‘éXﬁ

o

9.0 . 8.0 6.5

X T 6.0
| T 27;€j,,26.o 10.0° - 19.0~. )
Xg -Tp 4.0~ 9.0 | | o
T 12.5 . 1220 : ~
TABLE 5.8. ~APPROXIMATE TIME DELAYS IN-THE
. | - RESPONSE™OF-THE OVERHEAD AND
' " BOTTOMS PRODUCT FLOW RATES
n -~ Response
- : | . T
L Disturbance D - B '
Yo F 10.0 1o
R 0.5 4.0 )f), -
- s 1.0 0.5 B
‘J\ﬁ\ »
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, r ’ o .
‘.transfer funct1on representat1onqappears tm‘g1ve‘the ‘_r9
‘most s1gn1f1cant 1mprovement 1n the f1t above that obta1ned i
iw1th the s1mp1e f1rst order lag p1us time de]ay_mode1 |

The use of add1t1onaﬁzterms gives éﬁ]y a marg1na1 1mprove-j

ment ‘in the. f1t obta1ned

gl
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; CHAPTER 6 ;
FEEDFORNARD CONTROLLER MODEL
Ssli_introduction | C 75

N
The feedforward control]er mode] has been ca]cu-
tated us1ng the method out11ned by Bol]1nger and. Lamb
(12), with the plant transfer;Tatr1x‘descr1bed by the f
open loop process trensfer‘funct1on models, determ1neo
,from the trans1ent response a#"pulse test1ng progr{“.

. Q )
“These mode]s were also used to est1mate the paramet'Ys

'requ1red for the-exper:Fenta1 feedforward contro]]ers _‘

~

6.2 Defermination of“the Feedforward'Gaih-~

—

"ggsz,l..RrocedUreff I I R \Ll .

.4“ . . ) ‘ ’ . . . Py
The feedforWard control]er ga1n has been est1mated

.
o

us1ng the fo110w1ng two methods :
a) subst1tut1on of the open Toop process'":

\“ ga1ns, illustrated in F1gures 5. T and 5.2,

inté quatnon.(3;23)- e

- o “‘K ' PR , _ N
. Keg = = _XR e (6.1)
e K ) : S

| , o Ky B |

e e

fﬁo),‘ca1cu1atf0n'b¥pthe slope at.the referehce:Steady o

ey, . B , [ S . o RN
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state of the . smoothed feedforwary

i operating conditions (reflux f10w rate
" as a‘?unction'Of the feed flow rate

at constant overhead product composition).

S dR
cfE e dr xD

. The values ca]cu]ated from the above methods were
' also compared with the ga1ns determ1ned during the actual

on- 11ne exper1menta1 control stud1es

6.2.2 Results =

et . : -
N - . L : . . ~
) o~ ’ . c

ERC : CL e s

. The feedforward con%ro]ler‘gains_cafeuiatedifrem =

the various methods are éi%p]ayed ih-FigureMéTﬁwr‘?hek
iarge amount of scatter in the ga1n ca]cu]atM from the
'unsmoothed feedforward operat1ng data amp11f1es the

: conc]us1ons heached 1n the preV1ous chapter, that the.

gains should becca1cu1ated from thewsmoothed operating

oA .
o .
: 7

data rather than the uhtreated’experﬁmenta] data. " The
"feedforward operat1ng data, 1{ ugbrated in F1gure E. 17

of Append1x E, appear to be bjst @1t by a stra1ght 11ne

- ofs the form .- . e "
. N . s

| CR.E s - o 50 F N - (6.3)
" from which the feedfopgirw gain-is a constant

_4'.\1,.»

0,50 . (6:4)

(6.2{N

'
—_
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This value has also been displayed on F%gure,ﬁ.]. The
feedforward controller gains, ca]cu]ated abcording_to
" Equation (6.1), using the open loop process gains,

KXF and KXR’ have'a}so neen-1nc1yded ?n'F1gure 6.1,

The-two~point'feedforward .ontroller gains required
to maintain bqth the overhead and bottoms product compo-
s1t1on constant by manipulation of the ref]ux and steam

flow rates, were a%fv—e" stituting the

~values -of the open loop process gains at the refe'ence

steady state into Equat1on (3.24) as

Keg = [' 22‘71] A e

This controlier, unfortunately, has not been evaluated.

~

6.3 Characterization of the Contro11eerynamic Benavier |

/
/

6.3:1 Procedure

The dynam1c feedforward controller is ca]cu]ated by
v subst1tut10n of the freqyency re:;}n%f representat1on of |
_the open 1oop process models, d1sp]a§ed 1n F1gures D. 2 |
D.5 D. 12 and D.13 of Appendix D 1nto Equation (3.23).
.These calculations were performed us1ng the computer pro- ﬁ

gram FFC], which is outlined in Append1x G. The. dynam1c,

'feedforward controller model was also ca]cu]ated using
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-

the frequency response representat1ons of the approx1mate

‘open loop transfer funct1ons T1sted in Table 5.6.

Estimates of the dynamic parameters of simple time

.deTay"and first order time lag transfer functions were

<

made, based on these.caTcuTated feedforwardvcontrol
frequency response representat1ons The ‘parameters chosen

dur1ng the later exper1menta1 eva]uat1on ‘were based on

these est1mates

-

The time de]ay was determ1ned d1rect1y from the. phase

. angTe of the frequency response representat1on as

T, RS S (6.6)
T 57 3w :

\The time constant was determ1ned L..ng the. complex curve

f1tt1ng procedure of Levy

The frequency response representat1ons, caTcu]ated

accord1ng ‘to Equat1on (3. 23) .us1ng the open Toop frequency

representatlons, are d1sp1ayed in F1gures E.2 and E 3 of
) Appendix E. Also. shbwn on these f1gures are the frequency

’<response representat1ons of the- feedforward controTTer, L

- calcu]ated us1ng the frequency response representat1ons

of the approx1mate models These frequency responses ‘

-
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illustrate, qualjtathe]y, the characteristics exhibijted

by the~feedf0rwaYd control]er The va]ues of the time

._de1ay and the t1me constant, presented 1n Tab]es 6. }

- 6.2 and 6 3, both appear to be less than 12 m1nutes for
ythe ex1st1ng co]umn | '

Y

6.4 Approximate Feedforward Controller Models

The parameters of other higher order polynomial

transfer function representations of the feedforward

A

controller of the form

_ ' | (6.7)
fo 3 ; ' ' ( )

are presented in Tables E.4 and £.5 of Appendix E.
6.5 Discnssion

The results presenfed-in'Figure-G 1 provide addi-
‘ t1ona1 eV1dence of the non11near behav1or of the column.
| If the column actua]]y responded in a 11near manner, the
- féedforward contro]]er gains should'be those ca]cu]ated
s and K

using the open Toop process'gains, K ~ However,

XF xR
. the superposition theorenm does not appear to"be app]itéb]e,
Tn this case, as witnessed by the lack of agreement between
‘the gains calculated from the'Open,lobp process gains and

1Y
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TABLE 6.1 TIME DELAY DETERMINED FROM THE FEEDFORMARD
- " CONTROLLER FREQUENCY RESPONSE DATA FOR .
INCREASING DISTURBANCES IN THE FEEP FLOW RATE

L 2 . Test Designation : ‘ -
Frequency Reflux21 Reflux2] Reflux21 Reflux24 Reflux24
' Feed20 Feed23 Feed24 Feed23  Feed24

]

0.0020 - 4.4 10.5 . 7.9 6.1 2.6
-050406 - e [  16.8 8.3 . 6.1 /3.5
0.0308 4.4 - 10.8 ‘8.22 6.2 3.8
10.06%59 2.8 ,!;f1o.3 8.5 7.0 5.2
10.1640 3.3 106 4.7 11.5 5.5

TABLE 6.2 TIME DELAY DETERMINED FROM THE FEEDFORWARD
\ CONTROLLER FREQUENCY RESPONSE DATA FOR .
DECREASING  DISTURBANCES IN THE FEED FLOW RATE

. ) - Test Design&tionﬂ IEER '
Frequency Reflux20 Reflux22 Reflux23 Reflux23
: .  Feed21 Feed22 Feed21 * Feed22

0.0020 - 0.0 1.7 7.0 4.4
0.0166 0.7 1.8 7.0 4.6
0.0308 0.9 2.0 7.4 4.5
“0.0659 * 1.9 3.0 7.0 4.0
0 5.5 8 3.6

.1640° 5.9
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TABLE 6.3 TIME CONSTANT DETERMINED FROM THE FEED-
FORWARD CONTROLLER FREQUENCY RESPONSE
DATA FOR BOTH INCREASING AND DECREASING.
- DISTURBANCES IN THE FEED FLOW RATE . :

-~ Increasing

r'Tesic,, ‘ T

Reflux24 6.5
" Feed2d

Reflux2l” 12.2

Fee823

. Réflux2l 3.5
R -FeedZO

Reflux2l - 9.3

Feed24

Decreasing

Test

Reflux2?2

- Feed22

Ref1ux20
FeedZ]

Reflux20

Feed?22
Reflux22

FeedZi

T
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that,determined from the_§ﬁoothed feedforward operating
conditions' Reasonable aéreement was only obtatnedjin the
ﬂreg1on of the reference steady state Thfs would be.ex—"
- pected, since 1t is genera]]y accepted that most non11near
systems can be approximated in-a ]1near manner for small
deviationc from the reference steady ctate., It is this
fact‘which a]loWs'the‘determihaticn of the two point -
‘feedforward controller given_in Equation (6.5) to be‘made.
-Figure 6.lghas illustrated a cathermynekpectea'resalt;
Despite- the n0n11nearitiesiexhibited by the open 1oop
o responSes; the‘feedforward perat1ng cond1t1ons are 11neart
about the reterence steady state, resu1t1ng in’ a constant
feedfbrwafd gain, whjch“is app11cab]e overethe range
of feed flcw‘rate:cistUrbances.studied. These results have
eeen verified by the tuned feedforward gains measured
'aurfng“fhe eva]uation,of.the on-line c]osed'1cop'control.
'?oftthe column repokted in the next chaptef These gains,
shown in Figure 6.1, var1ed on]y slightly from this con-
. stant value. This result is unexpected, since Luyben (69) -
.has'pointed out tﬁat’the feedfokward.gain wou]d only be : |
constant at different,feedtflow ratee, if both overhead and
‘t-bottoms compositions were maintained constaﬁtf C]ear1y,
adcitidna1_work is required'to exp]ore this type‘of beha-
vior that'results, no doubt; because of the inhekent,ncn-

lipearities in the system.



”f:the same general form of an approx1mate model wou]d pro

vgadequate The non11near1ty of the co]umn wou]d on]y re-

1character1st1cs, wh11e those calcu]ated us1ng the approxi-

129

.'Iﬁ'light of taking into account the non]tnearity
of the column in‘caleulating the feedforward gain, it
would appear contrafictory to now ca]culate’the feeqfor-
ward dynamtcs by neglecting these nonlinearities’. This

waE\assumed possible by tak1ng 1nto account the f0110w1ng

‘three cons1derat1ons.u F1rst; as descr1bed by Bornard (15)

that~a1thou§h the process gains exhibit a strong depen-

dency on the operating conditions, the'prpcesé dynamics

would not be eXpected to poseess such afstrong'dependency.

Secondly, it is of prime importance to obkain the best

value possible for the feedforw larger ‘in-

accurac1es in the dyna ‘1erab1e

odel parameters are

Th1rd]y, 1t 1s hop d’ that desp1te the. non11near eNects,

'qu1re that the parameters eva]uated be f1ne tuned to the

prpcess.

Despite the lorgc amount -of scatter evidehtrin_Figures
. . . . } » ' Qo . .
E.2 and E.3, the feedforward controllers, calculated from s

* the open loop process mode]s,'all tend to exhibit similar

-

”% mate transfer funct1on ‘models exhibit marked]y d1fferent

&41nd1cates that even - thoug

- propert1es, espec1a11y at‘the h1gher frequenc1es Th1s ,

the s1mp]e f1rst order p]us

time de]iy transfer function: mode]s adequate]y pred1ct

’

S

ag v S
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the'open'loop trensient fesponserf the éo]umﬁ, they:do
not appear sufficiently cemplex to-use in.the'ca1eu1atidn
of the feedforward controaler. . I ’
|
The intersection of the'h{gh frequency asymptote of
the ca]Cuﬁéted feeéforwdrd models with the”zeroudecibe1 2 ,/”'
“low frequency asymbtofe'oécuﬁs_in the neighbourhoodvofyb,os
to 0.15 radians/minute. Since the open 1oop‘¥fequency re-
_sponse_va]ues’were valid only up to‘frequeneies of 0.2 to
0.3 radians/minute, the feedforwafd;cdntroller frequency
reseonse va]ues wou1d be expected to have a s1m11ar maxi-
mum cut off frequency. Thus, the majority of the dynamic
information concernfng the feedfoﬁwafd controller has been
AObSCUfed. In order to recover thfs 1nf0rmatﬁon,'the opeh
loop frequency response of‘the column must be‘extended to
higher frequencies than were obtgined.durihgljhis Sfudy.
'-~

Exam1nat1on of F1gures E.2 and .E. 3 reveals that the
main . characterwst1c exh1b1ted by most of the feedforward
models is the lead function requ1red to fit the_resonant
peaks occUrring in the ampiithde ratio. In fact 'Within
the narrow range of vatid amp11tude rat1o va]ues obta1ned
the feedforward contre]1er requ1red to compensate for de-
creas1ng¢feed flow rate d1sturbances,appears to be com-
epletely déscribed with only a 1ead function. This ob:\

servation, though, seems te/f%htradict the observed phase
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- angle, which decreases over the frequency range.’ These
'seeming1y contradictory observations cduld be explained
if it is assumed that the feedforward controller can be

~approximated with mode]s of the form

1. ‘0

‘TDS ) v . ' :
Gop = @ (t,5+1) o (6.8)
T s¥1
yA >T (6.9)
G = _— 1z
£ — 0 DR
) - C e
- . .
_ T % re1.0 (6.10)
Q\. fo -

1252 + 2rgs+l

;

i

Sidce the/magnitude of the resonant peaks exhibited‘%

by the amplitudegratio are relatiVe]y small, and the.

s

'phase angle genera]]y decreases over the range of fre-

quencies stud;\d§ 1t is- also- poss1b1e to use very s1mp1e

'.transfer funct1ons of the form

=TS : .‘
G’ = * D . “(6.11
b S e
el .. ] . | . (6:12)

Ts+1

&

‘as‘approximatﬁons to the feedfOrward cohtro]ler model.

The: range of the dynam1c parameters, presented in Tab]es

6. 1 ~6.2, E. 4 and E.5 are probab]y caused by neg]ectjhév
. the non]1near1ty of the co]umn, and treat1ng 1t as’ Tﬂ 1t

'were a 11near system

e
4
g
¢
¥
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_ Since no spécific criteria describing.the "goodness .
of f1t" are read11y available, the cho16; of which model
to use is still a subJect1ve dec@s1on, based on cons1dera-1'
tions such as: .
a) is the mode] rea11st1c?
b) 1is the modél easily 1mp1emeqfed? ‘:‘ _f 
C) is it wofﬁhwhi]e imé]ementi£§\i\\\;
' mpreA¢0m§1ex model wbehAaJmuéh- -
simp]erﬁmoda1 wj11 pérform almost as
1we1i§ﬁi | |

'Yy

v
it
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CHAPTER 7 .

p% EXPERIMENTAb CONTROL STUDIES
S

7.1 Imtroduction. - . T

In order .to make a valid. assessment of the effa-tive-

ness»Of feedForward control, the performance of a syscem -

us1ng convent1ona1 feedback cohtro] was 1n1t1a]1y deter-i

m1ned as a base case/ A number of prev1ous workers (69
91,132) have compared the feedforward response to the\

| open']oop response of the column. Th1s compar1son‘W111'

only indicate if feedforward control'isipreferab]e over

no control at al] No evaluation was made as to whetherk

feedforward control can improve the column performance

beyond that ach1eved at present us1ng convent1ona1 contro1.

schemes, such as feedback contro]

During this project therefore, the effectiveness of .

the var1ous feedforward contro11érs w111 be compared to

that of a convent1ona1 feedback contro]]er, tuned to g1ve“

- the best response based on a m1n1mum tota] dev1at1on from
the set po1nt,,as measured by the 1ntegra1:of the absolute
error (IAE), a minimum overshoot and a reasonab]e sett11ng
t1me 3, | 'rv,' S | |

The feedforward models fmplemented by the»computerf'

T

7/
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were purpose]y kept simple 1in nature, so that they coqu
easily be 1mp1emented without a- computer, should the %
sults 3ust1fy their usefu]ness The three mode]s ‘chosen
.'lllustrate the simplest possible approx1mat1ons to the

frequency response results presented‘1n.Chapter 6. T

4

Ser T Keg oy

B = kffejTDs o (7.2)
o ‘ K o ) "

ff s+l B

These s1mp1e mode]s are- eas11y tuned to the . procesi

since at most, on]y one dynamic- parameter mﬁit be adJusted
in add1t1on to the feedforward ga1n iv . T

The comb1ned feedforward feedback contro] schemes

»

,Z'Q 1mp]emented us1ng the parameters wh1ch produced the
3 :55 B \/ .
vﬂt effect1ve control behav1or, as determ1ned for each

w ‘),&\3 o \
ﬁddforward and feedback contro] 1mp1emented 1ndependent1y
The best feedfo?hard feedback contra]]er§yas eva]uated fur‘” -

- ther to demonstrate its 1mproved performance to- a pro]onged

o ser1es of d1sturbances

R l‘

The trans1e t re aonse for each 1nd1v1dua1 test con-.‘

v'ducted dur1ng this p\oaect are.1nc1uded in Append1x F.

Port1ons of these f1gures have been reproduced ‘as comp051te‘

afjgures,compar1ng the effectJveness of the'var1ous controlf

e

g o
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7.2 Procedure

Pr0port1ona1 plus integral feedback control was im-
[

'p]emented us1ng both a convent1ona1 pneumat1c ana1og

. .cpntroller and the DDC algorithm ava11ab1e on the IBM-

s

) ]800 dwg1ta1 computer. The controller settings were

determined using the ultimate sensitivity method of

Ziegler and Nichols (27). These controller/constants

~were also compa~ed with those calculated based on the

,process reaction curve of Cohen and Coon‘(27). The

- constants determinéd using the Ziegler-Nichols method

.were initially applied to the feedback contro]]er‘énd

. subsequently tuned to give an acceptable response.

'/

/

/

The gé{Q\iiederward contro]]er was' 1n1t1a11y 1m-

X

‘p1emented using the loop record structure, out]1ned in

FJgure.3.3; w1th the ga“n, defined from F1gure 6.2, set
to | :

K., = -0.5 - (7.4)

This value was then s eqUently tuned to eliminate as

'_much offset as possiune,‘in the response of the overhead

gproduct compos1t1on ‘due to botn 1ncreas1ng and decreas1ng

yd1sturbances 1n the feed f]ow rste. Once the gain was

S

determ1@%d the other dynam1ca11y compensated:- feedforward"

~
- A @
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::approx1mate1y §ix hours The feedback contro]1er para-

.. | /'/’ . ' "1 36
i ’ / . &

'contro]1ers, defined by Equatiohs (7.?) and (7.3), were

Ldmplemented'usjng'the loop record structure outlined in

-~

Figures 3.4 and 3.5.° Tﬁe values of the dynamic para-
meters, Tp and T, were vewied over the range

T) < 12 '-.» o  (7.5)

0 i-(TD. <

defined in -Tables 6.1 to 6.3 “in order to determine.the \

best value for tach term. The feedforward-feedback con-

trol schemes were imp]emented using the loz~ record struc-

L.

~ ture def1ned 1n F1gures 3.6 and 3. 7 ThedfeedforWard gain’

~and feedback contro] parameters were chosen as’ those

‘best' values, based on the prev10us feedforward contro1

tests. The va]ue of the time constant was purposely

choseh not to be the ‘best’ determ1ned ﬂnbthe previous

tests, in order to show the dramatic improvement“in~the'

control effectivenes@x&y thedaddition of the:feedback trim.,

Onde the eva]uation of'ihe various contrdl schemes was com-
p]eted bt was deC1ded to compare the- effect1veness of the

best ga1n plhs time 1ag feedforward feedback contro] with

,that ‘of the feedback contro] alone. This compar1son used

a ser1es of frequent]y chang1ng step d1sturbanc% in the

feed flow rate in var1ous d1rect1bns over a per1od of

; meters ‘were set to the tuned values detegagmﬁd prev1ous1y,'

”~

wh11e the feed?orward contro]]er parameters were set. to. theiy.

average of the 'best' va]tes that were determ1ned for both

! f
*‘naa. o

D e
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¥ the increasing,and decreasing feed flow rate disturbances.

The exper1menta] test1ng method fo11“h5 c]ose1y that
descr1bed prev1ously dur1ng the open loop. process model
determ1nat10n When the desired contro11er had\been im--
'p]emented, the proper controller constants entered and

.sthe co]umn was operat1ng at<1ts reference steady state,
'.the data acqu1s1t1on was begun “Data was 1n1t1a11y col-
1ected over a period of 10- 15 m1nutes in order to ‘estab-
d1sh the dinitial steady state cond1t1ons - These condi-
tions were a]so,recorded us1ng the material and energy
balance"phograms bASS/DATAC/EALNC..‘After’sufficient
steady state data had been collected; a single step dis~
‘.pturbance th the feed f]ow rate was 1ntroduced The
htrans1ent Fesponse of the System‘%as accumu1ated unt11
the new steady state was atta1ned (genera11y within
-y»about two hours) }after'wh1ch the ne& steady state mater1a1
ba]ance was- reported The trans1ent response data were
'transferred trom fhe system d1sk f11es and p-ached onto
.cards and 11sted by the pr1nter using the prog.am GTDAT.
‘When the dat% from the prev1ous test had been comp]ete]y
removed ttom the system files, a new test could be ini-
-t1ated§ wh1ch wou]d return the feed “flow rate to its
°_we,erence steady state value. The documentation of the_%
: steady state mater1a1 ba1ances and the co]1€ct1on of the”

;f“trans1ent response data proceeded as out11ned preV1ous1y

;fvThe transient response data ava11ab1e on cards, cou1d now . - 4§
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" be p]ottéﬂ offllne using the p?ott1ng fac1]1t1es ava11—
’ abhe on the IBM 1800 to examine the effect1veness of the
“ control scheme Just tested
The evaluation ef the effect1veness of the var1ousv
contro1 schemes was based on the ca]cu]ated 1ntegra1 of . the
ﬂabso]ute error (IAE) of ‘the trans1ent response of ‘the con-d
tro]]ed var1ab1e (overhead product compos1t10n)‘u51ng the

;fo110w1ng express1on - o

| 17§ . L
£ = - X ) FUURT ¢
tA 1_] grp , xDSp) At i (7.4)

Th1s express1on calcu]ates the IAE for the f1rst 93 3
minutes of the trans1ent response after the,1n1t]a1 en-

trance of thé'dfsturbance:ﬁnto.the'co1qmn.

The magnitudé of. the Step disturbances considéred

' dur1ng the rema1nder of th1s chapter is e1ther +O 45 or

—O 59 1b/min from the reference va]ue of 2. 46 1b/m1n
7.3 " Feedback Control

Table 7.1 g1ves the feedback contro11er parameters, _:h.:

(proport1ona1 ard 1ntegra1 constants) determ1ned us1ng

‘the zteg1er N1cho1s method (27) Cohen-Coon method (27)

.and the final tqned va]ues. The Z1eg1er N1cho]s parameters
were determined hesed on the»ga1n'at@wh1ch the'process”'
e started tp.exhjbit‘en@ogC1T]ating behavior, Whi]e the

- . :
—— $. . q -
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TABLE 7.1 FEEDBACK CONTROLLER SETTINGS DETERMINED
: BY VARIOUS METHODS

-]

v Digital
: Ana]og . Digital - in same units
Method ' . as Analog
. PB (%) I(min) KC =~ KI PB (%) TI(min)
Ziegler- -100. 5.0 -1.25 0.091 - 80. 6.0
Nichols =~ | : ’ ’
: Y

Cohen- -112. 3.5 -0.90 0.156  -111. 3.5
Coon : '

- Tuned -200. 9.0 -0.75 0.031- ~133. 17.0

&

Cohen-Coon parameters were determ1ned from the parameters

of the approx1mate open 1oop model of the co]umn g1ven in
Figure 5.6. :These methods were: used to determine the con-
troller parameters for both the convent1ona1 ana]og contro]-
“ler and the d1g1ta]]y 1mp]emented controller. S1nce the
contro]]er constants used for both ‘controllers are genera]e
1y quoted in different un1ts, Tab]e 7 1 also conta1ns the
contro]]er cofistants for the digital contro]]er converted -

~to the same un1ts as the analog controller.

The transient response of the column under'anatog
.feedback control, using the Zieg]er-Nichols contro]]er

_ tdhstants; is 11]ustrated in Figure 7.1, while the trans1ent>

\

response of the digital feedback contro]]er is 111ustrated
in Figure-7.2. The use of the Z1eg]er Nichols contro]]er

sett1ngs produced a very good contro]]fd response with

.
.3,
i
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Tlarger extent.

referenoe'tovonly the small va1ues of the IAE obtained.
However, the response appears “to contain very Tightly
damped oscillations. A]though the amp11tude of these 0s-

cillations was very small, 1e of the order of 0. 1% by

'weight methanol, this type of response Wo d<11ke]y be

S

unacceptabﬂe for 1ndustr1a1 contro] purposes The con-
trol parameters were tuned .by., re]ax1ng the ga1n and in-
tegral constants-somewhet, in order to produce a response

in which the oscillations appear to be damped to a

1er sett1ngs are ‘also shown in F1gure 7.1, while. those

‘ander digital feedback contro] are shown in F1gure 7.2.

*The response of the cohtro]]ed co]umn'using'these
tuned contro]]er sett1ngs genera]]y exhibited larger.
total dev1at1ons from th: set po1nt a larger maximum’

dev1at1on and a greater amount of osc111at1on damping

than does the response obtained us1ng the Z1eg1er- '

Nichols settings.

o

Due to the .nonlinear behavior of the overhead product

-

hcompos1t1on to reflux flow rate d1sturbances, compromise
controller settings were se]ected, The control]er para-
meter settings shown in Table 7.1 tend to give tighter

control "for input disturbances, causing increasing rauheh _

e ‘ . | 142
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¢

thah}decréasé@?“deviations in the,ove%@ead product compo-

AN

S i.t:ﬁ;‘on . " 2
{ E - -.~V¢' ?
) S ‘“E’ -
e B by
The effect1¥eness of thevfﬂ" ck_g@trol scheme, as
s M )
measured by the IAE dur1ng these tes&s, taken as the

" basis of comparison for evq]uat1ng.the effectiveness of

the various_feedfOrW§rd£§bntroT configuratiphs.[.
7.4 Gain Feedforward Control v

In1t1a11y, the feedforward controller ga1n was set
to 0.5, as suggested in F1gure 6.2. The ga1n was thenv/
tuned in order to eliminate any offset resulting from
"both ihcreasing.and dECreasing.step disturbances in the
feed flow rate.- Theltuned gains were determined to be
0.45 and'O 51 for step ddstuebances of +0.45 and -0.54
v]b/m1n in the feed f]ow rate respect1ve1y "It was found
: that s11ght changes 1n these va]ues were -necessary to

. /
compensate for small var1at1ons in the feed compos1t1onﬂ

~over long periods of continuous operatjon.

Despite the attempts made to ma1nta1n 'as 11tt1e off—‘
'set as poss1b1e,_many runs do contain an ap;rec1ab1e
offset due to unknown'cadsesf This 11]ustrates the maJor'
weakness,of~a'feedforwafd Control]er; its 1nab111ty to

- correct for disturbances other than the ones to which it

.



has been related. This contrasts wfgh a feedback con-
troller which can eventually correct for anyfdisturbanCe
as sogn as the disturbance affects the contro]1ed variable.
\ . . ‘
(eg F1gure 7 3 111ustrates the~response of the column
~under ga1n feedforward contro1 for both. 1ncreas1ng and
decreas1ng d1sturbances in the feed flow rate away from -
the reference steady state. The overhead product ‘compo-
sition response can be'seen tolderiate from its set
point in a d1rect1on oppos1te to that expected to be
caused by the disturbance a1one, and returns to the set
point with-no overshoot or osc111at1ons This 1ndicates
'Jthat the ref]ux corrective. act1on has been 1ntroduced into
" the column too early,- demonstrat1ng the need for dynam1c i

compensation.

It shou]d be noted that if the only two a]ternat1ves'
vava11ab]e for contro111ng the column were gain feedforward
- control and convent1ona1 feedback control, these tests
.would suggest that feedback control wou]d‘ be -the preferred
conf1gurat1on The - response of the column under feedback
control ex@1b1ts the smaller IAE value, ‘the smaller max1—
“mum dev1ét1on and the sma1]er offset in the face of immeas-
urab]e d1sturbances of the two poss1b1e a]ternat1ves If
' the ga1n feedforward ‘controller is ‘compared only to the

open 1oop response, then it wou]d be an acceptab]e contro]

.
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7.5, Gain plugrTime-Detay~£feedforward Control

_Tables 6. 1 and 6.2 present values- of the time de]ays,
ca]cu]ated over a range of frequenc1es, from the feedfor-
~ward contro]]er frequency response data in Tables E. 2 and ¢
'E.3.v These results suggest that for: 1ncreas1ng feed flow
rate d1sturbances,.aitime delay of between three to nine.
minutes is required, while for decreasing disturbances, .a
time delay of the order of zero to Six m1nutes would be
des1rab1e The fact that the t1me de]ay va]ues calcu-
llated for 1ncreas1ng d1sturbances appear reasonab]y con-
-‘stant over the- frequency 1nterva] of 1nterest suggests
.. ‘that a time de]ay is a fa1r]y good representat1on of the .
'Edata,'ybereas the t1me de]ays ca]cu]ated for decreas1ng
dts%ﬁ?gances exhibit a cons1derab1e variation over the
w;}v‘same frequency 1nt@?va] suggesting that it-is a less
repr sentat}%ggmede1v1n'this instance; -
./Jﬁkfx;ﬁfﬁ ’ "‘. ' g | |
// *Figure 7.4 &ompares the transient responses of the
////co1umn using a ga1n plus t1me de]ay feedforward contro]]er
y as a function of the t1me de]ay Exam1nat1on of th1s f1— ;
gure 1nd1cates that the best value of the time de]ay is of,/

“the. order of f1ve m1nutes Exam1nat1on of F1gures F. 34 F.35

R and“F.36 reveals that th1s.va1ue'appears equa11y va11d.for
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both 1ncreas1ng and decreas1ng d1sturbances away from anq

. return1ng to the reference. steady state cond1t1ons .

The use'of a time de]ay dynamtc;compensation cannot
be expected to tota]]y e]1m1nate the transient response
“in the overhead product campos;t1on,‘un1ess the feed and 2
reflux dynam1cs d1ffer only by a t1me delay. The best - T@ﬁa
that can be expected is to adJust the time de]ay such that
- the area: under the trans1ent response is approx1mate1y
_equaT]y d1v1ded on elther s1de of the set point Cross .
over, as-showh“1n Fygure 7.4 for-a'tjmehaelaxwof 4.8:

minutes. &, . o g5 <

The add1t1on of t1me de1ay dynamwc compensat1on to a

N

: ga1n feedforward %ontro]]er has reduced the max1mum dev1a—.

tion by about 75% and the IAE by approx1mate]y 75 to 90%

©

'from that ach1eved ‘usiing -3 dgadin feedforward contro]]er

r

a]one The t1me de]ay feedforward contro]]er has a]so -

3

;reduced the IAE be]ow that achleved us1ﬂg 0n1y a feedback

o

contro]]er
o ‘ . ‘ . - " . \‘ ‘ "-, . . A P \‘
7.6 Gaih-b]us Tame Lag-Feed%onwardjtbntEo1
. . - T “ 14 5: o
Tab]e 6. 3 presentS' the time constaht obta1ned by
‘fltt1ng the feedforward contro]]er frequency response va—fi

1ues g1ven 1n Tab1es E. 2 and E.3 to a f1rst order tnme 1ag

Sk
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,representation.uStng the method of Levy (6301 The re-
su]ts suggest a time constant ranging between four and

ten m1nutes for 1ncreas1ng d1sturbances and between two

and four m1nutes for decreas1ng d1sturbanCes in the feed
%

flow rate ‘away from_the reference steady state.

Figure 7:5'c0mpares'thevoverhead prdduct comnosi— n
tion respohse ot the co]dmn as a function of the time'
constant of the t1me lag feedforward contro]]er, for an

_1ncreas1ng step d1sturbance in the feed flow rate away V'
1from the reference steady state. F1gures 7.6 and 7.7
present similar compar1sons for a decreéasing step'distur-
bance 1n the- feed flow rate away from and an 1ncreas1ng
step d1sturbance in the feed f]ow rate return1n§ to the
- .. reference steady»state. - ' ' | g ;
Examination of.FiQure 7.5 indicates that for -an in-
creasing d1sturbance away from the reference steady state,
kthe best va]ue of the time constant appears to be ‘of the
I

';.order of 6 6 m1nutes fact, the feedforward controller

us1ng this va]ue. f theftine'cdnstant maintained the over-
&

head prdduct composition essent1a11y constant des@ite the
approx1mate]y +2 % feed f1ow rate d1sturbance Exam1net1on
of F]gures 7 6 and 7.7 1nd1cate that for a decreas1ng feed
flow rate d1sturbance away from the reference steady state

and For an Jncreas1ng feed flow rate dwstqrbance returning
’ ‘ ' o . // ~ L
o
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to the reference §teady stete, the best value of the

time_cphstant,appears to be of the order of 4.5 minutes.

Tables 7.2 and 7.3 compare the controlled responses

achiegéd ; ${igures 7.6 and 7. 7,respective1y The IAE

;h&ﬁg ‘heén corrected to ‘remove the b1as caused by
‘4"}
‘ the f1na1 offset observed 1n the response pr1or to the

’va]ues

‘run termination. .This would" tend to make the compar1son
between the various time constanes more dfqme}ﬁc. These
results i]Justrate that, if caﬁe‘is not exeeéised in the
selection of the, time constant, the effectiveness of a-
time lag feedforwardicontro11er can be degraded to a level
be]ow that obtainable using only a gain feedfo;wakd con-
tro]]érv Undqubted1y, a similar result would be evident
“when usxng a*t1me de]ay feedforward contro]]er, had 4

i S
farger rangeuof.t1me delay va]ues been stud1ed Obvious-=

ly, too much dynam1c compensat1on can be much more harmful

thaq/hot_enough4~_-
» . ) . ‘
A well tuned gain plus time Tag feedforward control-

ler appears capable of redueihg-the T'AE and the maximum

deviationXof”the controlled responée;by‘at 1ea;ﬁ 70% below
: those obtainab1e using a gain feedforward confro]1er5.andv
l by at least 50% below those. obta1nab1e using a convent1ona1
feedback»contro]1er., A ga1n p]us t1me lag feedforward

COhtrol1er'and 5 Qain p]us t}me de1ay feedforward contro1¥

5
P
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- TABLE 7.2 EFFECTIVENESS OF TIME LAG FEEDFORWARD

o CONTROL AS A FUNCTION OF THE TIME CONSTANT
FOR DECREASING.  DISTURBANCES IN THE FEED
FLOW RATE A FROM THE REFERENCE STEADY

STATE
, . Maximum .
Test ( R ) IAE* Deviation
min ' wt % MeOH
FFC<56 0.0 20.7 +0.63
- FFC-64 4.5 5.4 +0.13/-0.08
,FFC-58 6.6  13.9 -0.36
CFFC-62 7.5 19.1  -0.54
o FFC-60 10.0  33.7  -0.92

*IAE - corrected for foset.

~ TABLE 7.3 EFFECTIVENESS OF TIME LAG FEEDFORWARD
: " CONTROL AS A FUNCTION OF THE TIME CONSTANT
FOR INCREASING DISTURBANCES IN THE. FEED

_FLOW RATE RETURNING TO THE REFERENCE
STEADY STATE :

"Maximum

T . .
Test {min) - IAE* .Deviation
: ’ ‘ owt % MeOH -

! FFC-55 0.0  23.0 -0.30 ..

i ' . : » T : %

- FrcH7 201 840 025
L FFC-65 45 2.3 -0.12

§ FFC-59 6.6 10.6  +0.30 o

I FFC-83_ 7.5 - 11.7° +0.30

‘ FFCa61 10:0 ~ 21.7 #%0.50

*IAE - éorrected for,offsét

BT
-



Ter, when both ‘are proper]y tuned, appear to be equa]ly
effective in reduc1ng both the IAE and the max1mum dev1a—"

) . . [ “"z:-‘,‘,/‘.v
t-‘on‘ C : . N o . . K . P

7.7 Feedforward-Feedback Control |

L@ ‘,,‘é,.. “‘éf :

1~ k) R .
© S R R

F1gures 7.8 and 7. 9 compare the trans1ent response

‘of the co]umn obta1ned by add1ng feedback tr1m to the
feedforward contro11er w1th that obta1ned us1ng the
feedforward contro]]er a]one _ The best t1Me constants

rd contro]]er, deter— ;

Py

mined in the prev1ous sect1on,_were 6 6 m1nutes forig V'"

.‘1ncreas1ng and 4.5 m1nutes for decrea51ng feed f1ow

‘ rate d1sturbances away from the reference steady state

Desp1te this -fact, he values of the time constants
‘were chosen as 10. 0 and 6. 6 respect1ve1y, in order to'f
111ustrate the rather dramat1c 1ncrease in the effect1ve—
ness of even a poor1y tuned gain p]us t1me 1ag feedfor-
ward contro]]er w1th feedback tr1m, over that obta1ned
using a gafn feedforward controller. |

The‘add1t1on of feedback tr1m to a- ga1n feedforWard kNﬁ
':contr011er has marked]y reduced the effect of the d1stur—

,_bance on the overhead product compos1t1on response, as;

measured by ‘the IAE, by at least 50% over that obta1nab1e.

-
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tro]1er§ @hen‘the feedback trim is added to the gain

p]us time iag feedforward, thefeffect ot the disturbance was
reduced by at least 80% from that obtained using a poorly
.tuned gain plus time 1ag feedforward controller a pne, byf

at 1east 20% from that obta1ned using a well tuned gain

pTus-timeﬁlaéﬁfeedforward controiler alone; aid by-at S

A]east.SO% over that obtained using a conventiopal feedback
controller alone. The add1t1on of feedback trim has a]so
eliminated tne maJor1ty of the offset due to ‘ejther mode]l‘

. errors or 1mmeasurab]e d1sturbances
. . _i,. .

s

This property has béén ramatically illustrated in-
”Figure 7;10; During the evaflluation of the gain teedforward
controller, the feed temperature control]er fa11ed allow-

1ng the feed temperature to decrease from ]63 F to 1530F,'

-

creat1ng a 1arge offset in the overhead product compos1t1on

A s1m1]ar test was also- performed when - eva]uat1ng the gawn

feedforward contr011er w1th feedback tr1m A step decrease

1n the feed temperature of —10°F was 1ntroduced into the

1

column, Jn addjt1on to the step increase 1n.thevfeed flow
rate;_ The resuﬂting'respOnse contained no offset and a‘
rmarked decrease in the effect of the comb1ned d1sturbance;
In fact, the IAE for the.gann'feedforward controller with

feedback trim was even reduced well below that obtained
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with the gain feedforward controller when no immeasurable:

a

-disturbance was pres-nt. \

7.8 Cqmparison of Controller Responses to .a Series
of Step Disturbances
- Since the.feedforWard-feedback;contro]]er prodheed
such a signitftant increase in the effectiveness of the

control, it was decided to compahe the effectiveness of

A; this control scheme to that obtained us1ng a convent1ona]

feedback contro]]er, using a pro]onged series of 1ncreas1ng

and decreasing step d1sturbances 1n the feed flow rate

about the reference steady state. Exam1nat1on of F1gure<w

7.11 1nd1cates a reduction of approximetiely 70% in both

- the IAE and the maximum dev1at1on abo.t the set po1nt has
’been achieved us1ng a ga1n plus t1me 1ag feedforward |
controller with feedback trim in p}ace of the feedback

control]er The ?eedforward controi]ek parameters'used
were the averagesrof ‘those vd]ues reported prev1ous]y as
the best values for the 1ncreas1ng and decreas1hg.d1stur;
~bances in the feed flow rate. o
G ‘.=. - _E;ig_, o . (7?5)
Ff 57541 ‘- o

" The tuned values of the feedback controller parameters'

reported previously in Table 7.1 were also used.’
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7.9 Discussion

.TOJECt would be ~ -

~a) dynamic compensated feedforward

c) dynamwc compensated feedforward contro] N

d) feedback control _

i . ) IR 13 : R ) . .
e) gain feedforwardécontfol__ !
f) open.]oop responség;% .

!

\

Feedforward—feedbaek confrol schemes;'in addition

to 1mprov1ng the effectlveness oF the contro] a1so correcta

L

for the effect of any- 1mmeasurab1e d1sturbances or of any
errors in the feedforward contro] mode] These errorq may
1nc]ude e1ther errors in the feedforward gain or in the
use of poorTy tuned dynam1c parameters Feedforward con-
trol a1one does not exh1b1t this regu1at1on capab1]1ty

The add1t1on of feedback trim . to a feedforward contro]]er

actual]y reduces the trans1ent response be]ow that obta1n-«

“able us1ng feedforward control alone, 1nsadd1t1on to the
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long term elimination of offsets. S \

Both time .delay and time$]ag dynamﬁc compénsationu

. rappear of about equal ability 1n:1mpfoving the effedtﬁve%

.

- nmess.of the control: ‘'However, without access to a digi-
p K . X S _
- tal computer, a pure time delay functidhfis_quiie diffi-

cult to imp¥ement. For this reasor. the time lag transfer
funcfion was used in all the subzeguent fee?fdrward—feed—
back contr61 schemes. It is interesting to note that for

the present column, the value of the time delay and“the

tﬁme.Con§fant awe both of the order of five minutes.

q

These values are contained within the ranges presented -

in Tab]esr7.2 and 7.3.

E’”' l |
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o .
CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS
{ . ‘ <

A series of app?ox1mate transfer function models,

" which adequately de:er1be the trans1ent response of ~

the co]umn, have been suécessfully developed using

\
a combination of transient response and pulse test-

¢

o5 Cow . ’b
ihe process gains should be calculated from the

.smoothed operating conditions, rath§r~thah'from

the oriéﬁhal expérimental data. . This suggests

£

‘th%t anu'atteﬁpt to adaptﬁuely'tune-the gain of a

5 A~ 1

'contro11er on- 11ne will requ1re a smooth1ng or

oy

f11ter1ng algor1thm 1n the procedure

'
.

‘,‘ Lo :
- ¢
ES . ~—

The ca1cu1ated process ga1ns exh1b1 ‘a, strdng)non-

B

11nean dependenﬁe ﬂn the,magn]tuce of the dlstur— .

-

” kN

bance Th1s non11near beha110r qs typ1cal of “columng .
produc1ng re]at1ve1y pure products, due to the
operat1on of the co1umﬁ‘w1th1n the p1nched reg1ons
The non11near pr cess ga1ns cou]d be adequate /
represented Dy a 1east squares stra1ght 11ne over the

St

range of‘1nterest.- SR T e

e
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The open loop,dynamtc response of the column was
. N 4 -
successfully kepresented by a .simple thaﬁéfer
runciivi model of the form
. . AK"e—TDS )
G(S) .=v . - ) (8.])

- Ts+]

-

Due to the nonlinear behavi r of the column, ‘two sets.-

of parameters were determined, one set each for in-

W

Creasing and decreasing disturbances about the'neterf
ence steady state. No attempt was made to de rmine,

a funct10na1 dependence between the magn1tude of the

t1me delay or tlméJconstant of this model and the

‘ ‘>magn1tude\df the disturbance. It should be noted

Thiis 1nd1cates that the co]umn responds most rap1d]y

':*to vapour r1ow r tes, fo11owed by 11qu1d f]ow rates,

that a simi]an modei has beeh“sdccéssfu]]y used to
descr1be the dynam1cs of Targe 1ndustr1a1 co]umns
(14, 112) | ' o

I } . ) . . %

;The response of the column was most senc1t1ve 'to the

steam flow rate}] fo]]owed by ref?ux flow rate, Feed

g

f1OW\rate aﬁd least sen51t1ve to the feed comp&s1t101

I

T

% . A,

' bLt responds ver*\s]ow?y for comp0§1t1on changes

~ ~ v
=, s _})

Thie feedfo?nard gafn could ndt beiéa]cu]ated directly’
' from the open 1oop process ga1ns due to the non]1nea~ o

'behav1ow of the co]umn ' The feedforward*ga1n
. . v . . ’ . ) .

-
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Was measured from tne slope of the feedforward
"operating conditions, according to- ,
' o . , . Al ’
dR" :
K —_— (8.2) '
ff qF XD o o _ .

De;pite'the‘nonlineaf’behéviok"df'the3CO1umn; the

' feedforward operatihg»conditﬁonsetufned‘out to be

- I ~ T
ting,in a constant vulac of the feed-
he

only s]jght]y’from :'1s conétant value.

" The fequgrwérd controlier gain can,-howeJer, be

"t

‘calculateéd” from the npen loop prockss gains valid
. ¢ . o .

at the refereﬁce'eteaﬁy state. .

- . . | . .
2

!

.ﬂ:The frequency response representatno of the feed- CA

forward conbrol1ers ca]cu]ated from uhe exper1men~.

.

La11j measured open 1oop models Cou]d not be pred1ctea,
W1th1n sat1sfactory 11m1ts, Using the approx1mate

\iopen .oop t ansfer funct10ﬁ mode?s ThJs 57LUat1one

L

: resu]ted desp1te the fact that the approA1maue

' con

'mode1s~adequate]y representea uhe,open ]oop *"an>1ent
' RSN B o . RN

respone of the column. These simp1e~mode]s ‘do not
appeah‘sufficientlyjcomp]ex_to'be vsed to determine

“the feedforward contro]]er, ‘ ﬁ;‘l.., oo

Vi
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10) Since the range of the frequency responselvalues
' d1d not extend to sufficiently h1gh va]ues of fre—
quency,vmost of the dynamic 1nformat1on descr1b1ng
the feedforward controller has not been obta1ned
However ranges of dynam1c parameters of very s1mp1e

transfer funct1ons of the form

e - S (8.3)

G = ; . (8.4)
oo . -

~

were determined.

11)\‘The imp1ementation’df feedforward controllers in-
corporat1ng these models y1e]ded a s1gn1f1cant
’ 1mprovement in the effect1veness of the control
h of the co]umn . The exper menta]]y tuned values of
the parameters oF these medels were 1nc]uded w1th1n
= the range of values . determ1ned from the rrequency
response rep esentat1ons These resgits agree wiTth

those ovauyben (69 70) thft a f1rst order dynam ;
' compensat1on sh%31d be adequate o o -J ;

T“' i - ‘fx.:
L i .

]2)2 Desp1te the npn:1near behav1or exh1b1ted by the

-

mrco1umn simple and effect1ve feedforward and ‘eedror—

i

ward feedbacL contro] schemes were’ successfullf

implemented. B

.i ‘,V‘. * -
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,Qi-order of preference for -th

df‘; ?feedback trim

170

;Based on the results prese ted in th1s progect the

1mp1ementat1on of the

'var10us ¢ontrol schemes evaluated dur1ng th1s study

~_wou1d include:

a) dynamic feedforward control with
_ feedback trim .

b) ga1n feedforward control with

. ¢) dynamic feedforward contro]

"~ d) -feedback control ¢

114)

the cqntro] P

. ]“5.)

.gain feed orward Contro]
BeSides e]iminatfng offsets caused by eithevr .the
effect of 1mmeasu%3b1e d15turbances or errors 1in the.iv

feedforward quel due to e1ther the approx1mate

;naLure of the mode or the vary1ng co]umﬂ&cond1t1ons,

'the acd1t1on of a feedback trim to a feedforward

contro]]er actually 1ncreases the effect1veness of

\ i : SRR 2?3' -
‘ R : ‘
.- -
" P
. .
J

. ' Nt
jA]though the ga1n feedforward contro]ler 15 not as’

fectwve as a convent1ona1 feedback contro] the
cbmbjnat1on -f the" tvo great]y enhances the effect1ve-
ness of the :cverall composition control.

o

On]&_a Timited know]edoe of the celumn dynamics heed

‘be known,ih‘okdercto 1mp1ement a feedforward contro]]er

< e
» . o AT

a
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with feedback trim.

8.2 Recommendations

8.2.1 “Distillpfion Colump,

Ly

1nciuding reflux, steam, bverhead and'bottoms product flows,

«.J
were operated below approxwmate1y 3@% of the transmitter

span. This reduces the accuracyxwt which these f1ows

can be measured,and reset._'S1nce,\ column operates verwv -

close- to the f]ooding constraint;uJ_,;span should be re- -

duced to improve the: accuracy and repeatab111ty of meter—.

O

<1ng these f]ow rates.

kR :'*,' :_\ . '/-\ N
- i

r

The cause of the f]ooding‘appears to be undersized-

downcomers. If they could be made larger, sp that the in-

- . ) ® o . ) B
“ternal reflux flow could be 1ncre§sed the -external flows™

e

~
- M v -

could, also he increased resu]tlng in shortcr time-Con{

stants for tne dynan1c response of the co1umn thus decrea51-:

- s
0

1n§\t§e t1me requ1red for the transnent response tests S

o

Dur1ng the present stuay, the co]umn Was: operated for

'long per1ods of t1me, often unattended Any fa ure of any
{

: © .,
of the ut111t1es, ‘such as .steam, cQ011ng water, astrument

air, ory#lectricity, or a pump failure, could cause levels.

‘ih
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‘to be lost, pnessures to rise, pumps to be openated dry,

; R ) ; . ) '-& A
or'many other potentia]lw*nazardous conditions, whi®#:

" N ’ e
could resu1t in damage to the gqu1pment Since the com-

puter has access to all the process measurements, it would
be advantageous toThave an operat1ons mOn1tor type of

program , similar to that available on the evaporator (54),

which could automatita]]y shut down,the column when symp-

“toms of any hazardous conditions are deteéted.

8.2.2. Distillation Column Model

Suff1c1ent exper1menta1 data has been presented to

~..J

el n .y

form the basis of a fundamehta] mode] ‘which could be

“«

bdeveloped . This mode] cou]d be used in future studies—to.

'a1d in. the study and deve]opment of other advanced contro]

schemes A sat1sfactory mode] shou]d perm1t determ1nat1on\

of the co]umn response about any other column operat1ng

cond1t1on, rather than requ1re the co]]ect1on of new ex=- o %2@3

‘per1menta] data sﬁnce an - experqmenta1 program s genera1— .
PO - LA &,, N

. ;;dl

to an 1ndustr1a1 co]umn
N

N

Py
-

';8.2;3;'Disti11atioh CoTUmn'App}o%imate Model .

\ : ,
Further pulse tests are requ1red ‘to extend the fre—_

quency response of the open 1oop responses, so that.the



feedforward controller frequency resanse can be calcu-

lated to frequencies above 0.2'rad1an/m1nute; The fre-

quency responsc of the feedfeorward controller was only

valid up to thf;[frequéncy, due to the'pulse testing.
Timitation fmposed by the measured open 1bopﬁfrequency_:
response. Since the time constanf'of the feedforward
;.cdnfrollerlis of the order of five minutes, the break
frequgpty'othhe.mode] is_in[the vicinity of 0.2 radians/‘

mi+ute. Thus most of the high frequency characteristics

: \
of the model have been lost.
: y :

\ ~

L | \ ‘\

~—

Further study ghou]d bevrequirgdffo/déte}minf the
effect on the pulse test‘résu]ts of the noﬁ]inear behav- .
jor of the column, and the causes of the abndrmaij hféh :
ya1ues of the»hormalized frequeﬁcy'coﬁtent 5t theb]imit‘:
of the valid frequency respénse data. It is qjso-ﬁossible
that other SthEEﬁfig testing techniques, su;h\és'Ka1mén
‘fiTtéring, pseudo-random binary'iﬁputg or an auto and
cross corfe1atioh aw?]&sis of proceés.ndise,'méy provide“,
~betté;‘éétimates of .the dynamic modej'of~fhe co]umn.thah  h
pﬁf§{@£€stingf .Thg'égfst{ng cq1u§g,’With,jts AAta acquisj;
tion agd Contr§1 capabijitjes, is:éﬁ§idea1"véhic1é for the
eVa]ugﬁion of these altcrnate methods. | | -

?

o
3

'8.2.4 Transient Response versus.Frequency_ResponQE

| The detefmjnation of the parametefs of an.hpproximate

\
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model using.data in the time or frequency domain requires
further study. It is necessary to determine criteria
to decide which. of the many methods of Titting the data

should be used, and in the case of complex mOdels, to

determine when a sufficient number of ferms have been in-

cluded.” .
B .
ad

RN :

8:2.5 Feedforward Control |
7 | S _

™

/ |
9
) -
The feedforward contrd]]ers des1gned2dur1ng th1s "

study are based on convent1ona1 cont1nuous methods The
samp]e time chosen wnén )mplement1ng the contro11ers on
’the computer was sma11 /e]at1ve to the time constants

assoc1ated.w1th the process. Th1s, however, does not

‘make the begst use of the computer A d1g1tal\f edforward
modet, ‘based on samp]ed data techn1ques, ShOUld be: des1gned
eva]uated exper1menta11y and compared w1th'the control.
obtained‘ns*"g che cont1nuous model. Further study wou1d

" then be requ1red to f1nd the best va1me of the samp11ng

’1nterva]hfor th1s mode]. |
s ' &

tDynamic feedforward contro], ﬁncorporating only
simple méde15'such as 2 time de]ay &r a time Tag,‘has
reduced the amount of dev1at1on in the overhead produCt

| Y

compos1c1on response in the order of 75% of that obtawned

using conventionalrfeedback control &lone. Fu‘ther study

[



/\‘!A.. ‘
could determine if the use of more complex models, such as

a first order ]ead/]ag (175), first onder'1ag plus time

(0%
Q

‘_ déiay'(%QR, & sccond ovrder lag {(66), a seccn rder lag
de]ay (66) or a first.ordér 1ead/second ordef_

_ T :
lag (82) would give sufficiently increased effectiveness

plus time

of control to justify their implementation.

Under ctertain circumstances, it may be advaqﬁageoni‘_;//;//
to control both overhead and bottoms product composition
Var1ous 5uggest1ons have been made (1,9,73,102,]03,]08

to. 1mp1ement non—1nteract1ng'control, including a Few-

- based on feedforward concepts (1, 73) FurtherreXpe imen -~

ta] study is requ1red to determ1ne the feas1b111ty and
’parameters requ1red to 1mp]ement the two- po1nt fee Forward

control system

. o S
'8.2.6 Material Balance Control Scheme

Aboe

< ‘ , ‘\f
The co'umn material ba]ance is current]y contro]]ed

,1nd1rect1y ﬁ1th both overhead and bottoms product f1ow

v’ .
-rates on- 1eve1 contro] An a1ternate contro] scheme, re-

u

commended by Shinskey (115)eand‘N15enfe1d (89), controls
. L | : ’
the mater1a1 ba’ance directly by-adjusting either the over-

_headkor botfoﬁ?-f]ow rate‘direotly, rather than either

ref]ux or steam rlow rates. .Since’ each control ph1losophy

\

appears to have obta1ned about equa] accepuance, based on

N ‘\._ : - o . . C“ {
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11terature, referehces, 1t wou]d seem WOrthwh11e to exper1—

,menta]]y study the d1rect method of . mater1a1 ba]ance

contro] and compare. the resu1ts W1th those presénted dur1ngl

the current progect "This compar1son cou]d 1nc1ude the

column dynam1cs, the feedforward control1ers and the

%

‘.effect1veness,of<the feedforward control schemes. A

study of this'natunﬁ»may he1p'reso1ve—the contr0versyf
. . 8 - °
conCern1ng wh1ch Water1a1 balance: contro] scheme is more <,

_aes1rab1e or. under what c1rcumstances each contrOI scneme'

Vm19ht be pvefer%ed e i Coe
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. v NOMENCLATURE - oL
) ';'.A: | /( . N\
g L : .v‘»’»'f b
©i) Upper Case DR
. ¢ s Lk oo ' -
I A S S AU L -
AA - - definedtby:Equation (3:5a) T
- e, . T
UL ADG e ana]og to d1g1ta] converter ,éf
AMP Tt sl amp11f1er SV N o L
) o L . é & b,
AR = amp11t ude rat1q, dec1be1s : ;?‘~ , o
: . U N
B . - bottoms product fLow rate, ]b/min»
- D) A .
BB - Co- ~def1ned by Equat1on (3 5b).  , @
BS - b1as in the DDC 1oop record -
.G e def1ned in ﬁnuat1on (3 5c) E ' 4'~.s.;1
COEF - vector of ,unknown transfer functﬁon
: coéff1c1ents BN o'ﬁfpﬂ‘» i
° T ' o S : :
€os - current output station. . o .
. D - overhead product f]ow\?gfﬂ “1b/min
DD - def1ned by Equat1on {3.5d) o E o ;\.,
DEN(iw) .. - comp]ex denom1nator def1ned by Equat1on
B R |
Z*r:ﬂ?;is - degrees of freegom EE
e E, - error function def1ned by Eguat1on (3 13)
. E(iw) - error funct1on Sin- frequency doma1n
N def1ned by gquat1on (3 9) .
F'_ - feed flow rate, 1b/m1n
CFC - flow contro]]erl
" FF. - exponent1a1 f1Tter constant in the DDC
R a1gor1thm '
'jysb" - set po1nt of feed’flow rate contro11er
AR | <
. \ ~ | -\:\’.

v.;“



SS .
Fiw)
FR’
FRC
G(iw)

Ty
G, (t)
GFM‘K a
Gp;
Gpj
G. .
ij
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v , '

I . I

steadﬂ state va]ue of feed flow rate,
]b/m1n

o

funct1on defined to fit the exper1mentaT

- frequen response data exactly, as

defined Yy Equatien (3. 8)
flow re order

.-

flow recorder/contro1ler‘

general transfer function in the

frequency domain

- general transfer funct1on in the

& Laplace doma1n

e

general feedback contro]]er equat1on
in the time domain -

transfer funct1gn of. the feed f]ow rate
measurement transm1tten

transfer function re]at1ng the overiicad
product compos1t1on to the 'jth' input
var1ab]e”

~ transfer function relating the bottom

product composition to ‘the ‘Jth' input
variable : L

e

transfer function re]at1ng the "ith'
output variable to the "jth' input
variable, coT
where the 1th'~0utput variable-refers to

P

'iB-~- bottom product f]ow rate f

D - overhead product f]ow rate
0 --aqM other output var1ab]e of

= -interest ; :

'gar : ‘jtt' 1nput variab]elreferS'&ﬁ

- xeed~f10w rate

L =~ any other 1nput var1ab1e .of
-+ dnterest .

R - ref]vaf]ow rate’

B
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LA ¢

‘ o &
S - steam flow rate

# TF - feed temperature

s :
V - boilup flow rate

XF ~ feed composition

closed Toop transfer funct{%n 0
ref]ux f]ow rate to a set point

transfer function of the.reflux
~rate controller

[y .
e reflux
asmitter

transfer_ﬁznction of ,
rate measgmeement tra

transfer fUnction of
rate controt valve

transfer function.of the overhe
?roduct composition contro]]er

tkansfer function of the overhe

‘the reflux

6%391

f the—
change
flow

Vo
flow
flow

ad

ad

product composition measur~mant trans-

mitter

contro]1er

water Py

integral of the absolute error

mp1
.8)

(.A)O

c
A

L7

ex'fun;tfpn defined by Equ

e stpansfer funct1on of the feeaforward

)
ation

current to pressure transducer .

gain ‘of a general transfer fung

'feedback controller gain

feedback controller ga1n 1n DDC
record

transm1tter

1ntegra1 contro]]er constant fo
feedback contro11er

tion

s
,

loop

i .
- é§a1n of the feed flow rate measurement

P
r/cigital
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\

integrfal controller constantiin DDC
loop record

.gain of the transfer function relating

the composition of plate N to the jth!
1nput variable

- gain of the trgﬂsfer funct1on relating

the overhead product composition to the
"jth' input variable

gain of. thé transFer function relating
the}bottoms~product compos1t1on to the
“jth'! 1nputfvar1ab1e .

¢

gain of the transfer ‘function relating

the '"ith' output var1ab1e to ;the 'jth'

input var1ab1e
where the ‘'ith' output var1ab1e refers

. to

. . ) » .

B - bottoms flow rate
D= overhégd f]ow rate ‘ . A
0 - any other output var1ab]e

]

'_and,the Jth' input var1ab]e refers to

F - feed flow rat@
L -~ any otherfinput variable - N
R - reflux flow Tate ¢

s - Steam f]ow rate
Tp - feed temperature

vV - bo11up f]ow rate

Xg = feed composat1on

any other 1nput var1able not otherw1se
def1ned ie TR, Tps Tes Tg

' Lap]ace transform operator

level contrq]]err-

level indicating controller



MeOH
MP X
MS

N

NPTS
NSTAGE

//;NUM(iw)

oT

PB

pe
P/1
PIC

| output 1n‘pDC 1oop reﬁord N
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methanol
. . - “
multiplexer

~

measurement in DDC lc»p -ecord
o -

general plate number

number of data’points collected

total number of stages including the

rebo11er

%omp;ex numerator defined by Equation
3.7

any b6ther output var1ab1e not otherw1se
def1ned ie XN"
pressure, 1nch H20

proportional band of feedback con-
troller, %

.y

pressure controller
pressure to current transducer

pressure ihdicating_contrd]]er

\pu]se output

process operators-conso]e

_reflux flow rate, 1b/m1n

set po1nt of ref]ux flow control]er ./ ‘

steady state.value of the reflux /
flow rate, 1b/m1n » :

v%omp;ex function def1ned by Equatlon
(3.8

steam f]ow rate

set po1nt in the DDC loop record

\

steady state va]ue
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Lower

lase
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“ /’/
f1n1te 1ntegrat1on 11m1t 1ntr0duced Lo
into Equat1en (3. 5) 3 ,

atmospheric’ temperature‘\HEQ\F\\\\

d9oling,water inlet temperature, deg F

feed temperature, deg F

relTux temperature, deg F
tempsrature recorder
\

tempeFatu e recorder/controiler

vapour b 11up rate, Ib/min

vector def1ned by Equation (3. 15)

}matrmx defined by-Equat1on (3 15) = ..

bottom product compos1t1on, we1ght
% methano]‘~

steady state Value~ 6Ff the bottom
product compos1t1qn;\we1ght % methanol

\

'overhead product compos1tfen, weight.
% methano1 , . ~

..

set po1nt of the overheag product

<

) composition controller 5 7\;

steady state value of the overhead
VAproduct compos1t1on, weight % methanol

feed compos1t10n, we1ght % methanol

compos1t1on on ‘plate N, we1ght % \
methano] ‘

\

coeff1§1ents of numerator in polynomial
transfer function defined in Equation

~ (6.8) ‘ -

‘coefficients of denom1nator in po]ynomjal

?ransfer function defined in Equation
6.8) . _
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-.'éXpohential operataor, 2.7183...

- T

- degree of denominator in polynomial
. transfer function defined in Equation
) /-';\.“_'.(6.8)
- "degree of numerator in polynomial
%ranﬁfer function defined in Equation
6.8 : ‘

real part of complex fun y

joh defined
by Equation (3.11) - b

B Lap]été-transfdrm operator, m1n71

- imaginary part of complex fﬁnction'
- ~defined by Equation (3.11) :

YX&mg, mipqtesﬁg

- transient response of an “input O~
variable - : S

-+ transient response of -an output
variable S ;o

- “defined in Equation. (3. a)”
- defined by Equation (3/7b)
- defined by Equation (3.7d)

- vdriation of the bottoms flow fate, ,
~about the reference steady state value,
1b/min S : . -
- 'variation of the overhead flow rate
abert the reference steady state value,
1b/min - _ o
. - 'variation;of_the feed flow rate about
the reference steady state value, 1b/min

o .
- variation. 6f the reflux flow rate about-
" the reference steady state value, 1b/min
' ' 9 _



“MeOH

~Fov

time. delay, minutés.
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\ ‘
variation of the steam flow rate about

varjation of the fe

~ the’.reference steadxastate value, lb/min
e

temperature

about the reference steady state va]ue

var1at1on aof the bottoms product

composition about the reference steady

state value, weight % methanoT -

var1at1on of the overHeadvproduct'
composition about the reference steady-

- state ‘value, weight % methanol

/samp]ing intervaT, minutes

error in the process ga1n oeterm1nat1ons
for feed flow rate d1sturbances, def1ned

by Equat1on (5.71a)

component material balance error of

closure for water

;component material balance erro? of

c]osyre for methano]

overa]] material ba]ance error of.

closure for fTow rates

error in process gain determ1nat1ons
for reflux flow rate disturbancess

‘defined by Equation (5.1b) %,

error in process gain determinatdions =

- for steam flow rate disturbances, de-

fined by Equation (5.17c)

~damping coefficient

constant, 3.1416.
density, gm/ml
def1ned by Equation (5. 1g)

time-constants defined in Equat1ons - _
(2.1) to (2.6) }

time constant of first orcer lag = -
transfer function, minutes
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/
reset timc, minutes

time comsteat of a first order lead

transfew, function, minute

phase angle, degﬁees
frequency, radians/minute

& . .
maximum frequency, radians/minute
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| APPENDIX A
PHYSICAL PROPERTIES) EQUIPMENT DESCRIPTION AND
p CALIBRATION PROCEDURES - -
| kK
Al Inthoductiohf~' R :
R ”ft**f—%;*ft/ I _L"‘Cﬁ_'
Th1s section conta1ns a comptlat1on of data required

throughout the prOJect including the pertinent physical

”property data for water, methano] and water methanoL/§b1u—

1t1ons, the methods used to ca11brate the co]umn instrumen-

tation and select the contro]]gr constants, a tabulation -

- of the results compar1ng the present co]umé%fperat1on 5

with that obta1ned by Svrcek (128), xamp% of typ1ca1f

mater1a1 ba]ances obta1ned and 11st1ngs of the 1oop rej‘

- El

'»;. i e \\]

A

cord formats.

The pertinent physical property data for methanol,

9]

" water ano methanoT-wdter mixtukes were subjected'to a.

;-

regression ana]ys1s in orderoto obta1n a form wh1ch could
eas11y be used 1n the d1g1ta1 computer '
a) dens1ty.of-1jqu1d water (96)
DENSITY =‘1.005-2t]4x10-uT - 2.51x10°°T2  (A.2)
f»Range‘ 40 < Te< 120 | -

‘Units: . "DENSITY - gm/m]
: - ST .. - o



b)

o

f)
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densityt of liquid methanol (35)
DENSITY = 0.808 - 7.74x1074T - 1.98xJQ'5T2 (An.2)

Range;‘ 0 < T < 120

Units:  DENSITY - gm/ml
T oc

density of methanol-water mixture i22,96)

DENSITY = 1.020 - 5.12x10°“T - 1.51x107°T2

S : - (A.3)
- 1.52x1073X - 8.11x10"8x2 .

Range: 40 < T <120 ' //ff\\
0< X <100 . A
Unjts: ENSITY ~ gm/ml
_ v T - og )
X - wt. % methanol -

saturated density,of'methano]twater'solutions (128)
DENSITY = 0.960 - 1.36x107°X - 7.46x107°X2 (A.4)

Range: 0 < X< 100 Ca

e

‘Units: - DENSITY - gm/m]

X - wt % meihano]

density of steam (96)q§v -

20713 % 1'J6x10‘?T SUTI07x1075TE

DENSITY =
‘ iy (A.5)
. 4. 50x107°T
Range: 37 .Qégﬁ 320
Units: i “}rr‘m - 1b/ft?
‘heat of i;ji%tion of ‘water (96)
 HEATV = 1080 - 3.99x10°'T - 5.62x10-*T2  (A.6)

Range: 150 < T < 300 ' "

. Units: HEATV. - BTU/1b

T -. O°F



.{eﬁ

g)

h).

3)

heat of vapcurization of methano] (35)

HEATV = 291.2 - 3. 31x10 . 53x]0 312

Range: 0°< 7 < 160

calggm' P
- vCc. 7
//
heat capacity of steam (43)

Units: HEATV
“T.

HEATC = 7.80 +-3.2x1073T - 4.83x107.3T% ~
Rangeﬁ 0 <T < 3500
Un1ts HEATC

‘calfgm mole °C

W

heat cad@&lfi/of liquid methanol (35)
HEATC = 0.557 + 1.87x107%T + 9.01x107°672
) .})', . . 4 B .

Range: 0 < T < 120

Units: HEATC ca1/gm o¢
T - %

7
u

hedt capacity of ]1qu1d water (43) -

'HEATC = 1.001 - 1.36x107°T + 2.03x107672

Bl

. [
Range: 35 < T < 100

" Units: HEATC - cal/gn °C

k)

\\~—47-un1ts;-'HEAT

1)

T -

heat capacity of methanol vapour. (43

HEATC =]0-26 + 1.98x10—2T‘ - ].44X]0.'.5T2 .

- 1.92x10-°T3~
angef 0 <T < 500

ATC - cal/gm mole °C
ST - e

200

(A.11)

saturated liquid temperature. of methano] ~water

mixtures (] )

3



M 7 211.29 - 1.55 X + 1.85x107 X%
- 9.33x1075X? L
Wn M0 < X < 100 ¢ _
212 < TEMP < 148.5 =
ot
Nhg \A TEMP - OF i
\ X - wt % methanb%
’ \ ﬂ ed va
pour temperature of methanol- water
RN z ﬂ%s (128) )
}EW A 211, 84 - 2. 25x1o-11 L 1.70x107572
' - 2 33X1O 5T3
\ 4 i 0 < X S 100 /
212 T TEMP < 148.5
\’ t 0 7.
WY / TEMP - OF .
A X - wt % methanol 5y
\ {/QW y of saturated methanol water vapour (128)
' \M«”W r 1143 - 5.29 X .
W A% 0 <x <00 |
'\n4§s§‘ ENTHV- - BTU/Tb
X - Wt % methano] o
b7 \ﬂ£¢KWpy of saturated methano] water liquid (128)
§H4WL/: 188.6 - 2.59 X + 1. 425107 X2,
/\;\‘ ENTHL - BTU/lb A
. X - wt % methanol Lo 7
) \ﬂ/ma]py of superheated methano] water, vapour (128)_‘
§ﬂ/W = 1151.4 - sf%7 2. 08x10 3x2
. e -
S 5% T+ 53x10 272
t@/\e/ 0_<_X_<.100 N
‘ v 70 < T <100 L
M ey - sy |
\p" ', ENTHV - BTU/1b |
‘ X - - wt % methanol
' T - B

- 0C

€
\

201

o

. (A.13)

(A 14)

(A.15)

L (A6)

\

/;f



s
_i’q) vapour pressure of 11qu1d'methan01»(61)' ‘
" Log,,VP = 7.87863 - 1473.11 (A.17)
Range: Oli T <120
 Units: . VP - mm Hg
. o ST - 0C
- ,t,‘\”,. ‘ B ) ‘ . }
r) vapour pressure of liquid water (61) -
 Log, VP = 7.96680 -_1668.2 - (A.18)
SRR © (T .+ 228 - -
"~ Range: 60 < T 100~ -~ ¥ o
Units: VP - mm Hg- ~
Regression eqﬁations coh]d not-be obtained.whiCh

adequately predicted the following physica

/

"

202

1 pfobertie§

‘eqUi]fbriuh vapour.composition of methanol-
- water system (128) &@s a function of equili~
. brium liquid composition o C

| qui]iﬁrium 1iqu1d'composition o?'methahoi—,_
Stl :

y system (128) as a function-.of the

“equildibrium, vapour composition , -

| (94):
B
_t)
)
) ’.y)v

A.3v.Calibra£iqn and Instr

.This section W

employed to‘calibrafé'aﬁd/or'adjus

composition of liquid methanol-water mixtuhgs‘.
(22,96) as a function of both density and . |
__temperature of mixture v : R

equiliprium 11

id composition of methanol-

water [system (25 Aas»apfunction'of temperature

.and pressure‘of;t e system.

L

H

ent-Adjuétment Téchhjques

i1l gutline'theAprdcedurés that<weré

t the coptrol settings
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on the following iﬁf;ruments- e A o

B L e e e e

1) overhead product compos1t1on ana]yzer .lﬁ n_
11) aTT fTow transducers and the1r contro]lers
111) overhead pressure transm1tter

iv) both71eve1 transducenz and their ébntro]]ers

- <. | L“.: S X B
A.3.1 OVerheadvEroduct Composition. o

'The»overhead prodUCt comnosition analyzer was caTi—i
brated us1ng the pycnometer method The we1ght and
' vo]ume of a set of pycnometers were determined from
rep11cate measurements. The voTume was determ1ned by) o
weighing the pycnoneters fu]i of water at a known temp-. vgi'
é}ature, TVo]ume‘CO;rections[nere"determine&pfor-the . |
Teveliof the sampTe%in the'oapillary tube. The comp051t1on
“of the methano] water samp]es was determ1ned by the den-i
-s1ty of the soTut1on measured at room temperature The
rdens1ty is catcu]ated from the known vo]ume of the pycno—
i_meter, and the we1ght of the py;nometer f111ed w1th samp]e
‘The sampTe was 1n1t1a11y a]]owed to come to equ111br1um-'
W1th the room temperature in a- sea]ed fTask The f11]ed
pycnometer was aTso a]Towed a few m1nutes to equ111brate .
‘w1th the room temperature before we1gh1ng it. The compo-
's1t1on was then obta1ned from standard compos1t1on dens1ty-'j%
temperature data ava11ab1e in .the 11terature (22 35 96) '

-~
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F’ _
The calibration of the oven:ead-product ana]yzer was

a

°performed on-line.” The column was operated to produce tie
~desirec ~ange of methano] concentrat1ons aThe ca11brat1on

,technfque fo]]owed that outlined 1n the Foxboro manua]

ava11ab1e for the. Dynaqog Capacitance analyzer (94). The

» B

ana]yzer was 1n1t1a1]y operated wi'th the temperature com-

| pensat1on d1$connected in order to seTect the des1red span.

,After this ' was accomp11shed the temperature compensat1on

¢

was reconnected and the co]umn was operated to produce a

*

~m1d-span compos1t1on measurement The temperature of the:

A’ condensate was decreased and the amount of temperature

”’compensat1on was adausted return1ng the compos1t1on to .

L

”’SampTes of these overhead products were taken at var1ous

Tits preyious mid-span measurement The temperature of

the condensate Was changed by recyc]1ng the cooler ‘reflux

‘ptlo\output.back to the reflux.accumu]ator.' Th1srprOCe-’
~dure was repeated until a temperature change tn~the”ref1ux

"'accumu]ator d1d not cause any deviations in the measure-

e

ment ot/;he compos1t1on

¢ C : ¥

~ After the analyzer span and‘temperature compensation

..have'been set up aS‘desired.fthe'coTumn was operated to

produce compos1t1ons cop§r1ng the comp]ete recorder span.

chart readings and the compos1t1ons determ1ned using’ thev

pycnometers.“ The results are shown Tn F1gure A 1, comp]ete

‘w1th the bESt fit Teast squares stra1ght line through the
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FIGURE A.1 ~OVERHEAD PRODUCT COMPOSITION CALIBRATION
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9 _ v .
data. ‘?he parameters of the least squares -line are given
.in Table A.1.

The calibration procedUre‘for the bottoms product

analyzer, "1 on-line gas chromatdgraph, has been outlined-

by Berry (9).

A s . L

A.3.2 Flow Rates o . . . gk

The flows are measured us1ng or1f1ce p]ates with
' f]ange taps The pressure drop 1s transduced to a 3 15
| pneumat1c s1gna1 us1ng standard Foxboro d/p cells.

ps1gx\

“A number of flows, feed, reflux, oyerhead and~bottoms pro-
duct VUSE quadrant-edge orifices (1304 since the discharge
coeff1c1ents are reported to bre - consta t. at the 1ower

va]ues of Reyno]ds numbér assoc1ated w1th the sma]]er f]ow
rates. Sharp-edge orifices are used‘for the remaining
f]ows, ‘steam ‘and coo]ing water, sihce.the discharge coeffi-
'C1ent is constant for the 1arger values of Reyno]ds numbers.
assoc1ated W1th these flow rates. The flow ca11brat1on

data are expected to follow the character1st1c or1f1ce

~ equation (130)
d\ d———i;jj = K (ap)2’ o 'fA{19)

where FLON 15 the flow rate measured in 1b/m1n, AP s the

pressure drop as measured in percent of the recorder chart

. . . .
/ . . : ST
. . L e
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gg;is the specific gravity of the f]uid flowing and K -
is the prdeﬁtionality constant.
o -
ATl liquid flows were initially calibrated using
~~°water. The weight of.water dt.a meésured temperature
_ passiﬁg through the.orifice creating a pressu}e drop jh—
dicdted by the chart reaaiﬁg'was méasured’ovef a“known
time inféfva]. The calculated flow rates, specific gravi-
tiés‘and chart posit%dns were fit to Eéﬁation (A.]Q) using
é )ea;t_squares procedure. For all flows, the ihtercebt
calcdjated was‘not.sﬁgnifiﬁantly'differént from\zefo,iso
1thé 1éast-squares fit was repeated forcing the straight

line through the origin.

Thé flow rates dfvthe méthano]-wdter Sdiutions, namely
feed, reflux, ovefhead andxbottom product, Can,now'be.de-
'Etermined‘from Equation (A.19) using the specifjc gravity of
these solutions determfned,frbm Equation (A.3) and the
measuredfcomposition'ahd'températdre of the stream;

L A o : .

“v The steam flow.orifice was calibrated by introducing
steam‘ﬁo the reboiler at‘Va#ibus chaft.measurements and -
weighing the pondensaté collected in a preyibusTy wéighfed

,iCe'bath fn a known time interval. These flow rates were
it td Equation (A.19), quified'suchvthat the SpeCifié

: grav{ty’term was cqmbineaﬁ?h]thé’s1ope, using the least

-
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squares procedure. The i#tercept obtaihed for this_flow—
equation was significantly different than zero and was

thus retained.

The calibration data and best fit flow equations for
the different orifices are shown in Figures A.2 to A.7.
The constants of these;equafjons are di;p1ayed in Table
A.T.

! : T
A.3.3 Column Pressure

‘Thgvcolumn pressuré.transmiétér was 1nmfia]]y cali-
brated fo—]ﬁne to determine that the'Sca]é readings were
- correcil It was then 1nsta11ed above the vent Tine so
.that any methano] wh1ch condensed in the measurement 11ne

would return to the process

A.3.4 Condenser and Reboiler Levels

Since a knbw]edgeaOF’the absolute values of the levels
~ was not required during this project, the span of these d/p
ce]1s were adjuated to give a reasonable'operating»rande“

for the 1éVeis in the column. Any. 1eve1s were then mea-

sured re1at1ve to the 3-15 psig output produced by ‘the full -

range d/p- ee]]s | The parameters related to these measure-.

ment transducers are summar1zed in Tab1e A 1
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" feed flow™ ﬁOQLQ

-

-5

 TABLE A.1 SUMMARY OF MEASUREMENT DEVICE- PARAMETERS -~

Orifice:

Process Size

Variable (Inch) Type

reflux low "0.09

 steam flow 0.30

overhead c
product ~ 0.10
flow '

bottoms a8
product 6\10
flow
cooling .

~ water . 0.35
flow

‘_\

' o%erhéad
product
composition

- column
_pressure

condenser
level

reboiler

level - 4'_ .

Equation' 1
- Types '
TP

P

L»“»‘fn):.
- Span : Y
Orificer Inch . Eq'n o
H,0 A B Type Units
quadrant- 80 0.36 0.0 1 1fymii
quadrant ;254  0.42 0.0 1 .. 1b/fiin
sharp ™ 156 0.29 o 1b/min"
"quadrant 51 0.27. 0.0 1  1b/min
‘quadrant 46 0.25 0.0 1 lb/min
sharp 250  6.90 oﬁhrf\J'..ib¢min
0,058 98.30 2wt %
0.20 =10.0 2 in H,0.
0.12 3.0 2 psig
, 10.12 3.0 2  psig
. o .
U , o , i
= AV X + B /Y -- measurement: -
= A X +:B X -;chért pef cent
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' A.3.5 Column Temperatures

216

6 .

Y . ,"r\‘ [ B
. \ Y

: ‘{,
All temperatures on the co]umn were measured us1ng

iron= constantan thermocoup@es Before 1nsta1]at1on, all.
\

) thermocoup]es were checked aga1nst pub11shed thermocoup]ev

3
tables at var1ous temperatures between 0 and 100°CV The

temperatures measured by the the OCOUp]éS\QEEi:f]]y agreed

to within 1°C of the ca11brat1on temperature

A:3.6 Ana]og Controlfer CbnStants s ; o

“ Tab]e A. 2'summar12es the controller constants used

)

Afor the var1ous ana]og control]ers The sett1ngs for the

'feed ref]ux and steam contro]]ers were chosen to g1ve the

J

%,
most rap1a response W1th m1n1mum overshoot for a’ set po1nt

l

change " The 1eve] contro]]er sett1ngs were chosen to” g1ve

& 3 s

R

TABLE A.2  TYPICAL ANALOG CONTROLLER CONSTANTS . -

L)

Controller i N~ ke ijs

) S »
feed flow = oy 200 - 0.2
reflux .flow ' o 100 0.25
steam flow - - 175 0.15
- overhead composition - =200 A
v condenser level 50 80
~reboiler ‘level °© ' - 300 10, :
- column pressure- .100 - 5.
feed temperature =150~ 1.8
Q@f]ux.temperature" ) -"20 2.

¢
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o

averag1ng 1eve1~contr01,'ad3ust1ng the product flows

v’ -

,‘smoothly wh11e a]10W1ng ‘the 1eve1 to vary between 11m1ts

The- sett1ﬁgs of the overhead pressure control]er were

'*chosen to maintain as tight a contro1 as poss1b1e, w1thout

" heat- temperature controi]ers were tuned to g1ve the most

' 'the operat1on of the co]umn atta1ned during th1s study W1th oy

vcaus1ng osc111at1?'s\foéoccur in e1ther the overhead

dthat reported 9¥/5vrcek (128) be

ad3ust1ng the pnéumat1c set points of the pneumat1c condko]-rlf‘

\

pressure or coo11ng water f]ow ‘ The ref]ux and feed pre—‘5 “

rap1d poss1b1e response w1th m1n1mum overshoot to the

\

f]ow rate d1sturbance@
L

J

1
‘>

,A;4 Compar1son of Co]umn Operat1on w1th th ofm

“Svrcek . (128) . .
/ : . ] . ‘ ¢ : )
' ‘ ’ ‘ \ ‘ '
, Typ1ga1 resu]ts are presented in Tab]e A. 3 compar1ng

’re.mye column was d1s- ’ /
assemb1ed and moved. Suff1c1ent1y f

ood agreememt wap ob—

”Juta1ned between the runs to conc]ude that the present . o

' |
operat1on of the co]umn 1s cons1stent The sma]] differences

in the temperature and’ compos1t1on prof11es may be attr1-';_\

buted to the 1naccurac1es and 1nsens1t1v1ty in manua]]y( =

! .

- lers: contro]11ng the input f1ow rates and the d1ff1cu1ty in !

reproduc1ng the feed compos1t1on '““'ifg o R [

-
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" TABLE A.3 COMPARISON OF THE COLUMN OPERATING DATA
WITH THOSE OBTAINEDYBY SVRCEK (128)
| N . |

/; . . <

F1 Initial F1 final R1 Initial  R1 final

Process , N .
Variable Svrcek this Svrcek this Svrcek this Svecek this
. - ’ study study study . study

f]ow , . ,

~feed 2.20 "2.24 '2.51 2.54 2.51 2.54 “2.51 2.54
“reflux 2.25 2.29 2.25 2.2972.09 2.12 2.24 2.14
steam 1.93- 1.98 1.93 1.98 1.90 2.00 1.90 1.96
overhead 1.16 1.14 1.26 1.26 1.33 1.37 1.24 .1..24
product

" bottoms 1.05 1.10 1.24 1.26 1.18 1.17 1.23 1.26
product : ' L ' ‘

feed plate 3 3 - 3 3 3 3 3 3

- composition | : :
feed , 20.6 48.5 50.6 48.5 51.3 51.8 51.3 5k.8

* overhead = 95.6 - 96.2 97.8 97.9 96.5 96.5 98.1 98.5
product. SR ‘ T . -
bottoms . 0.8 0.6 2.5 2.1 0.5 1.2 2:9 4.0
" product ' ) L
plate 1 2.8  3.% 7.4 6.5 16.8 13.5
-plate 2 8.7 7.2 15.9 20.0 34.5  34.0
plate 3 23.5 20.8 31.7 38.0 49.4 50.0
plate 4 - 32.8 34.5 . 47.1. 51.3 67,6 68.0
plate 5~ 52.4 52.8 63.9 68.0 .79.6- 80.0
-plate 6. 70.4, 71.0 . 16.7 79.0' 87.6 88.3
plate 7 '83.1 84.0 - 86.6 88.0 -92.8 92.5
plate 8- 90.3 93.3 90.2 92.8 95.6 95.0
temperature ’ D _ _
reboiler 207.0. .5 206.0 209.0 201.5 201.0
“plate 1. 201.0 .0 197.0 19920 184.0 187.0
plate 2 184.5 .0 178.0 185.0 168.0 174.0
plate 3= 180.0 .5 173.0 172.0-165.0 166.0
phate 4 170.5 .5 164.0 168.5 156.5 161.0
plate 5 162.0 .5 158.0 160.5 151.5 154.5
plate 6 154.0 .5 152.0 154.5 148.0 150.0
plate 7, 149.0 .0 148.0 150.5 145.0 148.0-

0 .0 146.0 5°144.0 146.0

plate'8  147. 147.
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" A5 Material Balance Errois-ofoClosure

sable A4 g1ves, as an examp]e, a typ1ca1 report

<t 1ssued by the pTogram BALNC document1ng the operation.
' D

i.

\the.errors of  closure obtained:-for each run gives the

“following limits on the average closure obts ned:

€ov

" EMeQH.

€
H20

Th1s 1nd1cates ‘that for 95% of the runs, the over-

* a1 ba]ance ‘closed within = 3.5%_and the component ba—

of the d1st1]]at1on co]umn

0.4

-1.2.

1.8

1+ I+

I+

lances .closed within t/i%;//

Tables A5 to A.9 contain the 11st1ngs of all DDE/////f/

loop records—ut111zed dur1ng the progect

. -

A.6° Loop Record,Listfngs

A statistical analysis of

2.

1
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FEED FLOW

- REFLUX FLOW

STEAM FLOW
FEED PLATE
TS5 PROD

FEED INLET
STEAM TENMP

~

FEED

BEOTTOV PRODUCT
70D PROBUCT
CLOSURE ERROR=PC

4

STEACY STATS DATA
RUN NG FB=90D .

APR

"14947..LB/MIN  BOTTOV PROD

24278 LB/VIN TOP PROO
2,051 LB/MIN  COOL WATER
4 ) FEED COMP

96406 T P C(°

16246 DEG F

Oeb

Ea
ENER $\$\

15

\

a@TTG'S COVP
REFLUX INLET

B ALANCE
\ .

HEAT LOSS

ENT?ALPY IN

(8 g/MIN)
COOLING ‘WATER . 29287 ‘'
REFLUX 24667

. TCP PRODUCT : .

T FEED- ~ 27865
STEAV L 245754
BOTTOM PRODUCT -
TOTAL - . " 590645

TABLE A.4 'TYPICAL MATERIAL BALANCE REPORT .

2200 .

1.C16 LB/MIN .
0e939 LB/MIN
504939 LB/MIN
47400 WT P C
0.0 wT P C

-~ 145.8 DEG F

ENTHALPY OUT
(BTU/MIN)

44913
23846 .
9844 "

48245

21642
552&03"
13791

v

2.0'

23446 DEG F  PRESSURE -0s1 IN H20
- . l‘l
MATERTIAL B8ALANCE
FLOW CoMP  METHANOL  WATER
(LB/MIN)  (WT PCT) (LB/MIN) -~ (LB/MIN) &
14947 474000 0.915 14032 -
1016 Ce00U 0s0CO 1316
0:539 964068 00902 0e036- =
’ =1e¢3



01

102

03

01
02

01
.02

01
02

01

02

o1

02

03

6218

7FFF

0080
6010

TFFF

6010

TFFF

6010

TFFF

6010

. TFFF

641E

TFFF

~00co

TABLE A.5 DATA ACQUISITION LOOP RECORDS

©ID = 0170
3340

205C+04102
2990 TFFF:.
0000 0000

Iy

" ID = 0171

.205F+04101 -

. 2990

2110 T7FFF

A

1D = 0172
205F+04100

2110 TFFF

ID = 0173
‘205F+04104
2110 7FFF

ID =. 0174

'205F+04103

2110 .7FFF_.

I1D°= 0175

404C+04106
"TFFF
0000 0000

)

0000
0000

“FEED FLOW
8400407214
7FFE

2990

0000 0000

© © REFLUX FLOW
3340 -
000Q

.8480+08364
12110

STEAM FLOW

3340

© 0000

o

3340 -
10000

3340
0000

0000

0000
0000

8480+05740
2110

8420+05032
2:

2116

0000
0000

0000

0000

BOTTOM PRODUCT F

000C

TOP PRODUCT: FLOW

8480405382 0000

" TOP .COMPOSITION

-9100~=01310+409879

-.2990 TFFF

4 10000
001A" .003A- -0000:

0000
2990

0000

0000

0000

0000

0000
2990
0000

0000
106A

0000

0000

0u00 -

0000

Q000
116A

0400 -

221

TFFF
0000

TFFF

TFFF

7FFF

TFFF

TFFF -
0000



0218

DATA ACQUISITION LOOP RECORDS.

1D = 0176

s

;01

02 TFFF.

103 00CO
01 -4010
02 - TFFF
01 0010
02 TFFF
01 4010
02 7TFFF
.01 7010
02 7FFF
01 7010
02 7FFF
01 7010
02 7TFFF
01 7010
02 TFFF

. / )

"

0QTC. 0377 0000
2990. "7FFF .0000
0000 D000 0000
ID = 0177
204F+20000 0000
2110 7FFF 0000
ID = 0178
207F 0179 0000
2110+10000+00000
ID = 0179 .
204F+20000 - 0000
2110+10000+00000
10 = 0180
21BF+00130 0000
2110 7FFF 0000
ID = 0181 -
21BF+00131 0000
2110 7FFF 0000
ID = 0182
21BF+00132 0000
2110 7FFF 0000
1D = 083
21BF+00133

2110 7FFF 0000

Ve

BOTTOM COMPQSITION

"9100+20000 - 0000 0000
29100 T7FFF 0000 2990
0004, CO56 ' :

BOTTOM COMPOSITION(DUMMY)

'9180+20000+400000 0000
2110 L

FEED COMPOSITION
'9180+200004+00000
2110

0000

FEED COMPOSITION(DUMMY)

Q000 , A280+20000

~

9180+20000+00000 0000
2110

AN

REBOILER TEMPERATURE

A280+20000 0000 00CO
2110 '

" PLATE 1 TEMPERATURE

A280+20000
2110

0000 0000

PLATE 2 TEMPERATURE
A280+20000. 0000

| 0000
2110 ’

PLATE 3 TEMPERATURE
0000 0000
2110 ‘

~

0000
126A

0000

Q000

Q000

0000

0000

0000

0000

vo222

TFFF
0000 . .

LTEFF

TFFF

TFFF

TFFF

TFFF

TFFF

TFFF



.01
02

01
02

01
02
AN

01
02

01

02

7010
7FFF

7010
TFFF.

7010
TFFF

7010 -
TFFF

7010
TFFF

, 1D = 0184
21BF+00134
2110 7FFF

v ID = Q185

21BF+00135

2110 7FFF

1D = 0186
21BF+00136

2110 IFFF

1D = 0187
21BF+00137
2110 7FFF

ID = 0188
21BF+00138.

2110 7FFF

DATA ACQUISITION LOOP RECORDS

0000
0000

0000

0000 .

0000
0000

0000
0000

0000
0000

PLATE 4 TEMPERATURE
A280420000 0000 €000
2110

PLATE 5 TEMPERATURE..
A280+20000 (0000 (0000
2110

" PLATE 6 TEMPERATURE

A280+20000 0000 0000
"2110

PLATE 7 TEMPERATURE
A280+20000 0000 0000
2110

PLATE 8 TEMPERATURE -
A280+20000 Q000 0000
2110 o :

0000

0000

€000
0000

Q000

. 223

7FFF

TFFF

7FFF

TFFF

TFFF

-



>

01,

- 01

01

01

o1l

01

01

Q1

TABLEb A.6 RING BUFFEQ LOOP RECORDS
. 1.

061l

061l

0611

10618

0618

0618 .

0612

0612

ID = 0210

4208 0170
10 = 0211
4208 0171
1D = 0212
4208 0172
10 = 0213
4208 0173
°
10 = 0214
4208 0174
1D = 0215
4208 0175
1D = 0216
4208 0176
10 = 0217
4208

0178

0000
oqoo
0000
oo?b

0000

0000

0000

0000

FOR PULSE TESTS

- > ~

FEED FLOW

0000 0200

REFLUX FLOW

0000 0200
STEAM FLOW
0000 0200

BOTTOM PRODUCT FLOW
0000 0200

| : -

TOP PRODUCT FLOW
0000 0200

TOP COMPOSITION
0000 0200 .. -

8OTTOM COMPOSITION
2000 0200

FEED COMPOSITION
0000 0200

224



01

01

01

01’

01
01
.91
01

01

0613

0613

. 0613

0614

0614
0614
0614

0615

0615

225

RING BUFFER LOOP RECORDS FOR PULSE TESTS

4208 0188

10000
. 0000
0000"
0000
oooq

0000

ID = 0220
4208 0180
ID = 0221
4208 0181 .
1D = 0222
4208 0182
ID = 0223
4208 0183
. ID = 0224
4208 0184
ID = 0225
4208 0185
ID = 0226
4208 0186
ID = 0227
4208 0187
1D = 0228

0000

~

REBOILER TEMPERATURE ' | »
0000 0200 : .

o

PLATE 1 TEMPERATURE
0000 0200 '

PLATE 2 TEMPERATURE
0000 0200

PLATE 3 TEMQERATURE !
0000 0200

PLATE 4 TEMPERATURE
0000 0200 S

PLATE 5 TEMRERATURE
0000 0200

PLATE & TEMPERATURE
0000 0200

~

PLATE 7 TEMPERATURE
0000 0200

PLATE 8 TEMPERATURE .
o 00 0 O 2 o 0 ;7-_.‘:.'....“



02

0l

01
02

. 03

01

02

03

01
03

01
ol
03

01
02
03

£}

TABLE A.8 FEEDFORWARD CONTROLLER LOOP RECORDS

0614

2410
TFFF
10A0

0A1lB

TFFF.

10E0

TFFF
13A0

0218
TFFF
13A3

641FE
TFFF
00A2

0218

ID = 0250

510€ 0170 . 0000
ID = 0251
5274 0170° 3B10
2110 7FFF=32767
0000 0000 0VQD
ID = 0252
5364 0251 0000
2110 7FFF=32767
0000 0000 VU0O
ID = 0259 ,
5364 0252 0000
2110  7FFF=32767
0000 0000 0000
1D ¢ 1260
536 025¢ 0000
211  7FFF=32767
000C  000( 0UOOQ
ID = 0261
534C+04106 0000
2550 7FFF 0000

0000 0000 0000

A

TIME "DELAY RING BUFFER
0000 Q000 -

DYNAMIC COMPENSATION :
0000

8400407214 0000 . Q000
2110 7FFF=32767 2110 0252
- 0000 0080 0000 FFOO 0000
GAIN' COMPENSATION ,
8400+07214 0000 0000 0000
2110 TFFF=32767 2110 0259
0UOU 0733 : .
“, : I
 ADDITION OF REFLUX CHANGES
8400+08364 0000 0000 0000
2110 7FFF=32767 2110 0260
0000 : '

0080
o

REFLUX SET POINT ADDITION

8400408364 0000 0000 0000
2110 7FFF=32767- 2110 0262
0U00 ' 0008 -

o

. FEEDBACK .COMPENSATION
9100-01310+409879 0000 0000
2550 T7FFF 0000 - 2550 0262

226

7FFF
0000

TFFF
0000

TFFF
0000

TFFF -
0000

7FFF
0000

- 0020 0060 0000 0000 0000 0000



227

'FEEDFORWARD CONTROLLER LOOP RECORDS

o ID = 0262 QUTPUT TO COS S
01 0218 5364 0260 0000 ‘8400408364 0000 0000 0000  7FFF
02 7FFF 2110  7FFF=32767 2110 TFFF=32767 2110 116A7 0000
03 1380 0000 0000 0000 (QOQC 0000 e



‘01
02

01

4010

0000

067F

7

'
>

ID = 0201 __ GAS CHROMATOGRAPH -

0004 004D 0000 BFO0 TFFF . 0000
0000 7FFF 0000 @000 -

o
O

ID-= 0202 “ GAS ‘CHROMATOGRAPH
0000 0201 0000 0000 0000

O

" TABLE A.Z GAS CHROMATOGRAPH LOOP RECORDS

0000 0000

!

228

0000



TABLE

01

01

01,
01

01”

0l

0l

01.

0665

0665

0665

0611

0618

0618

061l .

0610

229

A.9 RING BUFFER LOOP RECORDS FOR CONTROL STUD;ESJ

10 = 0210

[y

6508 0171
ID:= 0211
6508 0170
1D = 0212
6508 0261
ID = 0213
5408 0172
10 = 0214
5408 0173
1D = 0215
5408 0174 .
ID = 0216
5408 0176
ID = 0217

5408 0170

0000

0000

0000

co00.

0000
0000

0000

\

S /

REFLUX (DISPLAY)

0000 0200
FEED (DISPLAY)
0000 0200

TOP COMPOSITION (DISPLAY)

‘0000 0200 )
STEAM FLOW
9000 0200

BOTTOM PRODUCT  FLOW
0000 0200

TOP PRODUCT FLOW-
Q000 0200

BOTTOM COMPOSITION
0009 0200

-

. FEED FLOW:
0000

- 0000 0200



RING BUFFER LOOPp RECORDS FOR C@NTROLASTUDIES

T

ID = 0218 REFLUX FLOW.
Ol 0610 5408 0171 0000 0000 0200

) TOP COMPOSITION
0261 0000 0000 0200 7

. . 1D = 0219
01 0610 © 5408

/

01 0610 5408 0261 0000 0000 0200

/

230
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. - DPPENDIX B -
SCHEMATIC DIAGRAM OF DISTILLATIONCOLUMN

‘This section contains the detailed schematic diagrams

of the various sections of the_disti]latidp column System}
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APPENDIX C
PROCESS  GAIN DATA

ﬁ?’

' _'@5 This section contains a summary of the experimental

_ data used to determine the process gain portidn of the

open loop column model.
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FIGURE C.1  COLUMN OPEN LOOP OPERATING DATA:
- VARIATION WITH FEED,FLOW RATE
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B . o
: , . s EXPERIMENTAL
2t T.2p - —— SMOOTHED .{BY EYE)

. O - -* .l '.l . l 1 ’ J s
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R

FIGURE C.2  COLUMN OPEN LOOP OPERATING DATA:

a . VARIATION WITH REFLUX FLOW RATE
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1.7 0 r_xéznmmrlAbL
’ —— SHMOOTRED (BY EYE)
o .
1.5+
4_ . B N
'8 1.3 '
2 2 | , -
‘!“ i ] . ] -
’ 1.4 2.0 1.4 1.6 1.8 2.0

FIGURE C.3  COLUMN OPEN LOOP OPERATING DATA:
- VARIATION. WITH STEAM FLOM RATE -



TABLE C.4

=

F

PPN

o

1

1
1.
2.
2.
2.

TABLE C.6

5
2 HE
. e

SMOOTHED OPEN LOOP OPERATING DATAE

244

~

VARIATION WITH FEED FLOW RATE

-
P . | S
. N L

%Xy g D
91.80 . 0.00 0.96 1.01
93.49  0.00 1.04 1.10
95.00 '0.00. 1.10 . 1.19
96.20  0.45 1.15. 1.29° |
96.90  1.40 - 1.19 1.%0° " - - o
97.15 . 3.10 1#2 . 1.51 = -
97.30 . 5.40 . 1.25 1.64 )
4
" SMOOTHED OPEN LOOP OPERATING DATA:
VARIATION WITH REFLUX FLOW RATE -
Xy X D B .
92:80.  0.00 1.21  1.21
94.00  0.00 1.20 1.25
' 95.25 0.10 1.18 1.28
96.30  0.55 1.16 1.31
97.15° 1.45 1.13  1.34
97.70  2.55 1.09 1.36 . |
98.05  4.00. .1.06 1.39
SMOOTHED OPEN LOOP OPERATING DATA:
VARIATION WITH STEAM FLOW RATE
. Xg . D B .
198.00° 12.60 ,0.92 1.53
"'97.80  7.60 1.01 .43
97.45  2.803 1.08  1.36
96.25 ' 0.60° 1.14 1.30
S 94.30 0.00 1.19  1.25
' 91.80 - 0.00 1.21 1.21
'89.90 0.00 1723 1.17
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APPENDIX D

OPEN LOOP DYNAMIC MODEL DATﬁ

. ' g
/ ., , N

D.1 Pulse Test Results
Th1s sect10n contains a summary of the expér1menta]
vdata used to obtain “the dynam1c parameters of a first
order plus t1me de]ay mode] used to describe 'the open
1oop~response of the d1st11]at1on column. The frequenCy '
‘response d1agrams dlsp1ayed in F1gures D.2, D.3, D.5,

© D.6,.D.8, D.9, D.11, D.12 and D.13 were'p"epared'from

the measured trans1ent response of the co]umn to rectan-
gular pulses in the. -various input var1ab1es us1ng the
Pulse Testing Analysis Program (PTAP) (]35) " The dynam1c ;
.parameters of a f1rst orde% p]us t1me de]ay modeﬁ were
'determ1ned us1ng both theA'Levy pFEEEEUFe'and the proper-
ties exhibijted by f1rst order and time de]ay transfer
functions. These parameters were compared to those cal-"

culated from the trans1ent reSponse data us1ng ‘the Rosen-

« brock prOCedure (]10)

The dﬁrameters of h1gher order po]ynom1a] transfer_
function mode]s have been ca]cu]ated us1ng the 'Levy' |
procedure. The parameters are presented in Tables D.11,

"D.12 and D, 13 y
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TABLE D.2
FEED 'FLOW RATE =
Feed =+ Feed20 .
GAIN. 0099 2093
- FREQ . M PHA E - MAG  PHASE
- RAD/ RAT £ RATIO ANGLE
MIN EGREE DEGREE

060020 16000 =3 of 4,000 =203
0e002Z23 04555 Qc%%LuUUVV =207
000027. 02998 ~5,1'14987 ~=3,6
0e0031 06997 ,,—5o9 Co999  £346
0s0036 00956 ~609 00998 =442
00C042 00594 =800 00998 =449
000465 9992 =9:.3 06997 R
000057 05989 -lOpB Ooggéﬂ

. 000067'00985 =126 Co995 :

-+ 0o0078 00979 =14.6 00993 .
Je0091 00572 =17e3 00991 |
QoOlOb 00962 ‘1906 00988 ¥
000123 00949 ~=2267 02984 wiis
000144 00533 =2662 0.978. =T

000167 Ce912 =300l 02970 =19.4
000195 06885 ~3405 0:960 =22,5
0s0227:0e853  =3%e3 00947 =2640
Qs q254 D814 =44,6 0.929 =30,1
GeB3G8 00769 =5003 G906 =347

. 000358 00719 =5&54 Qas77 =39.9
0e0417 Cobb4 =5208 0o84)1  =45.6
00C486 00606 =69¢4 07956 =5108
OGOSQp 60548 “1602;00745 “5863
0a0659 06450 =8363 06698 ( =65.1
050767 Ceti35 =90:6 00536 " =7241
OQQBqB 00383 ‘“980; 00585 °7908
0c61240.00335 =106e¢1 06540 =8%q¢d1
0cl2)0 ©0292 =11406 (o484 =101,0
001409 Qo254 =123:7 Qo404 =1l4s4
0v1540 002267-13300 0,3107=12404
01910 05190 =14406:06253 =12745
002223 00164 =15609 0r232. #13409
‘022588 D0oltl =170%8 04228 =142,6
bos‘]q 0122 ”18605 00278.°l75eo
0035C7 02105 =20405 Cel37 =228,2
054083 00090 =225.2 1048 =21509
Oo&753 Col77 =24809 0.089 =157,6
005534 Co066 =27604 Qo086 =25802
0064462 Q0057 =30801 0030 =101,0
007499 00049 =34409 0s069 =54.9

0074

Q7o9r90060'
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FREQUENCY RESPONSE OF THE OVERHEAD PRODUCT
COMPOSITION TO POSITIVE PULSES IN THE :

Feed23 Feed24
2041 582
MAG PHASE = MAG PHASE
RATIO ANGLE RATIO ANGLE.
DEGREE . DEGREE
1,000 ~ =340 14000 -207
0e999 - =3+5 0999 =301l
02999 -4¢1 0999 =35l
0e999 =407 Q00999 - =402
00558 =505 0959 -409
u0998 ~5e4 00998 -548
00797 -765 00998 -5a7
00596 ~8a7 00997 =7.8
06995 =10%2 06996 =951
06993 =1168" 05994 =1046
09991 .=1308 00992 =12.%
_00988 ‘1@00 0990 =144
0984 » =187 0986 =1608
00978 -2107 00981 “1905
00970 =2502 094> =2207
00960 72903 Op@éé “2604
0946 “3401 0954 "30@7
0928 =39¢6 00938. =3567
08905 =459 0917 =41e5 -
0eB73 .~5301.00888 =4802
0e833 =~61o4 0e851 =5508
0782 =7067°00803 ' =6405
00721 =8lel 00742 =Thok
Debli8 =92.5 0.666 =B5c4
00567 =10408 06574 =972
00483 =117e7 00470 =1@ ol
1.Co%03 =13109 00363 ~¥1905
00327 314808 00273 *=12507
4+ 00243 =17005 00222 =12805
00138 =494%0 06198 =13768
00065 =17402 .00154~~15847
00126 =18703 Q074 =1T7605
0al09 =4lol 00057 =13360
Colda? TETe9 OouU75 =16662
00096 7609 0,025 =18lo&%
0 1c22]1 «11209 00042 -=19803
00056 =71203°0c044 =10109
00019 = Tel 90059‘ 8869 -
05043 1603 Dob490 =23601 *°
=945



TABLE D.3

GAIN

FREQ
RAD/
MIN

0.0020

0.0023

jOoOO2?
" 0.0031

e

" Ge5534
. 06442
'Oi74?9

0«0C38%
00042
Ce0049

CaCOC5T.

00067

0 2091
0.0108,

0.0123
0.01l44
Ca01l67
Cs0198

00227

Ce0264

1 0e0308:
Ce0358

Co04l7
00486
00556
0.0656
CGeQ767
0.0893
Q21040
0-,1210.

O 1409

Qo 1640

061910 -
062223

02588

© Q3013

003507
0.4083
Oot753

0075

REf]uxk*y 
- B

=117.8

009.‘.9_;’4
P 2 z : .
MAG PHASE ' MAG PHASE .
RATIO ANGLE RATIO ANGLE
-7 DEGREE - DEGREE
1000 =200 14000 “=2,3
00999 =264 00999 * =2,7
02999 = =2.8 0:999- _=3,1
00959 ~302 06999 =3,7
0.958 ~308 06998 =443
00997 -l ol 009?;8 "50'0
02996 =5:1 06997 -548
06595 =600 00996 -608
96993 ~ =750 9.995 =749
0:991 =8al1 06993 =952
0,988 =904 0,990 =19.7
0983 -11%0'05986 ~1204
00977 =1267 06982 =14o5
06970 =1407 00975 =16.8
0960 “17 O Ce366 ~1966
00946 =1997 06955 =227
00929 ”‘2206 Q0929 —Zéoq
0e307" =2600 06918 =3006
OOBBO‘U_2906'O;890 “3505
Cs847 =3306 06853  =41.C
00807 -37 9 00805. “4703’
00761 -4236 00743 h‘SQOZ
Co710° =470l Ceb66 =6106
0e655 =51¢9 Qo 5732 =66.1
06597 =5606 0ckb8 =75.5
0539 =6162 00362 =782
00481 ‘6506 DOZBQ .“73 6
06427 =6909 0%265- =6548
0378 "=7209 0277 =6800
06329 - =770.8 00254 ~8lol
00286 =81l65 00167 =9207
0e248 =8501 0bl1l5 '=65.3
00215  =BBob 0elb5 - =72,0
0e186. =92%2 Qo079 =11Co9
Celb0 ~9508 Qoll7. =2707
0o138 =9935 00061 =22465
006119 =10305 00462 =179,9
OoLOZ “10703 00169 514003
00088 =112¢6 0094 =93,8
00097

F8503

Reflux@

00061 =12169
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. Reflux23

10659

MAG . PHASE
RATIO ANGLE

DEGREE
1,000 =1a5
00999 =108
00999 -201
00999 _204
00%}4/- —239
09999 =343
0998 . 43,9
006998 . =4,5
0997 =563
00997 =662
00996 =Ts2
00994 - $Bo4
00992 5207
00989 -1103
Q986 '91302
0981 =1503
00974 °l708
00965 =2007
00953 Y“ZQol
00937. =27¢9
0e916 =3203
0,888 . =37e4
0:852 ;=481
0080? IS

75

20 3
SEe5"
.64k,
A=T280 L

P 13029
MAG PHASE
RATIO ANGLE
DEGREE
10000 “202
0999 =205
02999  =3.0
0999 =365
06998 -Quo
0,998 F =47
06997 = =505
0996  =bak
0.9995 =765,
00993 -8o7
00991 "1001
00987 =118
00983 =13.7
0977 =~15.9
06969 =18.5
06958 . =2145
Oo943h —2550
00924 =29.0.
0.898 =33.5
0eB6ES =38s7
0821 =4465
00766 =509
067 =57.8
00615 =6407
00523 =70.9
0et31 =750 0
00357 =75.7 00601
06313 =749 00513
00287~ =778 0o
.00243_ wfR4e7 Ob ‘ W
0el78 =84:9 0@260"°93o6
00166 =728 00212, =9271
»OXL?} =B%e5 Oolvc’ “9@07
0.101 =510l Sas '
00111, =7746
00064 ~6100’
00062 =112c5
02304 =14902
0,082 qlS?mZ';a
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TABLE D.4
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FREQUENCY RESPONSE OF THE OVERHEAD “PRODUCT
COMPOSITION TO NEGATIVE PULSES IN THE ™

STEAM FLOW RATE

GAIN

" FREQ

" RAD/-

N

MIN

0.0020
0.0023
000027
0.0031

0.0036.

0,0062
040C%9
00057
00067

. 0.0C78
" 0.0091

0.0106
00123

00144

- 000167

0.0195.

00227
0.0264
0.0308
00358

‘000417

060659

0.C486
00566

0.0767
0.0893

0s1040C

0.121
0140

001640
- 061910
"Ce222

‘0.2588

0.3¢13
03507
Co4083
Cokr753
005534
Qob442
07499

Steam +

Steam20

0.99 19,70

" MAG PHASE MAG PHASE
RATIO ANGLE RATIO ANGLE"

DEGREE DEGREE
loOOO ?206 loOOO ‘ °206
00999 =3,1 00999 =30
009939, =3¢6 00999 =345
00998 “402 06999 ‘4@1
0997 =4.9 06998 -4 08
0996 “5;7 0998 =5c6
02995 ~606 060997 =665
q0993 =767 0996 -7:5
06990 " '=950 0.994 =808
Clo987 =10e4 0,992 -10 2
00982 =12s1 00990 =11.9
00976 .=l4ol 06986 " =13.9
00968 =1603 Da981l =1602
00957 ‘1809 00974. “18 8
00942 =218 04966 --21 8
06925 =250l 0.954 1m25.4
00903 =2867 06938. =295
00874 =32¢8 00916 =34.2
006840 =37.3 0888 =39,5
04799 =620l 00852 =45.6
00152 -4702 00805 “5205
00700 *5205 O°745, féOel
00644 =580) 00672 =682
00586 =63c6 00587 =765
0527 -£S%61 Qn494 =84 o2
Cott70 =747 Co4C3 =89,9
00616 =8062 06330 =93,0
06366 =85,8 0a282 =G545
06320 =91¢5 002461 =1C0.7
06278 (=9763 0elB89 =105.0
0242 =10363 06l59 =~100.2
06209 -1ueoi$9¢165~-1oeea
0olBl =11646 Qel2l =123,0
0156 =12401 00610 7108 5
C»134 =132.5 00098 =14004
0:115 =141.8 0.C79 =122.7
006096 .=25263 Do036 =123.0
QeOSS =16403 0039 7%03
00073 =17800 0,096 =173.2.
00063 =19307

00051 =188.4

00053

ww»
)

i

Steam2?2
\'l28l74
- MAG PHASE
RATIO ANGLE
DEGREE
1000 -108
0999 =201
0999 =205,
00999 =29
06999 =304
02999 =400
00998  =4o6
0998 =50
0997 -506 "
00996, "703
00995 -805
0993 ‘=949
0-991 =lla6
o987 =13065
0e983. =15.7
00977 =18a2
00969 ‘Zlnz
00959 =24.6.
00945 =285
02926 =33.0
00902 =38.1"
0871 =43.8
0e831 =5002
0782 =5702
Qo724 ~6407
Uabb59 '7203
00593 =79.9 .
00931 =87.2
Oa481 =950l
00437 =10407
00388 “11606
-Uu332 =129.2
0283 =141.8
Vo244 =15609
99215 =17607
0eld59 =21602
0eU74 =19208
00848 4008
00044 =1645.3
'°13903
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FREQUENCY RESPONSE OF- THE OVERHEAD PRODUCT

COMPOSITION TO NEGATIVE PULSES IN THE
STEAM FLOW RATE :

L 0.7499

\

=17508 00,064

‘T Steam27

Steam2d
GAIN 2lall 17418
FREQ MAG = PHASE MAG . PHASE
RAD/ RATIO ANGLE ‘RATIO ANGLE
MIN DEGREE - - DEGREE
060020 IOOQO -2a0 loOOO' =169
0:0023 099§ =243 00999 =203
.0e0027 04999 =207 06999 =266
060031 04999 =3,1 0,999 =3.1
000036 04999 ~3,7 0999 =306
000042.00998 403 00999 )‘402
000049 06998 . =5,0 00998 ~469
000057 QeG957 -508_00998 ‘507
000067 006996 . =6.8 0e997 “606
000078 00995 -7o9'00996 ‘707
000091 0,993 =962 06995 =9,0
000106 04991 =1Co7 06993 =1005"
000123 00988 =1265 04991 =12.2 .
04044 00984 =1405 00988 =1402
S 000167 03978 <1608 00984 ~1606
00295 06971 ~1945 00979 ~19.3
00227 Co961 =2207 00971 =224
000264 00948 =263 (0962 =260l
000308 04931 =3004 00948 =3003
000358 06908 =3540 02931 =35,2
000417 00880 - ‘4003 05907 =400 8
050486 ooeqa‘ ~46¢1 0,876 =47.3
000566 00891 "' =5265 0,836 . =5447
000655 00751 =59c4 00784 =630l
0e0767 00695 =6657 00718 =724
020893 00637, =74,5q000638  =82,6
001040 06577 <=82¢9 0544 =G3,2
- 00121000513 =920l 0e441 =10363
061409 00444 «103107 05341 =11160
001640 00377 =1C9:8 0a263 =114.5
Qol910 00339 “ll7o4 05218 “lligs
002223 00317 =13264 05191 =121.5
002588 0249 =15503'0.155 ~130.9
003013 00145 =~18805 Dall7 =136,2
0c¢35C7 00121 =155, % 0:096 =138,3
0o40973 00165 «191.9, 069585 =143,1
064753 06076 =129:4 '06072 =159, 293
005534 05186 =212.9 0,055 =158,9 %Y
0c6442 00377 - 6900 00056 =17904
0025

°l9l05f§'

ey
BRSO 4 S

271



. 272
.",‘ ) \1 '
TABLE D.5- FREQUENCY RESPONSE OF THE BOTTOM PRODUCT
A COMPOSITION TO POSITIVE PULSES IN THE

FEED FLOW RATE oL
Faed +8 ' Feed20R Feed24B»
\' GAIN 0099 4063 - 5412

. FREQ 'MAG  PHASE MAG PHASE MAG  PHASE
'RAD/ RATIO ANGLE RATIO ANGLE - RATIO ANGLE

- MIN DEGREE DEGREE DEGREE
040020 1000 =108 14000 =2e3 1,000  =1e7
0e0023 00999 =242 06999 =207 0:999 =16G
00027/ 06999 =205 06999 . 9“3e1_0o999 “2{3 \
060031 00999 . =29 00999 . =3e6 0a999 =207

0e¢0036 009599 =334 00998 ‘4;3 Q9965 "1}L—//////

00042 06998 =460 02997 =560 00995 =306

000049 00998 = =4oT 00996 =508 02998 R
00057 Q00997 =504 00995 =667 060998 )
000067 00996 =603 06993  =7.8 0,997 =5 W
000078 0s995 =704 00991 =91 00997 o . &

‘ 000091 02993  =Bob 00988 =1046 00995 7.6 = -~ 7

060106 00991 =1060 00983 =1263 0994 - .
000123 00988 =116 00977 =1403 0992 =1005+
000144 04984 =1305 06969 . ~1606 0s989 =1203
000167 00978 =1507 00955 =193, 0696% ~1403
000195,00971 —1802 0.945 ”2203u099 lf"léoﬁ
060227 00962 =210 00926 =257 0o%T4 =19.3
0:0264 05949 =2403 02902 =29¢5 0966, =2204
00308 00933 =280l Co871 =33.7 00954 =26.0
00358 00912 =326¢3 06833 =38¢2 00939 .=3001 2
0e0417 0886 =376l 00788 - =42.9 00919 "=34.8 . @
000486 00854 =4264 Qo737  =4Te4 Co893 =4Coel
000566 0e816 =43c2 0:685 =516 Cs860 =4600
060659 00772 =54v5 Debsl =5502 06820 . <9206
060767 Q0721 =6103 0614 =59,0 0e771 =59.8
000893 Cab667 =68¢6 0a605' =64,8 0,716 =674
001040 00609 =762 00596 =T74ed 0.656 =75¢4
061210 0551 =8402 0552 =8803 0,596 ~83.8
01409 Co 493 29207 0455 «=102¢5 0538 G2 T
051640 004387 =10106 06351 =109.1 Uau80 =103:0
001910 06386 =11160 00321 =114s& Co420 =11308
002223 00338 =12%cl 05242 =136e% Co367 =124s&
002588 00295 =13201 0c122 =99,7 0.325.~138.38
003013 00256 =1440.1 00245 =15563 Qo264 =157.7

_ 063507 00222 =157¢5 00433 =572 0o2UlL =168.&
. ooaQis ColS2 =17265 3.963 =14264 (-203 ~199:6

00653 00165 =18963 Cullé  =4o5 00073 43l
05534 0oltd =20806 00122 5369 Q0127 =153.7
S 005442 00123 =23065 00108 14,0 20269 =373
s 007499 05106 =25507 0o3ll =533 04401 6408

R o : o ’ ) -
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FREQUENCY RESPONSE -OF THE BOTTOM RRODUCT
COMPOSITION TO POSITIVE PULSES IN THE

00255

TABLE D.6.
REFLUX FLOW RATE
Ref]qi'+8: fRefluxZOB_
- . _ :
GAIN 099 L 5662
FREQ MAG PHASE MAG  PHASE
RAD/ RATIO ANGLE RATIO ANGLE
MIN DEGREE vaEGREE
000020 10000° * =241 1,000 =244
000023 04999 =205 0999 -2.8
-~ 0e0C27 C:99% =2:9 0:999 . =3.2
0s0031 0.995% =3.4 0,999 =3,8
0s0036 04999 =349 0s999 =Lk
00062 0:999° =436 05998 - =5.1
2% 000049 04998 =544 06998 =640
020057 04998 . " =603 04597  =7.0
©.0e0067 04997 -7s3 00996 : =-8.1"
- 00078 Cas996 =875 04595 -9,.5
0-,0091 0.995 ~965 06993 =11.0 "
020106 06993 =11e5 00990 .~12.8
000123 06991 =13¢4 0987 =14.9
000.144 Ce987 ‘1-506 0982 -17:3
060167 00983 =18sl Co976 =2042
020195 06977 =2100 0c968 =234
060227 0:970 =243% 0957 =27.2
. 0e0264 0:960 =2B43 00942 =31¢8
0e0308 00947 =328 0923 =36.4
70100358 oS30 =38+0 00898 ~42.1.
060417 00908 =4348 06855 =434
000486 00881 =50e4 0al24 =55,3
00566 02848 =578 04775 =629
00659 05809 =666l 0a717- =707
000767 Co764 =7503 00658 '=T7865
0.0893 06713 =85e4 00605 =85.9
001C40 00658 =96:5 0572 "=93.6
001210 0060& “10805 0565 - ‘“10400
001409 00542 =121e7 0s567 =12000
0e1640 00484 =13662 055367=143,0
001910 06429 ~152%0 .Cets36 =170.1
0022_2‘3‘00.378 "16906 00293 ".18803
002588 00331 =1890.2 00291 =-19241°
-~ 003013 06288 =211¢3 Q00335 =235.4
- 0e35C07 04250 =23662 ColB4 =286307
0664083 06217 ,-26405 04793 =25003
054753 06187 =2970C 10435 =17606
0055364 00162 =33403 00392 =211.2
006442 0.139 =37702 0el24 -219.1
0.1201 -426 8 -11946

Réflux23B

RefTux22B
7413 633
MAG - PHASE MAG  PHASE
RATIO ANGLE 'RATIO ANGLE
DEGREE ..~ -~ DEGREE
L1000 2242 10000 =147
00999  =2e6 10000 =2,0
0:999 =3.0 0999 =23
06999 =365 06999  =2.7 "
0a999 —4o]l 06999 ~3e2
0998 =408 00999 -3:7
OOV998 "5-6 00998 ."403
0997 .=6e5 0998 * =5.C
00996 ~ =766 04997 .=5.8
00595 - =849 06997 =648
Q993 =1063 06996 -=7&9
00991 ‘12 O 00994 ".9-2-
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